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Sound monitoring and evaluation (M&E) systems are needed to inform effective biofortification program management and implementation. Despite the existence of M&E frameworks for biofortification programs, the use of indicators, metrics, methods, and tools (IMMT) are currently not harmonized, rendering the tracking of biofortification programs difficult. We aimed to compile IMMT for M&E of existing biofortification programs and recommend a sub-set of high-level indicators (HLI) for a harmonized global M&E framework. We conducted (1) a mapping review to compile IMMT for M&E biofortification programs; (2) semi-structured interviews (SSIs) with biofortification programming experts (and other relevant stakeholders) to contextualize findings from step 1; and (3) compiled a generic biofortification program Theory of Change (ToC) to use it as an analytical framework for selecting the HLI. This study revealed diversity in seed systems and crop value chains across countries and crops, resulting in differences in M&E frameworks. Yet, sufficient commonalities between implementation pathways emerged. A set of 17 HLI for tracking critical results along the biofortification implementation pathway represented in the ToC is recommended for a harmonized global M&E framework. Further research is needed to test, revise, and develop mechanisms to harmonize the M&E framework across programs, institutions, and countries.

KEYWORDS
biofortification programs, monitoring and evaluation frameworks, indicators, metrics, methods, tools


Introduction

Micronutrient malnutrition affects ∼2 billion people worldwide (1, 2); it contributes to poor child growth, intellectual impairment, increased risk of morbidity and mortality, and is highly prevalent in food-insecure settings in low-and middle-income countries (LMIC) (3). Biofortification, an agriculture-based method of increasing the density of micronutrients of staple crops through selective plant breeding and agronomic techniques, can play a crucial role in addressing micronutrient malnutrition (4, 5) since it reaches populations in remote rural areas and could potentially reach urban consumers as well (6, 7).

Under the leadership of HarvestPlus, crop-breeding programs at CGIAR centers, national agricultural research systems (NARS), private, public, and community-based seed producers, and farmers have co-developed, tested, and released more than 400 biofortified varieties of 11 different crops worldwide (8). The efficacy of biofortified food to improve nutritional and health outcomes has been demonstrated consistently in the past 15 years, especially for vitamin A enriched crops, iron beans, and iron-pearl millet (4, 6), and cost-effectiveness has been demonstrated for vitamin A enriched crops (9).

Given its promise for improving diets, biofortification is at a tipping point to go to scale to replace currently grown staples with low nutrient density (10), contributing to food system transformation without changing consumer eating behaviors (7). For this, national governments, non-governmental organizations (NGOs), the private sector, the UN, and international financial institutions will need to invest more in context-specific biofortification programs (10, 11) with an increased diversity of stakeholders across geographies. As biofortification scaling efforts gain momentum (10), so does the need for a monitoring and evaluation (M&E) framework with a set of harmonized indicators metrics, methods, and tools (IMMT) that allow the measurements of key results of biofortification programs across countries, regions, and organizations.

Sound M&E systems are needed to generate quality data on program performance to inform learning and adaptive program management for effective implementation and evidence-based policymaking (12). Despite the existence of comprehensive M&E systems for many of the current biofortification programs, their focus has primarily been on project-level management, and the IMMTs are currently not harmonized across countries, crops, and implementors. Furthermore, the existing M&E frameworks for biofortification interventions are primarily reported in gray literature, such as donor reports and institutional publications. Hence, there is a need to review and document the tried-and-tested, found-to-work, and common elements of the existing M&E frameworks to facilitate harmonization across programs, crops, countries, and organizations.

In a multi-phase, iterative process, we aimed to review M&E frameworks of biofortification programs implemented to date, and to recommend a subset of high-level indicators (HLI) for a harmonized global M&E framework to track program progress along a generic implementation pathway. We conducted (1) a mapping review to compile IMMT for biofortification programs; (2) semi-structured interviews (SSIs) with biofortification programming experts (and other relevant stakeholders) to contextualize findings from step 1; and (3) compiled a generic biofortification program Theory of Change (ToC) to use it as an analytical framework for selecting the HLI (Figure 1). This study responds to the collective call to strengthen monitoring and evaluation efforts to support healthy and sustainable food systems—“The Accountability Pact” (13)—and to the need to use rigorous monitoring to guide food system transformation in the countdown to the 2030 global goals (12). We expect to fill an important gap in the literature concerning best-bet M&E frameworks for biofortification programming.
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FIGURE 1
Overview of the multi-phase, iterative process research approach.




Step 1—Mapping review

We focused on published reviews and official program documents that contained detailed descriptions of biofortification programs, M&E frameworks, and IMMT. MEDLINE, Cochrane Library, Web of Science, and Scopus were searched to retrieve reviews that met the inclusion criteria (Table 1). Six building blocks of strings were developed for MEDLINE by adapting the search strategy of Garcia-Casal et al. (14). The search syntax included MeSH terms in the title and abstract fields (Supplementary Data). The building blocks and strings created for MEDLINE were adapted for searches in the other databases. The final search results were imported into EndNote; duplicates were removed automatically. We also accessed project reports from the Inclusive and Sustainable Value Chains and Food Fortification projects (EuropeAid/151093/DH/ACT/Multi) shared by the European Commission’s Food Fortification Advisory Service. Based on the inclusion and exclusion criteria (Table 1), two investigators (TCA and SRM) independently selected reviews and program documents for further use. Any disagreements between the investigators were resolved through consultation with another researcher from the team (CL).


TABLE 1    Inclusion and exclusion criteria for the mapping review.
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To guide the identification of indicators for M&E from the published and gray literature, we adapted the WHO/CDC logic model for implementing micronutrient interventions in public health (15) to represent the underlying implementation processes of biofortification programs (Supplementary Figure 1) and identified relevant input, output, outcome, and impact indicators. Next, two authors (TCA and SRM) developed two data charting forms in Microsoft Excel 2016 to extract the IMMT from the reviews and gray literature. CL pilot-tested the charting forms. No changes were made after the pilot test, and input, activity, output, outcome, and impact indicators were extracted accordingly.



Step 2—Semi-structured interviews with biofortification programming experts and other relevant stakeholders

The SSIs with biofortification programming experts aimed to contextualize the findings from the mapping review by obtaining a generic description of biofortification programs, key factors limiting/enabling their success, M&E frameworks used, and IMMT, as well as methods for assessing coverage and consumption of biofortified foods. SSI guides were developed accordingly with guiding semi-structured questions and detailed probes to gain in-depth information on key topics of inquiry (16).

Nine biofortification programming experts and one food systems expert were recruited through snowball sampling (17) and were invited for an (online) interview. Two experts, EB and BM, are also coauthors of this paper. The participants’ expertise in biofortification programming covered Africa, Asia, Latin America, and the Caribbean regions, and their collective programming expertise included global to regional, and local levels of biofortification programming. In addition to the biofortification (n = 9) and food systems (n = 1) experts, two experts with extensive food intake assessment experience were interviewed to obtain further details on the challenges and opportunities of conducting dietary intake assessments in LMIC. The latter interviews enabled an understanding of the most suitable methods for assessing consumption of biofortified foods and potential adaptations that could be made to existing diet quality scores. Table 2 shows participants’ affiliations.


TABLE 2    Characteristics of SSI participants.
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On average, each interview lasted 75 min and was conducted in English. The interviews were digitally recorded and transcribed verbatim by two research assistants for subsequent thematic analysis. The content of the transcripts was spot-checked by FMG and SRM with the original audios to ensure content fidelity. Data were collected over five weeks from March to June, 2021 until data saturation was reached among key themes (16, 18).

During the conduct of the SSIs, some participants from HarvestPlus shared additional program documents: an unpublished generic biofortification ToC from 2016 (19), three unpublished country- and crop-specific ToCs (20–22), and the published ToC for the Commercialization of Biofortified Crops Program led by HarvestPlus and the Global Alliance for Improved Nutrition (GAIN) (23). The latter was adapted from an unpublished harmonized ToC developed by a collective working on developing a harmonized monitoring, evaluation, learning, and impact assessment system (MELIAS) for large-scale biofortification programs from HarvestPlus, CIP, and GAIN. SSI participants from HarvestPlus also shared a set of 19 M&E indicators anchored to the MELIAS biofortification ToC. This was part of an internal HarvestPlus M&E manual (24). Finally, a CIP participant shared an M&E tool for orange-fleshed sweet potato (OFSP) interventions in sub-Saharan Africa (25), from which one indicator was extracted. These and other documents reviewed for further analysis are presented in Table 3.


TABLE 3    List of additional documents received from SSI participants from HarvestPlus and CIP.
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Data analysis of semi-structured interviews and program documents

Thematic analysis followed procedures suggested by Huberman et al. (18). First, SRM and FMG read the program documents and interview transcripts several times to gain a holistic view of the data set. Second, a codebook with 25 categories of information that served as a framework for analysis was developed and cross-checked by another researcher from the team (SRK). The initial codes were applied to the text in program documents and SSI transcripts to tag content based on meaning (first coding cycle). FMG coded all program documents, and the interview transcripts were coded in duplicate by SRM and FMG. Third, through a second coding cycle, the 25 codes were clustered and merged into eight pattern codes (i.e., thematic areas). Interrelations between pattern codes were then examined, and three primary themes aligned with the study aim were extracted for theory building. Exemplar quotations that best described the topic of interest were selected to illustrate the findings. Dedoose (26) software version 8.3.47 was used for data management and analysis of secondary sources of information and interview transcripts.




Step 3—Compiling a generic Theory of Change and selecting indicators, metrics, methods, and tools for biofortification programs

The implementation processes of biofortification programs described by the SSI participants were compiled into a narrative structure and subsequently represented in an initial draft ToC. This draft was then compared to the ToCs from Table 3, adapted to add detail and ensure that common elements of biofortification interventions were represented in the compiled ToC. Next, the indicators selected from the mapping review (36 indicators) were merged with the new set of 19 indicators (24) anchored to the ToC developed by the MELIAS group (27), one indicator extracted from the CIP M&E manual (25), and one indicator recommended by three HarvestPlus participants in SSIs into a final list of 57 indicators (Table 4). Indicators that, from our perspective, had similar or overlapping definitions with those of the list of 19 indicators (24) were eliminated (Table 4, 13 indicators marked in red). Furthermore, as we aimed to keep only high-level indicators that reflected critical implementation stages of biofortification programs across the ToC, input and activity level indicators were excluded (four input and six activity indicators marked in orange). A total of 34 indicators (marked in black, blue, and green) were kept to select a final subset of HLI. Using the ToC of this study as an analysis framework, the authors selected the final list of HLI.


TABLE 4    Total number of indicators (N = 57), extracted from the mapping review (n = 36 orange, black and red indicators) merged with the 19 indicators (in green) anchored to the generic ToC from the MELIAS group, one indicator recommended by three HarvestPlus experts, and one indicator extracted from the CIP monitoring and evaluation manual (in blue).
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Ethical considerations

Participation in the study was voluntary. Before the interviews, potential participants received a detailed explanation (verbal and written) about the purpose of the study and were informed that the data would be used for research purposes. SSI participants gave verbal consent to record the interviews. As data collection methods were primarily desk-based and contact with participants was minimal (online interviews), approval from an institutional review board was not sought.



Mapping review (Step 1)

The mapping review resulted in three published reviews fulfilling the eligibility criteria (4, 28, 29) and four program documents (30–33). An additional scientific paper (34) recommended by experts was also included (Table 5). Although not a review, this study aimed to develop and test methods and indicators for assessing awareness and household coverage of biofortified foods in Rwanda. It yielded five outcome indicators with their respective data collection methods. From the three reviews (4, 28, 29), we identified four outcome indicators and two output indicators.


TABLE 5    List of documents included in the mapping review.
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From the gray literature, three reports that focused on tracking the progress of biofortification programs in tackling micronutrient deficiencies in the Gambia (30, 31) and Ethiopia (32) were reviewed, from which we extracted four outcome, one output, and two activity indicators. In addition, from the HarvestPlus Indicator Reference Manual (33), we extracted four input, four activity, seven output, seven outcome, and three impact indicators. Indicators with similar definitions were grouped into a single indicator citing the sources. When available, the indicators were extracted with their metrics, methods, and tools for constructing their numeric values. Overall, the mapping review yielded 36 unique indicators presented in Table 4 (indicators marked in orange, black, and red) with their respective sources.



Semi-structured interviews with biofortification programming experts and other stakeholders (Step 2)

The findings of the SSIs were grouped into three main themes, as described below.


Theme 1—Generic Description of biofortification programs

Most participants described the biofortification programs in four stages. Those descriptions were also comparable to the biofortification interventions described in the reviews (4, 28, 29) and program documents listed in Tables 3, 5. A generic description of biofortification programs centered around common elements of successful programs is presented below in four stages.


Stage 1: Breeding and releasing biofortified crop varieties—All participants indicated that the initial development of biofortified varieties of crops was primarily carried out at the CGIAR centers at global and regional levels. In LMIC, the CGIAR shares biofortified parental lines with NARS for inclusion in national breeding programs for further adaptive breeding and field testing. Subsequently, the NARS, or other national varietal release authority, may approve the release of tested biofortified varieties with competitive agronomic traits if they meet predetermined threshold micronutrient levels and other agronomic characteristics as required by the national authorities. The released varieties may then be licensed to public and private companies (small and medium scale) for multiplication and subsequent distribution to farmers. Most participants described biofortification breeding as a “dynamic,” “never-ending process,” “constantly searching for high-yielding, pest-resistant, and climate-resilient varieties where breeding for higher micronutrient levels—enough to have a significant impact on micronutrient deficiencies—is mainstreamed into the existing breeding programs.” Most participants considered investing in capacity strengthening at the NARS level for breeding and testing new biofortified varieties crucial for successfully sustaining biofortification in public and private breeding programs over time.

Stage 2: Multiplying, introducing, and distributing planting material of biofortified crop varieties to farmers—Most participants explained that multiplication and distribution of planting material are carried out by private, public, or community-based planting material producers, depending on the type of crop. Grain crop seeds for hybrid and open-pollinated varieties (OPV), such as maize and pearl millet, are usually licensed to commercial private and/or public seed companies for subsequent multiplication and marketing. In contrast, vegetatively propagated crops (VPC), such as sweet potato and cassava, are usually multiplied and distributed by community-based stem/vine multipliers.



Depending on the competitiveness of the planting material, there is a mixed seed production and distribution system for OPVs and self-pollinating biofortified varieties of crops (SPV), such as beans, rice, and wheat. Private seed companies prefer to produce and market highly competitive varieties (e.g., hybrid and OPVs), while public sector and NGO support are needed for less competitive varieties with high levels of micronutrients. All participants explained that the crop type and seed systems also define the seed commercialization pattern. Depending on the crop, private seed companies, public multipliers, NGOs, farmer organizations, including women’s groups, or a combination of two or more of these are crucial to scaling the multiplication of biofortified planting material and hence availability thereof to smallholder farmers.


Stage 3: Scaling production and utilization of biofortified foods—All participants indicated that scaling will be the focus of most national and global programming in the coming decade. Strengthening all value chain actors, from breeders to farmers, aggregators, processors, retailers, and other service providers, is a crucial cross-cutting aspect of program implementation activities to integrate biofortification into seed and food systems in a sustainable way. Implementing behavior change communication strategies to accelerate awareness and adoption of biofortified crops, fostering good pre and post-harvesting practices, and facilitating access to and promoting utilization of biofortified planting material among farmers are crucial in this stage. Subsidies, partial or complete, and free or low-cost demonstration kits/trial packs can effectively foster the adoption of biofortified crops by farmers. Some biofortification programs also establish linkages between farmers and different market options, such as food processors, to help farmers and aggregators sell their products as ingredients for processed foods.



Most participants also highlighted the role of the public sector, NGOs, and humanitarian organizations in scaling access to biofortified planting material and foods and using biofortified foods for emergency response. For example, CIP participants indicated that they work with the World Food Programme to include OFSP in food security programs in refugee camps in northern Ghana, northern Uganda, and northern Kenya. Other examples include involving the public sector in distributing OFSP in school feeding programs in Nigeria and Ghana. Most participants also indicated that behavior change strategies to promote the utilization of biofortified crops and foods among potential consumers in rural and urban settings are crucial in the scaling phase.


Stage 4: Integrating biofortification in local food systems—A participant described the mainstreaming of biofortification into food systems as follows:

“… biofortification needs to be mainstreamed into national policies, plans, and breeding programs. The new release of competitive biofortified varieties is actively ongoing; the varieties are tested by NARS, released for production by national authorities, and adopted by farmers, and the production of biofortified crops increases continuously. As a result, biofortified foods are mainstreamed into the agricultural and food sectors; consequently, consumption of biofortified food increases, contributing to relieving micronutrient deficiencies and improving the quality of diets.”



Interview with senior expert, Washington, DC, March 2021

Furthermore, some participants indicated that defining standards with ranges of micronutrient content for biofortified planting material and food manufactured with biofortified ingredients is crucial to ensure that biofortified crop varieties and foods meet the expected micronutrient content in the future.



Theme 2—M&E frameworks for biofortification programs

From the SSIs, two application scenarios emerged for M&E of outcome (adoption) and coverage of biofortification programs and consumption of biofortified foods: nationally representative surveys and sentinel site monitoring surveys. All participants indicated that nationally representative surveys are warranted only when the program has reached sufficient maturity and coverage and recommended the integration of biofortified crops and foods into production and consumption modules of existing nationally representative data collection systems (e.g., National Crop Surveys, National Demographic and Health Surveys) to optimize costs and sustainability of M&E of production, coverage, and consumption of biofortified crops and foods. On the contrary, some participants indicated that sentinel site surveys could be used for monitoring pilot stage or “nascent programs” or in cases of budget constraints for M&E. In a sentinel surveillance system, data are regularly reported from a sample of pre-selected sites (units of programming such as district or local government authority) purposefully selected to represent the population of the areas where the programs are implemented (35). The required sample size for sentinel site surveys is smaller and can prioritize program intervention areas. Therefore, these are less costly and simpler to conduct than nationally representative surveys (35).



Theme 3—Compiling methods, metrics, and tools for constructing indicators

The following sections discuss the methods and tools to assess the coverage and consumption of biofortified crops described in the SSIs. This section specifically concerned diversity and diet quality scores, as used by CIP and HarvestPlus in biofortification programs (and others in generic nutrition-specific and nutrition-sensitive interventions).


Methods for assessing coverage and consumption of biofortified crops/foods

A lack of agreement emerged among participants on the most appropriate methods for assessing coverage and consumption of biofortified foods. Some participants indicated a preference for traditional consumption surveys such as 24-hour recalls (24hR) or Food Frequency Questionnaires (FFQ). In contrast, others suggested alternative methods, such as mathematical modeling of Household Consumption and Expenditure Surveys (HCES) data to estimate apparent food consumption and micronutrient intake (before and after biofortification of the staple[s] consumed) based on the adult male equivalent formula, as proposed by the Food and Agriculture Organization (FAO) (36, 37).

Concerning HCES, some participants voiced concern that these may produce inaccurate estimates of individual food consumption and nutrient intakes, primarily because they do not consider intra-household food sharing practices or foods consumed away from home. In contrast, others argued that considering the complexity of conducting 24hR or FFQ, their estimates are also inaccurate. The most salient examples of sources of inaccuracy mentioned for 24hR were:


•standardized portion sizes are seldom available for specific LMIC contexts;

•extensive training and experience are required to collect, process, and analyze data from 24hR and FFQ. Such training is often lacking, leading to inaccurate data collection processes and poor data quality.

•For FFQ, appropriate food lists tailored to the context and population group are needed, requiring initial formative research and validation against 24hR and is therefore even more rare in LMIC.



Other mentioned barriers to undertaking 24hR and FFQ were the time required for data collection, processing, and analysis of data, cost, and complex logistics and the availability of up-to-date and accurate food composition tables in LMIC.

In light of the above limitations, one participant explained that apparent food consumption estimated from HCES is sufficient to estimate the coverage and consumption of biofortified foods, as long as biofortified foods are included in the surveys as specific categories of food. The participant also indicated that the advantage of HCES is that food acquisition or consumption data are regularly collected at the household level in multiple LMIC and that the data are publicly available in most cases. Another participant indicated that including biofortified foods in the food acquisition and consumption lists of HCES would allow making sufficiently robust estimates of coverage and consumption of biofortified foods for routine program monitoring.



Diet diversity and diet quality scores

Given the complexity and cost of undertaking dietary intake surveys, some metrics have been developed to simplify diet quality assessment. One of them is the minimum dietary diversity score for women (MDD-W), a dichotomous indicator that assesses dietary diversity and estimates nutrient adequacy among women of reproductive age (WRA) (38). The MDD-W’s score ranges from 0 to 10 (0–10 food groups consumed in the past 24 h), with a cut-off of <5 indicating the inadequacy of micronutrient intake (39). However, some participants pointed out that the MDD-W was not designed to assess the consumption of specific foods, such as biofortified foods, nor to quantify nutrient intake from food consumption. Hence, the MDD-W would provide limited actionable information for monitoring and adjusting biofortification programs:


“…Diet indicators such as the MDD-W elicits a score: 2, 3, 6. Positive changes in these numbers attributable to a certain intervention will tell at the macro level whether things are improving. However, this information will not contribute to improving the quality of implementation of a program or identify specific actions needed to improve diet quality of target groups…”



Interview with biofortification expert, USA, March 2021.

Regardless of these limitations, efforts have been made to adapt the MDD-W to capture the contribution of biofortified foods to nutrient intake. CIP participants indicated that they use the MDD-W to assess the change in dietary diversity among WRA attributable to their interventions with OFSP. CIP modified the MDD-W’s scoring system by adding biofortified crops as a unique and independent food group contributing to diet diversity and extending the maximum MDD-W score to 11. Although this modification has not been validated as a proxy measure for assessing vitamin A adequacy, it enables CIP to assess their interventions’ contribution to dietary diversity in specific geographies.

Another potential method to assess the coverage and consumption of biofortified foods described in the SSIs was the Global Diet Quality Score (GDQS), a novel food-based metric that calculates nutrient adequacy and the risk of non-communicable diseases associated with dietary intake. The GDQS is calculated based on the consumption of 25 food groups (16 healthy, seven unhealthy, and two classified as unhealthy when consumed in excess (i.e., red meat and high-fat dairy)) (40). Total scores ≥23 are associated with a low risk of nutrient inadequacy and non-communicable disease risk, whereas scores ≥15 and <23 indicate moderate risk, and scores <15 indicate high risk (40).

As mentioned by one participant, the GDQS metric and its data collection tool [the GDQS mobile application (41)] could be adapted by adding a specific food group, such as biofortified tubers (e.g., OFSP and yellow cassava), and an extra point to the DGQS metric to account for foods consumed from that food group. Another participant explained that the GDQS data collection method uses a 24hR format; thus, it can capture the consumption of any food, including biofortified foods. The participant explained:


“… Data are collected with a mobile application that stores dietary intake data in an Excel file. The Excel sheet could be easily modified by adding new rows with the foods of interest, uploading the new file to the app, and it would be ready to capture the consumption of specific foods. However, this modification should be validated. Also, the GDQS data collection method is not designed to capture portion sizes of single foods but to estimate quantities of food intake at the food group level.”



Interview with an expert on dietary assessment methods, USA, June 2021.

The two experts on dietary intake methods also explained that modifications to the GDQS metric and data collection method could be used to assess the contribution of biofortified foods to diet quality and to estimate the coverage of biofortified foods, but not to estimate the contribution of foods to micronutrient intake. Yet, some biofortification experts observed that, given the potential variation in micronutrient content of biofortified foods eventually consumed by households, and their coverage, the use of modified diet quality indicators could lead to over-or underestimation of the contribution of biofortified foods to diet quality.





Compiling a generic ToC for selecting HLI with their metrics, methods, and tools (Step 3)

Based on the generic description of biofortification programs from the SSI participants (Theme 1) and the internal program documents provided by HarvestPlus and CIP participants (19–25, 33, 42, 43), we compiled the ToC presented in Figure 2. The ToC in Figure 2 deviates from the harmonized MELIAS ToC (23) in two aspects: first, The ToC from Figure 2 visualizes the mainstreaming of biofortification into national policies and investment plans; second, it includes the expected outcome of behavior change communication (BCC) strategies at two levels of the ToC. BCC fosters farmers’ adoption and consumption of biofortified crops at the first level. At the second level, it promotes the consumption of biofortified foods in rural and urban households.


[image: image]

FIGURE 2
Theory of Change representing the generic biofortification program impact pathway; the numbers in white circles correspond to the indicators shown in Table 6.


We used the ToC from Figure 2 as an analysis framework to identify 17 HLI for measuring key results along the implementation pathway of biofortification programs. The 17 HLI are presented in Tables 6, 7, along with their definitions and associated metrics, methods, tools, and data sources.


TABLE 6    High-level indicators and metrics for M&E of biofortification programs.
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TABLE 7    Summary of methods and tools for constructing the set of high-level indicators.
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Actionable recommendations

A generic or global M&E framework for biofortification programs with a comprehensive set of 17 high-level indicators is presented with their respective metrics, methods, and tools for data collection. The framework is developed based on the commonalities of biofortification programs implemented in multiple LMICs in Africa, Asia, Latin America, and the Caribbean regions by collaborations between national and international agricultural research systems and other public, private, NGO, and UN stakeholders. The 17 HLI presented in this paper may not be used all at once. Their use is flexible and can be prioritized, depending on the implementation stage and stakeholders’ information needs, as illustrated in Figure 3. Like any other program, biofortification programs mature through their different implementation stages, e.g., from the breeding phase to the introduction of biofortified crops and the scaling phase. Along this pathway, the indicators in use may shift from an initial focus on program outputs to a later focus on outcomes and impact. The required number of indicators may also change, as the scaling phase will require cost-efficient prioritization of M&E activities.
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FIGURE 3
Evolution of the M&E framework across biofortification implementation phases.


This study highlights crop-related differences in biofortification programming. Competitive planting materials such as grain crop seeds for hybrid and OPV are usually licensed to commercial private or public/private seed companies. They are distributed to farmers through formal commercial channels. VPCs such as OFSP or cassava belong to decentralized informal seed systems, where the planting material is exchanged/shared with other farmers or sold in local markets by traders and vendors (44). Yet, the crop-related differences in biofortification programming should not be an obstacle to using a generic or global M&E framework, particularly at the outcome level. However, M&E of biofortification programs with informal seed systems will require active involvement and investment of the private sector and NGOs, while monitoring programs with formal seed systems will require joint efforts of private seed companies, NGOs, and governments (45).

Sentinel site surveys may be a convenient alternative for M&E of biofortification interventions of formal and informal seed systems. They can generate timely actionable information to improve program implementation at a relatively low cost (46, 47). Sentinel site surveys have long been used in multiple nutrition and health interventions (46–48). The government of Costa Rica, for example, uses them to track changes in iron deficiency and anemia attributable to their food fortification programs (47). It is undertaken in strategically selected urban and rural areas (47). HarvestPlus SSI participants also indicated they use sentinel site surveys as an option to monitor program outcomes in targeted geographies. Nevertheless, for mature programs with high coverage, most participants recommended the integration of biofortified crops and foods into production and consumption modules of existing nationally representative data collection systems, e.g., National Crop Surveys, Nutrition, and Health Surveys, HCES, or Demographic and Health Surveys. This would ensure cost-effective, regular, and sustainable data collection on the production, coverage, and consumption of biofortified crops and foods and contribute to monitoring diet quality (12).

Concerning the 17 HLI, Most of them have already been tested globally in multiple biofortification projects (indicators 1, 3-7, 12, 13, and 17). Additionally, indicators 1, 3, 4, and 6–16 were anchored to the ToC developed by the MELIAS collective, and hence their definitions are now harmonized across biofortification programs led by HarvestPlus, CIP, and GAIN. Furthermore, the indicators on awareness (indicator 12), coverage, and consumption (indicator 13) were built on approaches previously used to assess large-scale food fortification programs (LSFF) (34, 49). Indicator 2 for monitoring the proportion of biofortified varieties released with minimum micronutrient content was recommended by three SSI participants to establish a parameter for monitoring the quality of biofortified planting material. Some countries have already included minimum micronutrient levels as criteria for releasing biofortified varieties; e.g., the government of India established a minimum standard for levels of iron (42 ppm) and zinc (32 ppm) for all released pearl millet varieties (10). However, standards for seed biofortification levels still need to be defined/implemented in most countries. Although this indicator has not been tested, we believe that it will be crucial to enforce compliance of private and public seed companies with biofortification levels in the near future. Monitoring compliance is also crucial in ensuring the quality of fortified food in LSFF programs (6, 50).

Likewise, indicators 8–11 for assessing market availability of raw, prepared, and processed biofortified foods were recently developed by HarvestPlus and GAIN for the scaling phase of biofortification programs and are not tested. Proposals for studies to test these indicators are being prepared. Indicator 17 (i.e., change in the prevalence of dietary diversity or diet quality scores between baseline and endline) can be constructed using a diet quality indicator, e.g., the MDD-W or GDQS. These indicators are most useful once significant coverage of biofortified crops and foods is attained and when consistent data on the quality of biofortified crops and foods (i.e., level of biofortification meeting target ranges) are available. Using this indicator with uncertain data on coverage and biofortification quality may lead to under-or overestimating the contribution of biofortified foods to diet quality.

The generic ToC presented in Figure 2 permits visualizing crucial stages of biofortification programs that can be monitored with the 17 HLI. However, it should be noted that other indicators may be needed to track specific inputs and activities at project-level management along the implementation cycle. We aimed to identify HLI to enable common data collection across geographies, institutions, and programs to enable aggregation and comparison of results. Further research is recommended to test, revise, and harmonize this framework with indicators across programs, implementing institutions, and countries as biofortification programs are scaled across and within LMIC.



Discussion

This study presents a generic M&E framework for biofortification programs, including a ToC for a generic or ‘global’ biofortification program impact pathway and a set of 17 HLI and their associated methods, metrics, and tools. The study is based on a thorough review of a wide range of available frameworks from published and gray literature and ground-truthed through interviews with experts in biofortification programming and dietary intake assessment.

The generic implementation pathway of biofortification programs described in Theme 1 and represented in Figure 2 is a compilation of descriptions of current biofortification programs described by the participants interviewed for this study and a harmonized version of the following: generic ToC for biofortified crops (19), a generic ToC for cassava (20), two country-specific ToCs for cassava and maize for Nigeria (21) and Zambia (22), and the ToC developed by the MELIAS group (23). The latter represents a generic description of the implementation pathways of biofortification programs at scale, harmonized across HarvestPlus, CIP, and GAIN-led biofortification programs, and it is grounded in cross-country, multi-year program experiences of these institutions and their partners in Africa, Asia, and Latin America and the Caribbean.

Compared to the ToC of the MELIAS collective (23), the ToC from Figure 2 differs in two aspects. First, it visualizes the integration of biofortification into national policies and investment plans, which can be instrumental for the sustainable scaling of biofortification programs. Second, it visualizes the expected changes in behavior toward adopting biofortified crops and foods among farmers and consumers—of urban and rural settings—attributable to BCC. From our perspective, BCC strategies will be a crucial element of biofortification programming to foster the adoption and consumption of biofortified crops and foods at all levels of the value chain.

This study has limitations and strengths. A limitation is that most of the information on the M&E framework and biofortification programming was obtained from program documents provided by HarvestPlus and CIP. Though these two organizations have been spearheading biofortification programming in the past decade, relying on only their points of view may represent a narrow scope. Although we searched for biofortification programs implemented by other organizations, we couldn’t find many, and those we found did not provide significant relevant information for the aims of this study. The joining of GAIN of HarvestPlus’s efforts in 2018 to scale biofortified foods (51, 52) and the most recent national uptake by governments, NARS, NGOs, and associated partners will likely broaden the number and types of institutions implementing biofortification programs in the coming years. Once that happens, the M&E framework for biofortification programs presented warrants a revisit, and until then, the framework presented here can be used by biofortification programmers.

The main strengths of this study include (1) compilation of a generic ToC for biofortification programming based on a review and triangulation of tried-and-tested ToCs of various biofortification programs implemented globally; (2) identification of the most pertinent HLI used by biofortification programs and anchoring of these to the ToC above; and (3) review of available IMMT to recommend a sub-set of HLI and ground-truthing of these with experts on biofortification programming. This multi-method iterative approach allowed us to identify rich information on biofortification programs to address our research aims.

Further work is required to determine how IMMT for biofortification programs can best be incorporated into existing national data collection systems and integrated into other nutrition and health indicator-based high-level reporting such as Demographic and Health Surveys. Furthermore, implementation research (e.g., formative research, process evaluation) is warranted to explore barriers and enablers to using the proposed HLI in ongoing biofortification programs, including programs implemented in remote areas with difficult access. This will help to further harmonize this framework across programs, countries, geographies, crops, and institutions; and to optimize planning and funding of monitoring and evaluation activities to ensure that biofortification programs reach the neediest.

Another area of research that we suggest implementing is in the artificial intelligence field. Participants unanimously described numerous limitations to implementing food consumption surveys using traditional methods such as 24hR and FFQ. Artificial intelligence applications could help simplify these assessments, for example, by using pictures captured with a mobile phone integrated into an artificial intelligence-based food recognition system and linking them to mega-databases of food composition tables (55) to estimate food intake and nutrient composition, respectively. This area of research is in line with the United Nations’ 17 Sustainable Development Goal and the Artificial Intelligence for Social Good movement (56). Yet any artificial intelligence initiative should follow ethical principles and guidelines for developing innovative and trustworthy technologies.
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Background: Food security is a fundamental human right that must be upheld to preserve excellent general welfare, and mental, physical, and social health. However, according to the United Nations Food and Agriculture Organization (FAO) report in 2020, the level of food insecurity in the world is increasing.

Objective: Determining the prevalence of food insecurity in Iran will be beneficial for Iran and other low-middle-income countries.

Methods: We searched both English and Persian (Iranian) databases including PubMed, Scopus, Web of Science, Google Scholar, SID, Irandoc, Magiran, Civilica, and Iranian Medical Sciences Theses System from 01 January 1990 to 01 February 2022. Observational studies that reported the prevalence of household food insecurity among a healthy Iranian population and assessed food insecurity at the individual or household level using validated questionnaires were included.

Results: One hundred six studies and/or theses with a total of 152, 300 participants met the review criteria. Our analyses demonstrated that the prevalence of food insecurity among the healthy Iranian population was 55.9% (95% CI: 52.6–59.2%) and the highest prevalence of food insecurity was in the western regions with 64.8% (95% CI: 57.7–72.0%). Subgroup analyses showed that food insecurity among women at 51.3% (95% CI: 45.1–57.6%) and rural inhabitants at 66.1% (95% CI: 58.8–73.4%) was significantly higher than men at 47.8% (95% CI: 41.8–53.8%) and urban residents at 47.1% (95% CI: 44.1–50.0%), respectively. Among the age groups, the highest prevalence of food insecurity was in adults at 56.5% (95% CI: 51.7–61.2%).

Conclusion: The prevalence of food insecurity in a healthy Iranian population was higher than the global average. Women, rural residents, and residents of the western regions of Iran had a higher prevalence of food insecurity. These groups should be prioritized in programs to reduce the prevalence of food insecurity in Iran.

Systematic review registration: www.crd.york.ac.uk/PROSPERO, identifier: CRD42022328473.

KEYWORDS
 food insecurity, food security, Iran, prevalence, food supply


Introduction

Household food security has been defined as all members having adequate access to safe food through socially acceptable means for active and healthy life (1). Limited or uncertain sources of adequate and safe nutritional foods or the limited or uncertain ability to acquire food lead to food insecurity (FI). FI is a public health challenge around the world and millions of households are struggling to maintain or achieve food security, which includes availability, access, utilization, and ability (2, 3). It is not considered a static state and is on a spectrum (3). According to the United Nations in 2021, there is a higher prevalence of FI since the beginning of the COVID-19 pandemic compared to before the pandemic (4). The prevalence of household FI in north Iran has been estimated to be ~50.8% in total with 43.2% mild FI, 6.5% moderate FI, and 1.1% severe FI (5), which may have increased in recent years due to the COVID-19 pandemic and other economic and social issues.

Various methods are used to evaluate FI, two of which are used the most: (1) estimation of food consumption and (2) estimation of the cost of food preparation (6). These methods have limitations due to the cost, participant burden, and the need for an expert interviewer. Recently, “experiential” or “perception-based” methods have been used to measure FI (7). Under these methods, individual experience of FI (i.e., access) is measured through a survey and summarized in a scale. The Household Food Security Survey Module (HFSSM) has been consistently validated as a reliable and significant perception-based measure of FI in the United States (8). In Iran, FI is mainly investigated by measuring the adequacy of energy and nutrients using food questionnaires or by estimating the poverty line from income and expenditure surveys (6). FI is a threat to the health and survival of individuals within communities and can have both short- and long-term effects (9). Several factors influence the prevalence of FI including population growth, industrialization of communities, growing migration from rural to urban areas, inadequate levels of education, wars and economic sanctions by governments, pandemics or endemic diseases, and weather changes (10–12). In addition, FI can include a wide range of health-related conditions from undernutrition to overnutrition. Undernutrition includes wasting, underweight, stunting, anemia, and other diseases associated with nutritional deficiencies. Overnutrition can lead to chronic conditions such as obesity, diabetes, fatty liver, hypertension, poor mental health, and metabolic syndrome (13–17). As a result, a large burden is faced by the economy and society (5).

Several studies have been conducted to investigate the prevalence, causes, and types of FI around the world and in Iran. According to a meta-analysis from West Africa, the prevalence of FI in the rural population was ~60.91% and the highest prevalence was among large families, female-headed households, and low-income households with low education levels (10). Several systematic reviews and meta-analyses have been conducted in Iran (6, 11, 12). In a meta-analysis from 2017, the prevalence of FI was 49.2% based on studies that evaluated FI using questionnaires (12). Since the publication of the previous meta-analysis, many studies have been published evaluating the status of FI in Iran. Considering this, a new meta-analysis is warranted to provide updated results and summarize recent findings. Therefore, the objective of this systematic review and meta-analysis is to update the findings and conduct a more comprehensive review of the prevalence of FI with the consideration of multiple subgroups and other factors.



Method

This systematic review and meta-analysis were conducted based on the Preferred Reporting Items for Systematic Review and Meta-Analysis statement (PRISMA) guideline (18). The protocol of the present study was registered on the PROSPERO website (www.crd.york.ac.uk/PROSPERO) (PROSPERO registration number = CRD42022328473).


Search strategy and information sources

International scientific databases including Web of Science, PubMed, Scopus, Google Scholar, and Iranian databases (HYPERLINKs: “https://www.sid.ir/fa/journal/,” “https://ganj.irandoc.ac.ir/,” “https://www.magiran.com/paperadvancedsearch,” “http://thesis.research.ac.ir/faces/home.jspx,” and “https://civilica.com/”) were searched from 01 January 1990 to 01 February 2022 to identify relevant studies. The detailed search strategy is shown in Supplementary Table 1.



Inclusion and exclusion criteria

Inclusion criteria were (a) observational studies (cross-sectional and cohort studies), (b) studies published between 1990 and 2022, (c) studies with a healthy Iranian population, (d) studies that reported the prevalence and/or at least one associated factor with household FI, and (e) studies that assessed FI at the individual or household level using validated questionnaires. Gray literature from credible sources was included. Exclusion criteria were intervention studies, abstract studies, studies performed on pregnant women, and populations with evidence of specific diseases.



Quality assessment

The Joanna Briggs Institute (JBI) quality assessment checklist was used to perform the quality assessment of the published articles (19). Two independent researchers (HA and PS) conducted a quality assessment for each of the included studies. Studies that received scores of ≥5 were categorized as low risk or good quality and studies with scores of ≤4 were categorized as high risk or poor quality.



Study selection and data extraction

Two independent reviewers (HA and PS) screened the studies based on the eligibility criteria. The abstracts and titles of the studies were reviewed, and the included full-text studies were evaluated. Any disagreements were addressed by a third reviewer's decision.

The following data were extracted from the included studies: the name of the first author, publication year, study design, province, geographical zone, urban/rural, gender, sample size, and prevalence of household food insecurity and relevant FI factors.



Data synthesis and statistical analysis

Pooled estimates for the magnitude of household food insecurity were calculated using a random effects model and metaprop module in Stata 14.2. The reason for using a random effects model was to attempt to account for the methodological differences within the included articles. A binomial distribution formula was used to estimate standard errors for each sample (20). The Egger's test and Trim and Fill test were used to evaluate publication bias. A funnel plot of symmetry visualized publication bias graphically. Evidence of statistically significant publication bias was considered a p-value < 0.05. Sensitivity analyses were performed by removing the studies that showed evidence of potential publication bias (21). The heterogeneity between studies was assessed using the I2 test (22). Subgroup analyses were conducted based on geographic region, age groups, type of questionnaire, quality of studies, location, and gender. Using meta-regression analysis, we examined the presence of any linear relationship between observed effect size and time. Evidence of a significant difference within the subgroups by the test of group difference was considered P < 0.05.




Results

A total of 6,164 articles and theses were retrieved from the initial database search. After the removal of duplicates, 3,468 studies remained to be screened. Title and abstracts were screened yielding 195 studies for full-text review. One hundred six studies (96 cross-sectional articles and 10 theses) published between 2010 and 2021 including a total of 152,300 participants were included after a full-text review and for data extraction. Study selection is presented in the PRISMA flowchart (Figure 1).


[image: Figure 1]
FIGURE 1
 PRISMA flow diagram for study selection from: Page et al. (23). For more information, visit: http://www.prisma-statement.org/.


The characteristics of the included studies are shown in Table 1. Since some of the studies reported FI in different locations or genders, we considered them as separate studies. Of the included studies, 51 examined FI in urban areas, 41 in rural areas, and 14 in both areas. Included studies also investigated FI among men and women (n = 70), men (n= 20), and women (n= 35). In addition, studies were conducted on different age groups, including children (n = 14), adolescents (n = 6), adults (n = 45), and older adults (n = 9). Studies were conducted in several different locations including the central (n = 36), western (n = 34), southern (n = 16), northern (n = 7), and eastern (n = 11) parts of the country. Different questionnaires were used to assess FI including the United States Department of Agriculture 18-item Household Food Security Survey Module (USDA 18-item questionnaire) (n = 48), Household Food Insecurity Access Scale (HFIAS) (n = 32), US Department of Agriculture 6-item Household Food Security Survey Module (USDA 6-item) (n = 12), Radimer-Cornell (n = 6), Farsi Current Population Survey-Food Security Survey Module (FaCPS-FSSM) (n = 3), and the Coping Strategies Index (n = 3).


TABLE 1 Characteristics of the included studies in the systematic review and meta-analysis.
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According to the meta-analysis, the total prevalence of FI in Iran was 55.9% (95% CI: 52.6–59.2%) (Figure 2). To determine heterogeneity, meta-regression and subgroup analyses were conducted.


[image: Figure 2]
FIGURE 2
 Forest plot for the prevalence of food insecurity in Iran.



Subgroups and meta-regression analyses

The prevalence of FI in rural areas was 66.1% (95% CI: 58.8–73.4%) which was higher than the prevalence of FI in urban areas [47.1% (95% CI: 44.1–50.0%)] (Supplementary Figure 1). The prevalence of FI among women was higher [51.3% (95% CI: 45.1–57.6%) than the prevalence among men (47.8% (95% CI: 41.8–53.8%)] (Supplementary Figure 2). Pooled prevalence of FI was 44.7% (95% CI: 35.5–53.9%) in children, 40.6% (95% CI: 33.2–48.0%) in adolescents, 56.5% (95% CI: 51.7–61.2%) in adults, and 49.8 % (95% CI: 36.6–63.0%) in older adults.

Subgroup analyses by region revealed that the highest prevalence of FI was in the western part of the country [64.8% (95% CI: 57.7–72.0%)] and the lowest prevalence of FI was in the central part of the country [46.1% (95% CI: 43.1–49.2%)]. The prevalence of FI was also assessed according to questionnaires used in the studies. The prevalence of FI in studies that used USDA 18-item was 54.8% (95% CI: 49.0–60.6%), the HFIAS was 58.4% (95% CI: 49.8–67.1%), and the USDA 6-item was 48.2% (95% CI: 44.3–52.0 %). The highest prevalence of FI was 77.8 % (95% CI: 69.1–93.8%) in studies that used the Coping Strategies Index. Moreover, the prevalence was 53.4% (95% CI: 43.0–63.7%) in studies that used FaCPS-FSSM and 63.2% (95% CI: 38.2–88.1%) in studies that used Radimer-Cornell (Table 2). Meta-regression analyses using random effects models were conducted to analyze the change in the prevalence of FI over time; however, results indicated that there were no significant changes in FI over time (Figure 3).


TABLE 2 Food insecurity prevalence data by location, sex, region, age group, quality of studies, and assessment tool.

[image: Table 2]


[image: Figure 3]
FIGURE 3
 Association of the prevalence of food insecurity in households with years of data collection.




Quality assessment

The Joanna Briggs Institute (JBI) quality assessment checklist was used to assess the quality of the published articles (19). According to the checklist, 70 studies were categorized as high quality and 36 studies were categorized as low quality (Supplementary Table 2). Subgroup analysis revealed no evidence of a statistical difference between the two groups.



Publication bias

Despite searching several databases, searching gray literature, and not having language limitations, the results of the funnel plot (Figure 4) and Egger's test (P < 0.000) revealed evidence of publication bias. The trim and fill method using random effects was used to adjust the pooled prevalence estimates for publication bias. After imputing 36 studies below the mean, the result indicated an adjusted prevalence of 74.6% (95% CI: 67.3–82.7%) among participants (Figure 5). Furthermore, there was a significant heterogeneity between subgroups based on the region (P-value < 0.000), gender (P-value = 0.017), type of FI questionnaire (P-value = 0.004), and location (P-value < 0.000).


[image: Figure 4]
FIGURE 4
 Funnel plot of included studies.



[image: Figure 5]
FIGURE 5
 Funnel plot for publication bias with trim and fill method.




Sensitivity analysis

Sensitivity analysis suggested that there were no changes in the mean prevalence after the removal of individual studies (Supplementary Figure 3).




Discussion

The present systematic review and meta-analysis evaluated the prevalence of FI in Iran examining 106 articles and theses among 152,300 participants from 2010 to 2021 with the consideration of gender, geographical areas, age groups, location, and type of questionnaires. According to the United Nations International Children's Emergency Fund (UNICEF), about 375.8 million people in Asian countries including Iran and the Pacific faced hunger in 2020, which increased by nearly 54 million people compared to 2019. Moreover, more than 1.1 billion people did not have access to adequate food in 2020 (129). Based on the present meta-analysis, the total prevalence of FI in Iran was 55.9% (95% CI: 52.6–59.2%), which is considered high. A previous meta-analysis evaluating FI in Iran also revealed a high prevalence of FI among different age categories (6, 11, 12). Differences in inclusion and exclusion criteria could be considered a potential reason for the contrasting findings. Additionally, this present study evaluated a greater amount of studies over several databases using a comprehensive search strategy.

In this study, subgroup analyses were performed based on identified factors to evaluate FI prevalence comprehensively. Subgroup analyses revealed that FI prevalence was significantly higher in Iranian women compared to men (51.3 vs. 47.8%, p < 0.000). In line with our findings, Diab-El-Harake et al. found a higher prevalence of FI in women living in Arab countries (130). In addition, a meta-analysis conducted by Jung et al. found that female-headed households were 75% (95 % CI: 49–96%) more likely to experience FI compared to male-headed households (131). Another meta-analysis in Ethiopia also found a higher FI prevalence in female-headed households (132). Furthermore, based on the 2019 State of FI report, the prevalence of FI was higher among women compared to men in every continent from 2016 to 2019 (133). Broussard (134) suggested that a higher prevalence of FI may be explained by differences in household income, social networks, and educational attainment. Furthermore, that gender differences in income accounted for more than 70% of the gender gap in FI, and lower educational attainment accounted for 5–45% of the gap. In addition, women may express more positive emotions when they are not necessarily experiencing favorable conditions, suggesting that cultural factors may influence the status of FI in women (135).

According to Sinclair et al., rural women had a higher prevalence of FI, which is in accordance with our subgroup analyses based on the region that indicated that the prevalence of FI was higher in rural areas [66.1% (95% CI: 58.8–73.4%)] compared to urban areas [47.1% (95% CI: 58.8–73.4%)] (136). Another study conducted by Sims et al. found that there was FI and malnutrition among Indian rural women (137). In addition, Sansón-Rosas et al. found high rates of FI in Colombian rural households (138). It is accepted that poverty is significantly linked to FI (139) and it is often considered the most common determinant of FI across the globe (139). Economic constraints may explain a higher prevalence of FI in rural areas (140). Many people who are from low-income households and are vulnerable to FI reside in rural areas and depend on agricultural activities to produce food; and in case of limited access to agricultural facilities and lands, they will face inadequate food availability (141).

In the present study, the highest prevalence of FI was among adults (56.5% [95% CI: 51.7–61.2%]) compared to different age groups. Sinclair et al. also found a higher prevalence of FI among people between the ages of 25–49 across the globe (136). A possible explanation for these findings may be that adults are often the head of the household and in the case of inadequate access to food, they may prioritize other members of the household. It also should be considered that fewer studies have been conducted among adolescents and older adults compared to those conducted on the adult population in Iran.

Another factor in the present study that made a significant difference in the prevalence of FI was the location of the participants' habitation as it was found that FI was higher in the western part of the country (64.8% [95% CI: 57.7–72.0%]) compared to the eastern (59.9% [95% CI: 49.9–69.8%]) and southern (59.2% [95% CI: 50.4–68.0%]) parts of the country. Mortazavi et al. conducted a cross-sectional study evaluating FI in the southern parts of Iran and in accordance with results from the present study, found a high prevalence of FI (58.8 %) (142). The current study found that the prevalence of FI in the northern parts of Iran was 56.8% (95% CI: 36.2–77.4%). A cross-sectional study conducted by Shakiba et al. also found a high prevalence of FI (50.8%) in northern Iran (84). Studies have shown that there are many risk factors for FI, including demographic characteristics and financial resources including age, economic status, employment, savings, educational level of the head of the household, single parenthood, and ethnicity (84, 142, 143). The impact of these risk factors on food security varies across populations, which reveals the potential influence of regional practices, policies, and nutrition programs (144, 145). However, to our knowledge, no study to date has examined the impact of regional influences in Iran. Future research is needed to validate the types of conclusions that can be drawn from this study.

Subgroup analyses were also conducted based on the type of questionnaire used to evaluate FI. Despite the fact that the questionnaires used in all of the studies were validated, there was evidence of a statistically significant difference between subgroups (p-value for heterogeneity: 0.003). However, the results for the prevalence of FI from the USDA 18-item (54.8% [95% CI: 49.0–60.6%]) and HFIAS (58.4% [95% CI: 49.8–67.1%]) were relatively similar, which were the questionnaires used in most of the studies. Other questionnaires were only used in a small number of included studies, which may explain the significant differences that were found in this study in the subgroup analysis for the type of questionnaire. Finally, the subgroup analysis for the results of the quality assessment did not reveal any evidence of a significant difference between high-quality and low-quality studies.


Strengths and limitation

To the best of our knowledge, the current meta-analysis included the highest number of studies to evaluate the prevalence of FI in Iran. The previous meta-analysis conducted by Behzadifar et al. (129) included 31 studies until 2015; therefore, the prevalence estimates reported in the present study represent the current findings. In addition, we performed subgroup analyses based on previously identified factors that may influence FI and found significant associations between the named factors and the prevalence of FI, which provided a strong comprehensive review of the relationships. However, this study had limitations worth considering when evaluating the findings. There was evidence of high heterogeneity between included studies. Furthermore, we did not assess the different levels of FI that may exist among the participants. Future studies and reviews may consider evaluating varying levels of FI as it may provide more information about FI status.




Conclusion

The findings of this systematic review and meta-analysis revealed that the prevalence of FI is high in Iran. The prevalence was higher among women, adults (aged), in rural areas and the western part of the country. It is an important finding that the prevalence of FI in Iran is influenced by age, gender, socioeconomic status, and habitation.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

LA and PA contributed to the study design, registered the study protocol, manuscript revision, and final version approval. NB edited the manuscript. SA, PS, MM, and MN-S contributed to the literature searches, title/abstract and full-text screening, extracted data, quality assessment, and manuscript drafting. PA contributed to the statistical analysis, ran the meta-analyses, and did data charting. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Tehran University of Medical Sciences (Grant Number: IR.TUMS.MEDICINE.REC.1400.1423).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.1006543/full#supplementary-material



References

 1. Reforms T. Food Security: Conceptualizing the Linkages. FAO: Rome, Italy (2003).

 2. Motbainor A, Worku A, Kumie A. Level and determinants of food insecurity in East and West Gojjam zones of Amhara Region, Ethiopia: a community based comparative cross-sectional study. BMC Public Health. (2016) 16:1–13. doi: 10.1186/s12889-016-3186-7

 3. Gross R, Schoeneberger H, Pfeifer H, Preuss H-J. The four dimensions of food and nutrition security: definitions and concepts. Scn news. (2000) 20:20–5.

 4. Niles MT, Beavers AW, Clay LA, Dougan MM, Pignotti GA, Rogus S, et al. A multi-site analysis of the prevalence of food insecurity in the United States, before and during the COVID-19 Pandemic. Curr Dev Nutr. (2021) 5:nzab135. doi: 10.1093/cdn/nzab135

 5. Amiresmaeili M, Yazdi-Feyzabadi V, Heidarijamebozorgi M. Prevalence of food insecurity and related factors among slum households in Kerman, south of Iran. Int J Health Plann Manage. (2021) 36:1589–99. doi: 10.1002/hpm.3242

 6. Mohammadi Nasrabadi F, Omidvar N, Khoshfetrat M, Kolahdooz F. Household food insecurity in the Islamic Republic of Iran: a systematic review and meta-analysis. EMHJ. (2014) 20:698–706. doi: 10.26719/2014.20.11.698

 7. Radimer KL, Olson CM, Campbell CC. Development of indicators to assess hunger. J Nutr. (1990) 120:1544–8. doi: 10.1093/jn/120.suppl_11.1544

 8. Nord M. Household Food Security in the United States 2009. Collingdale,PA: DIANE publishing (2010).

 9. Szabo S. Urbanisation and food insecurity risks: assessing the role of human development. Oxf Dev Stud. (2016) 44:28–48. doi: 10.1080/13600818.2015.1067292

 10. Gebremichael B, Beletew B, Bimerew M, Haile D, Biadgilign S, Baye K. Magnitude of urban household food insecurity in East Africa: a systematic review and meta-analysis. Public Health Nutr. (2021) 1–27. doi: 10.1017/S1368980021003529

 11. Behzadifar M, Behzadifar M, Abdi S, Arab Salmani M, Ghoreishinia G, Falahi E, et al. Prevalence of food insecurity in iran: a systematic review and meta-analysis. Prev Food Insecur Iran. (2016) 19:288–94. doi: 10.15171/mejdd.2016.31

 12. Daneshi-Maskooni M, Sakineh S-B, Badri-Fariman M, Erfan A, Mohammadi Y, Jafarnejad S, et al. Questionnaire-based prevalence of food insecurity in Iran: a review article. Iran J Public Health. (2017) 46:1454.

 13. Saaka M, Osman SM. Does household food insecurity affect the nutritional status of preschool children aged 6-36 months? Int J Popul Res. (2013) 2013. doi: 10.1155/2013/304169

 14. COMMON IAMO. The Debilitating Cycle of HIV, Food Insecurity, and Malnutrition. Burlington Junction, MO: IAMO (2012).

 15. Gundersen C, Ziliak JP. Food insecurity and health outcomes. Health Aff. (2015) 34:1830–9. doi: 10.1377/hlthaff.2015.0645

 16. Morales ME, Berkowitz SA. The relationship between food insecurity, dietary patterns, and obesity. Curr Nutr Rep. (2016) 5:54–60. doi: 10.1007/s13668-016-0153-y

 17. Pourmotabbed A, Moradi S, Babaei A, Ghavami A, Mohammadi H, Jalili C, et al. Food insecurity and mental health: a systematic review and meta-analysis. Public Health Nutr. (2020) 23:1778–90. doi: 10.1017/S136898001900435X

 18. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. Int J Surg. (2021) 88:105906. doi: 10.1016/j.ijsu.2021.105906

 19. Peters M, Godfrey C, McInerney P, Soares C, Khalil H, Parker D. The Joanna Briggs Institute Reviewers' Manual 2015: Methodology for JBI Scoping Reviews (2015).

 20. Borenstein M, Hedges LV, Higgins JP, Rothstein HR. A basic introduction to fixed-effect and random-effects models for meta-analysis. Res Synth Methods. (2010) 1:97–111. doi: 10.1002/jrsm.12

 21. Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. BMJ. (1997) 315:629–34. doi: 10.1136/bmj.315.7109.629

 22. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. (2003) 327:557–60. doi: 10.1136/bmj.327.7414.557

 23. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

 24. Mohammadzadeh A, Dorosty A, Eshraghian M. Household food security status and associated factors among high-school students in Esfahan, Iran. Public Health Nutr. (2010) 13:1609–13. doi: 10.1017/S1368980010000467

 25. Asgharian Dastnaei A, Karami E, Keshavarz M. Determinants of Rural Households' Food Security. Agric Econ. (2013) 7:85–107.

 26. Afshar A, Pourghaderi M, Hakim S, Safari A, Barati H. Rapid assessment of food insecurity in the urban households in Karaj. J Inflamm Dis. (2018) 22:74–82. doi: 10.29252/qums.22.2.74

 27. Jozi A, Safa L, Salali Moghadam N. A study on the effects of nutritional awareness and attitude on rural households' food security level (The Case of Zanjan County). Iran J Agric Econ Dev Res. (2020) 51:715–30.

 28. Narmaki E, Shirasb F, Qorbani M, Sotoudeh gassociation between food security and anthropometric measurements body composition blood blood pressure in women attending municipality sports clubs in west of Tehran. Iran J Diabet Lipid Disord. (2017) 16:103–10.

 29. Motlagh ARD, Azadbakht L, Kaboli NE. Food insecurity in obese adolescent females in tehran schools: an examination of anthropometric and socio-economic factors. Curr Res Nutr Food Sci J. (2019) 7:280–6. doi: 10.12944/CRNFSJ.7.1.28

 30. Mokari-Yamchi A, Faramarzi A, Salehi-Sahlabadi A, Barati M, Ghodsi D, Jabbari M, et al. Food security and its association with social support in the rural households: a cross-sectional study. Prev Nutr Food Sci. (2020) 25:146. doi: 10.3746/pnf.2020.25.2.146

 31. Rezazadeh A, Omidvar N, Eini-Zinab H, Ghazi-Tabatabaie M, Majdzadeh R, Ghavamzadeh S, et al. Food insecurity, socio-economic factors and weight status in two Iranian ethnic groups. Ethn Health. (2016) 21:233–50. doi: 10.1080/13557858.2015.1061102

 32. Ahmadihoseini A, Omidvar N, Nematy M, Safarian M, Salehi M. The relationship between food insecurity and anthropometric measures at birth in low income households. Iran J Pediatr. (2019) 29. doi: 10.5812/ijp.88410

 33. Khosravipour B, Dorani M, Mehrab Ghoochani O. Investigating the Household's Food Insecurity of the Bawi Township. J Rural Dev Strategies. (2017) 4:231–46.

 34. Alipour B, Abbasalizad Farhangi M, Asghari S, Amirkhizi F, Dahri M, Abedimanesh N, et al. Child-specific food insecurity and its sociodemographic and nutritional determinants among Iranian schoolchildren. Ecol Food Nutr. (2016) 55:231–40. doi: 10.1080/03670244.2015.1129324

 35. Daneshzad E, Dorosty-Motlagh A, Bellissimo N, Suitor K, Azadbakht L. Food insecurity, dietary acid load, dietary energy density and anthropometric indices among Iranian children. Eating Weight Disord Stud Anorexia Bulimia Obes. (2021) 26:839–46. doi: 10.1007/s40519-020-00921-8

 36. Parvin S, Salehi S, Joshan M, Akbar Tabar Tori M, Malekzadeh J, Pirooz R, et al. The situation of food security and related factors in female teachers of Yasuj Education School Board. Armaghane danesh. (2020) 25:515–28. doi: 10.52547/armaghanj.25.4.515

 37. Tabrizi JS, Nikniaz L, Sadeghi-Bazargani H, Farahbakhsh M, Nikniaz Z. Socio-demographic determinants of household food insecurity among Iranian: a population-based study from northwest of Iran. Iran J Public Health. (2018) 47:893.

 38. Rezaei H, Shirani Beid Abadi F. rezaee a, Joolaie R, abedi sarvestani a. Assessing the relationship between food insecurity and agricultural sustainability (case study: rural areas of Gorgan County). Agric Econ. (2021) 15:135–62.

 39. Saadi H, Azizi M, Azami M. Extension education and food security of farmer households (Case study: Qorveh county, Kurdistan Province). Iran J Agric Econ Dev Res. (2014) 45:483–99.

 40. Saadi H, Moaddab HV. Assessment of female-headed household's food security and the affecting factors; case study: women in Razan City. Women Dev Pol. (2014) 11:411–26. doi: 10.22059/jwdp.2013.36536

 41. Gholizadeh H, Rostamian Motlagh Z, Badsar M, Shams A. Culture and nutrition knowledge, and their relationship with food insecurity among rural households in Kermanshah County, Iran. J Rural Res. (2017) 8:54–67. doi: 10.21859/jjr-08014

 42. Farzaneh H, Gargari BP, Jafarabadi MA, Farzaneh A, Arzhang P. Household food insecurity and its related socioeconomic and nutritional factors among northwest Iranian high-school students. Rawal Med J. (2017) 42:239–45.

 43. Fami HS, Aramyan LH, Sijtsema SJ, Alambaigi A. The relationship between household food waste and food security in Tehran city: the role of urban women in household management. Indus Market Manage. (2021) 97:71–83. doi: 10.1016/j.indmarman.2021.06.016

 44. Jamini D. Food security and its implications on rural areas. Geogr Plann Space. (2017) 7:113–30.

 45. Jamini D, Amini A, Ghadermarzi H, Tavakoli J. Measurement of food security and investigation of its challenges in rural areas (case study: Badr District From Ravansar County). J Reg Plann. (2017) 7.

 46. Sharafkhani R, Dastgiri S, Gharaaghaji R, Ghavamzadeh S, Didarloo A. The role of household structure on the prevalence of food insecurity. Eur J Gen Med. (2010) 7:385–8. doi: 10.29333/ejgm/82890

 47. Basirat R, Salehi Abargouei A, Esmaillzadeh A. The association between household food insecurity and childhood obesity among Iranian school-aged children in Farokhshahr. Koomesh J. (2012) 13:254–63.

 48. Rafat R, Rezazadeh A, Arzhang P, Alipourr A. The association of food insecurity with sociodemographic factors and depression in the elderly population of Qarchak city–Iran. Nutr Food Sci. (2020). doi: 10.1108/NFS-06-2019-0191

 49. Dastgiri S, Mahboob S, Tutunchi H, Ostadrahimi A. Determinants of Food Insecurity: A Cross– Sectional Study in Tabriz. J Ardabil Univ Med Sci. (2006) 6:233–9.

 50. Esfandiari S, Omidvar N, Eini-Zinab H, Doustmohammadian A, Amirhamidi Z. Associations among food insecurity, academic performance, and weight status in primary schoolchildren in Tehran, Iran: a cross-sectional study. J Nutr Educ Behav. (2018) 50:109–17.e1. doi: 10.1016/j.jneb.2017.05.365

 51. Mahmoudi S, Khoramivafa M, Hadidi M, Ahmadi M, Jalali A. Food Security Status among Rural Households in Sarpolzahab and its Association with Socio-Economic and Agricultural Factors. J Res Rural Plann. (2020) 9:35–47.

 52. Khodabakhshzadeh S, Moradabadi SA, Khodabakhshzadeh S, Baniasadi M, Khalilabad TH. Food security and its related factors in the rural households of Bam city in Iran: a logistic regression model approach. Arch Iran Med. (2018) 21:26–8.

 53. Tezerji S, Nazari Robati F. Status of food security in Kerman, Iran During the COVID-19 pandemic. J Arak Univ Med Sci. (2020) 23:774–85. doi: 10.32598/JAMS.23.COV.6254.2

 54. Hosseinpour S, Dorosty AR, Djazayery A. Association of food insecurity with nutrition status, food diversity and anthropometric status in Iranian elderlies: a cross-sectional study. J Nutr Sci Diet. (2019) 5. doi: 10.18502/jnsd.v5i1.5232

 55. Sara Hakim A. Mohammad Reza E. Prevalence of food insecurity and its correlates health monitor. J Iran Inst Health Sci Res. (2012) 11:791–7.

 56. Ziaei SM, Shirani Bidabadi F, Eshraghi F, Keramatzadeh A. Identification of coping strategies on food insecurity and its effective factors in rural areas of Gorgan. Agric Econ Dev. (2019) 26:47–69.

 57. Tabibian S, Daneshzad E, Bellissimo N, Brett NR, Dorosty-Motlagh AR, Azadbakht L. Association between adherence to the dietary approaches to stop hypertension diet with food security and weight status in adult women. Nutr Diet. (2018) 75:481–7. doi: 10.1111/1747-0080.12440

 58. Hamedi-Shahraki S, Mir F, Amirkhizi F. Food insecurity and cardiovascular risk factors among Iranian Women. Ecol Food Nutr. (2021) 60:163–81. doi: 10.1080/03670244.2020.1812596

 59. Shahraki SH, Amirkhizi F, Amirkhizi B, Hamedi S. Household food insecurity is associated with nutritional status among Iranian children. Ecol Food Nutr. (2016) 55:473–90. doi: 10.1080/03670244.2016.1212710

 60. Ramesh T, Dorosty Motlagh A, Abdollahi M. Prevalence of household food insecurity in the City of Shiraz and its association with socio-economic and demographic factors, 2008. Iran J Nutr Sci Food Technol. (2010) 4:53–64.

 61. Gholami A, Foroozanfar Z. Household food security status in the Northeast of Iran: a cross-sectional study. Med J Islam Repub Iran. (2015) 29:227.

 62. Gholami A, Jahromi LM, Shams-Beyranvand M, Khazaee-Pool M, Naderimagham S, Mehrizi AA, et al. Household food insecurity and health-related quality of life in an urban adult population in Iran. Curr Nutr Food Sci. (2020) 16:381–90. doi: 10.2174/1573401315666191114142121

 63. Taheri F, Shafi EH, Dorosty AR. Assessment of food insecurity prevalence and associated factors in village of Qehi, Isfahan in 2016. Res Bull Med Sci. (2016) 21:138–45.

 64. Madvari FF, Yeganeh HS, Siasi F, Sotoudeh G, Hosseini SM, Rad SVM. Food security and factors related to it in households under coverage of urban health centers and health houses in Mehriz, Iran. Sci J School Public Health Inst Public Health Res. (2015) 12:79–93.

 65. Kian F, Farhadian H, Chobchian S. Food insecurity assess of urban household of Alborz province. Food Sci Technol. (2016) 13:167–79.

 66. Kian F, Farhadian H, Choobchian S. Do Iranian households benefit from food according to their health characteristics? A case study from Alborz Province, Iran. J Public Health. (2021) 1–7. doi: 10.1007/s10389-021-01631-w

 67. Esfarjani F, Hosseini H, Khaksar R, Roustaee R, Alikhanian H, Khalafi M, et al. Home food safety practice and household food insecurity: a structural equation modeling approach. Iran J Public Health. (2019) 48:1870. doi: 10.18502/ijph.v48i10.3495

 68. Jafari F, Ehsani S, Nadjarzadeh A, Esmaillzadeh A, Noori-Shadkam M, Salehi-Abargouei A. Household food insecurity is associated with abdominal but not general obesity among Iranian children. BMC Public Health. (2017) 17:1–8. doi: 10.1186/s12889-017-4262-3

 69. Khorramrouz F, Doustmohammadian A, Eslami O, Khadem-Rezaiyan M, Pourmohammadi P, Amini M, et al. Relationship between household food insecurity and food and nutrition literacy among children of 9–12 years of age: a cross-sectional study in a city of Iran. BMC Res Notes. (2020) 13:1–6. doi: 10.1186/s13104-020-05280-2

 70. Mohammadi F, Omidvar N, Harrison GG, Ghazi-Tabatabaei M, Abdollahi M, Houshiar-Rad A, et al. Is household food insecurity associated with overweight/obesity in women? Iran J Public Health. (2013) 42:380.

 71. Pourebrahim F, Omidvar N, Rezazadeh A, Eini-Zinab H, Shirani P. Food security and its association with socioeconomic status and diet diversity in free living elderly in Tehran, Iran. 2020. doi: 10.21203/rs.3.rs-28947/v1

 72. Rostami F, Shahmoradi M, Baghaei S. Factors affecting on rural households food security (Case study: Karnachy Village in Kermanshah County). Iran J Agric Econ Dev Res. (2014) 45:725–37.

 73. Fallah Tafti L, Mozafari Khosravi H, Najarzadeh A, Falahzadeh H. Food security status of elders and its related factors in Arak in 2012. Tolooebehdasht. (2016) 14:64–78.

 74. Safa L, Jozi A. Investigating the villagers' food security situation and determining its relationship with their demographic characteristics (the case of Zanjan County). Iran Agric Exten Educ J. (2021) 17:185–94.

 75. Nikniaz L, Tabrizi JS, Sadeghi-Bazargani H, Farahbakhsh M, Nikniaz Z. Food insecurity increases the odds of obesity among Iranian women: a population-based study of northwestern Iran. Nutr Diet. (2017) 74:454–9. doi: 10.1111/1747-0080.12356

 76. Nikniaz L, Tabrizi JS, Sadeghi-Bazargani H, Farahbakhsh M, Nikniaz Z. Is Food Insecurity Associated With Lipid Profile and Atherogenic Indices in Iranian Adults? A population-based study. Topics Clin Nutr. (2018) 33:23–30. doi: 10.1097/TIN.0000000000000124

 77. Hasan-Ghomi M, Mirmiran P, Amiri Z, Asghari G, Sadeghian S, Sarbazi N, et al. The association of food security and dietary variety in subjects aged over 40 in district 13 of Tehran. Iran J Endocrinol Metab. (2012) 14:360–7.

 78. Najafianzadeh M, Mobarak-Abadi A, Ranjbaran M, Nakhaei M. Relationship between the prevalence of food insecurity and some socioeconomic and demographic factors in the rural households of Arak, 2014. Iran J Nutr Sci Food Technol. (2015) 9:35–44.

 79. Safarpour M, Dorosty Motlagh A, Hosseini SM, Ranjbar Noshari F, Safarpour M, Daneshi Maskooni M, et al. Prevalence and outcomes of food insecurity and its relationship with some socioeconomic factors. Knowl Health. (2014) 8.

 80. Esmailnejad M, Akbarpour M, Mikaniki J, Falsoleiman M. Assessing the implications of climate change on food security and rural livelihoods case study: rural farmers in Migan Nehbandan. Geography. (2018) 16:5–18.

 81. Keshavarz M. Investigating food security and food waste control of farm families under drought (A case of Kherameh County). Space Econ Rural Dev. (2021) 9:83–106.

 82. Akbarpoor M, Mahdavi Damghani A, Deihimfard R, Veisi H. Assessment of the food security status in Marvdasht County. J Agroecol ([image: yes]) (2016) 6. [image: yes]

 83. Mohammadi M, Eshraghian M, Dorosti A, Asadi Lari M, Mansournia M, Ahsani-Nasab S. Identification of the determinaints of food insecurity in tehran using a multilevel model. Iran J Nutr Sci Food Technol. (2016) 10:13–20.

 84. Shakiba M, Salari A, Mahdavi-Roshan M. Food insecurity status and associated factors among rural households in the north of Iran. Nutr Health. (2021) 27:301–7. doi: 10.1177/0260106021996840

 85. Farhangi MA, Alipour B, Rezazadeh K, Ghaffary A, Eidi F, SaberGharamaleki A, et al. Food insecurity and its related socioeconomic and nutritional factors: evidence from a sample of population in the northwest of Iran. Qual Assur Safety Crops Foods. (2015) 7:109–13. doi: 10.3920/QAS2013.0317

 86. Sheikhi M, Omidvar N, Tabatabaei SM, Eini-Zinab H. Is nutritional functional diversity in the rural food and nutrition system associated with food security and nutrient adequacy? A Case Study of Rural Areas of Zahedan City, Iran. BMC Public Health. (2021) 22:751. doi: 10.21203/rs.3.rs-525134/v1

 87. Ebadi-Vanestanagh M, Azizi-Lalabadi M, Jahangiry L, Alizadeh M. Challenges of food insecurity indicators, diet quality and weight outcomes in women: a cross-sectional study. Prevent Nutr Food Sci. (2019) 24:393. doi: 10.3746/pnf.2019.24.4.393

 88. Savari M, Shabanali Fami H, Daneshvar Ameri Z. Analysis situation food security and factors affecting thereon in the rural society city of Divandarreh. J Rural Res. (2014) 5:311–32. doi: 10.22059/JRUR.2014.52473

 89. Aazami M, Hashemiamin N, Soroushmehr H. A survey on food insecurity of rural households and factors affecting it in Khuzestan Province of Iran: a case study of Bostan Sub-district. Village Dev. (2018) 20.

 90. Payab M, DorostyMotlagh A, Eshraghian M, Rostami R, Siassi F, Ahmadi M. The relationship between household food insecurity status and depression in mothers with school children living in Ray in 2010. Iran J Epidemiol. (2012) 8:37–44.

 91. Bagheri M, Hadad H, Shirvanian AR. Study of relationship between food security and income poverty in rural areas of Guilan Province in Iran: a case study of Amlash County. Village Dev. (2020) 22. doi: 10.30490/RVT.2020.293733.1076

 92. Cheraghi M, Kazemi N. Food security and related economic factors in rural elderly women. Koomesh. (2018) 20:203–9.

 93. Mehdi Cheraghi BM-Y, Zahra E-S. Analysis of geographical factors affecting food security of rural households(Case study: Zanjan township) (JGET) Geographical Engineering of Territory (2018).

 94. Charaghi M, Mohammadi Yeganeh B, Musavi Zare SS. The role of non-farm activities on the food security of rural households case study: Fazl Rural district, Nishabour city. J Rural Dev Strat. (2018) 5:51–66. doi: 10.22048/rdsj.2018.53551.1541

 95. Sotoudeh M, Amaniyan S, Jonoush M, Vaismoradi M. A community-based survey of household food insecurity and associated sociodemographic factors among 2–6 years old children in the Southeast of Iran. Nutrients. (2021) 13:574. doi: 10.3390/nu13020574

 96. Eghrari M, Sharifian Sani M, Mohaqeqi Kamal SH, Ghaedamini Harouni G, Zanjari N, Ahmadi S. Food insecurity among elderly in Tehran: prevalence, risk and protective factors. J Mazandaran Univ Med Sci. (2020) 30:107–16.

 97. Minaie M, Movahedi A, Motlagh AD, Abdollahi Z, Djazayery A. Association of socioeconomic status and food security with anthropometric indices among 2–5-year-old urban children in eight different cities in Iran. Int J Prev Med. (2019) 10. doi: 10.4103/ijpvm.IJPVM_143_18

 98. Asadi-Lari M, Jahromi LM, Montazeri A, Rezaee N, Mehrizi AAH, Shams-Beyranvand M, et al. Socio-economic risk factors of household food insecurity and their population attributable risk: a population-based study. Med J Islam Repub Iran. (2019) 33:119. doi: 10.47176/mjiri.33.119

 99. Salarkia N, Omidvar N, Zaeri F, Zeinab HE, Neyestani TR. Mother's self-efficacy mediates the relationship between household food insecurity and maternal infant feeding styles. Matern Child Health J. (2016) 20:602–12. doi: 10.1007/s10995-015-1859-y

 100. Omidvar N, Ahmadi D, Sinclair K, Melgar-Quiñonez H. Food security in selected Middle East and North Africa (MENA) countries: an inter-country comparison. Food Security. (2019) 11:531–40. doi: 10.1007/s12571-019-00935-w

 101. Abedi P, Abbaspor Z, Montazeri S, Vakili M, Haghigheizadeh M. Food insecurity prevalence and its related factors in households in Ahvaz, Iran. Malaysian J Nutr. (2013) 19.

 102. Safarpour P, Motlagh ARD, Sadeghi H. Relationship Between Food Insecurity and Depression in Elementary School Students' Mothers (2018).

 103. Arzhang P, Gargari BP, Sarbakhsh P, Farzaneh H. Household food insecurity and associated factors among rural and urban high school students in Kurdish population of Iran. Progr Nutr. (2019) 21:56–64.

 104. Ekhlaspour P, Foroumandi E, Ebrahimi-Mameghani M, Jafari-Koshki T, Arefhosseini SR. Household food security status and its associated factors in Baft-Kerman, IRAN: a cross-sectional study. Ecol Food Nutr. (2019) 58:608–19. doi: 10.1080/03670244.2019.1652818

 105. Alipour V, Rezapour A, Shali M, Harati Khalilabad T. Elderly's food security and its associated socioeconomic determinants in Tehran: a cross-sectional study. Health Science Reports. (2021) 4:e240. doi: 10.1002/hsr2.240

 106. Mortazavi Z, Dorosty AR, Eshraghian MR, Ghaffari M, Ansari-Moghaddam A. Household food insecurity and its association with self-reported infectious and parasitic diseases among household mothers in Southeast of Iran. Health Scope. (2017) 6. doi: 10.5812/jhealthscope.15125

 107. Dassie GA, Motlagh AD, Chamari M, Mohammadreza E. Prevalence of food insecurity and its association with muscle mass, hand grip strength and gait speed among elderly in tehran. Int J Pharm Sci Res. (2016) 7:2889. doi: 10.13040/IJPSR.09758232.7(7).2889-95

 108. Abdar-Esfehani B. The relationship between household food security and food intake quality, nutritional adequacy and food diversity of final year high school students in Tehran in the academic year 2017 (Master thesis) (2017).

 109. Razzazi A. Determining the relationship between menopausal age and security and dietary pattern in women in Qazvin in 2014 (Master thesis).

 110. Kazemi B. Relationship Between Physical Fitness and Body Composition with Food Security Among Male Students of Khalkhal City in Different Weight Categories (2018).

 111. Darini M. Investigating the Factors Affecting Food Security Using Food Diversity Indicators and Coping Strategies (Case Study: Jabalbarz Region) (Master thesis) (2014).

 112. Sharaki ZE. Analysis of the Role of Food Security in the Sustainable Development of Rural Areas; Case Study: Taqanak Village (Masters thesis) (2015).

 113. Siasar H. Assessing the Food Security Situation of Urban and Rural Families in Zabol (Master thesis) (2017).

 114. Nadimi B. Analysis of Effective Factors on the Selection of Strategies to Combat Food Insecurity Rural Households, A Case Study: Awalan village (Kamyaran City) (2017).

 115. Rahimi-Moghadam S, Mahdavi-Damghani A, Akbarpoor M, Sajjadian M, N R-S. Investigating the food security situation of Poldakhtar city. Ecol Agric (2015).

 116. Abbasi F, Kavoosi M. “Investigating the food security situation in the plain villages of eastern Guilan province (Case study: Machian village, Rudsar city),” in Fifth National Conference on Applied Research in Management and Accounting (2019).

 117. Esapare K. Assessing the Food Insecurity of Households in Rural Areas Dezful City, Khouzestan (2016).

 118. Forootan L. Investigating The Food Security Situation and the Factors Affecting it in Rural Households Baladarband, Razi.

 119. Pakravan-Charvadeh M, Hoseini S, Noori-Naeeni S. Identifying socio-economic factors related to food security of households in urban and rural areas of Khuzestan province. J Clean Prod. (2021) 25:113–36.

 120. Rezvani M, Sanaee-Moghadam S. Role of Rural-Urban Links in Food Security of Rural Households Case: Dehdasht East, Dehdash (2018).

 121. Hashemitabar M, Akbari A, Dorini M. Analysis of Factors Affecting Food Security in Rural Areas in the South of Kerman Province (2018).

 122. Bayanani N. Assessing the Food Security Situation at the Household Level in the Villages of Bahar City and the Factors Affecting It (2020).

 123. Parsay F. Food and Nutrition Status in East Azarbaijan Province (Case Study of Tabriz) (2018).

 124. Shabanali-Fami H, Moradi M, Asadi A. The effect of agricultural water consumption management on food security of farmers' households in the family exploitation system: A case study of Kermanshah city. Islamic Azad Univ Sci Res Branch J. (2020) 12:51–64.

 125. Amin N, Akbari H, Jafarnejad S. Food security, mental health, and socioeconomic status: a cross-sectional study among medical college students in central part of Iran, Kashan. Health Sci Rep. (2022) 5:e476. doi: 10.1002/hsr2.476

 126. Jamini D, Amini A, Ghadermarzi H, Tavakkoli J. Measuring food security and its determinants in rural areas: a case study of the farmers in the Central District of Ravansar, Kermanshah. J Geogr Reg Dev. (2017) 14:225–46. doi: 10.22067/GEOGRAPHY.V14I2.63833

 127. Ahmadi Dehrashid A, Bijani M, Valizadeh N, Ahmadi Dehrashid H, Nasrollahizadeh B, Mohammadi A. Food security assessment in rural areas: evidence from Iran. Agric Food Secur. (2021) 10:1–18. doi: 10.1186/s40066-021-00291-z

 128. Abbasi N, Ghoochani O, Ghanian M, Kitterlin M. Assessment of Households' Food Insecurity through use of a USDA Questionnaire. Adv Plants Agric Res. (2016) 4:1–8. doi: 10.15406/apar.2016.04.00155

 129. UNICEF. The State of Food Security and Nutr in the World 2021. New York City, New York: UNICEF (2021).

 130. Marwa Diab-El-Harake, Samer Kharroubi, Jumanah Zabaneh, Joma L. Gender-based differentials in food insecurity and wellbeing in Arab countries. Global Food Secur. (2022) 32:100609. doi: 10.1016/j.gfs.2021.100609

 131. Jung NM, de Bairros FS, Pattussi MP, Pauli S, Neutzling MB. Gender differences in the prevalence of household food insecurity: a systematic review and meta-analysis. Public Health Nutr. (2017) 20:902–16. doi: 10.1017/S1368980016002925

 132. Negesse A, Jara D, Habtamu T, Dessie G, Getaneh T, Mulugeta H, et al. The impact of being of the female gender for household head on the prevalence of food insecurity in Ethiopia: a systematic-review and meta-analysis. Public Health Rev. (2020) 41:15. doi: 10.1186/s40985-020-00131-8

 133. World Health Organization. The State of Food Security and Nutr in the World 2019: Safeguarding Against Economic Slowdowns and Downturns. Mount Vernon, Virginia: Food & Agriculture Org. (2019).

 134. Broussard NH. What explains gender differences in food insecurity? Food Policy. (2019) 83, 180–194. doi: 10.1016/j.foodpol.2019.01.003

 135. Asfahani F, Kadiyala S, Ghattas H. Food insecurity and subjective wellbeing among arab youth living in varying contexts of political instability. J Adolesc Health. (2019) 64:70–8. doi: 10.1016/j.jadohealth.2018.08.010

 136. Kate Sinclair, Davod Ahmadigheidari, Diana Dallmann, Meghan Miller, Melgar-Quiñonez H. Rural women: Most likely to experience food insecurity and poor health in low- and middle-income countries. Global Food Secur. (2019) 23:104–15. doi: 10.1016/j.gfs.2019.04.006

 137. Sims A, van der Pligt P, John P, Kaushal J, Kaur G, McKay FH. Food insecurity and dietary intake among rural indian women: an exploratory study. Int J Environ Res Public Health. (2021) 18. doi: 10.3390/ijerph18094851

 138. Sansón-Rosas AM, Bernal-Rivas J, Kubow S, Suarez-Molina A, Melgar-Quiñonez H. Food insecurity and the double burden of malnutrition in Colombian rural households. Public Health Nutr. (2021) 24:4417–29. doi: 10.1017/S1368980021002895

 139. ADB, -AR,. Cooperation and Integration in Asia and the Pacific. Asian Development Bank Annual Report 2012. Retrieved from https://wwwadborg/sites/default/files/institutional-document/33806/adb-annual-report-2012pdf

 140. Duflo E. Women empowerment and economic development. J Econ Lit. (2012) 50:1051–79. doi: 10.1257/jel.50.4.1051

 141. Koren O, Bagozzi BE. From global to local, food insecurity is associated with contemporary armed conflicts. Food Secur. (2016) 8:999–1010. doi: 10.1007/s12571-016-0610-x

 142. Mortazavi Z, Dorosty AR, Eshraghian MR, Ghaffari M, Ansari-Moghaddam A, Mohammadi M. Household food insecurity in Southeastern Iran: severity and related factors. Int J Food Sci. (2017) 2017:7536024. doi: 10.1155/2017/7536024

 143. Behzadifar M, Behzadifar M, Abdi S, Malekzadeh R, Arab Salmani M, Ghoreishinia G, et al. Prevalence of food insecurity in Iran: a systematic review and meta-analysis. Arch Iran Med. (2016) 19:288–94.

 144. Costa NS, Santos MO, Carvalho CPO, Assunção ML, Ferreira HS. Prevalence and factors associated with food insecurity in the context of the economic crisis in Brazil. Curr Dev Nutr. (2017) 1:e000869. doi: 10.3945/cdn.117.000869

 145. Kim K, Kim MK, Shin Y-J, Lee SS. Factors related to household food insecurity in the Republic of Korea. Public Health Nutr. (2011) 14:1080–7. doi: 10.1017/S1368980010003733













	 
	

	TYPE Perspective
PUBLISHED 24 January 2023
DOI 10.3389/fnut.2022.1113060





Good nutrition across the lifespan is foundational for healthy aging and sustainable development

Leocadio Rodríguez-Mañas1*, Robert Murray2, Carole Glencorse3 and Suela Sulo4

1Service of Geriatrics, Getafe University Hospital and CIBER on Frailty and Healthy Aging (CIBERFES), Getafe, Spain

2Department of Pediatrics, Emeritus, The Ohio State University College of Medicine, Columbus, OH, United States

3Abbott Laboratories Ltd., Maidenhead, United Kingdom

4Abbott Laboratories, Abbott Park, IL, United States

[image: image]

OPEN ACCESS

EDITED BY
Juan E. Andrade Laborde, University of Florida, United States

REVIEWED BY
Michał Czapla, Wrocław Medical University, Poland

*CORRESPONDENCE
Leocadio Rodríguez-Mañas, [image: image] leocadio.rodriguez@salud.madrid.org

SPECIALTY SECTION
This article was submitted to Nutritional Epidemiology, a section of the journal Frontiers in Nutrition

RECEIVED 01 December 2022
ACCEPTED 23 December 2022
PUBLISHED 24 January 2023

CITATION
Rodríguez-Mañas L, Murray R, Glencorse C and Sulo S (2023) Good nutrition across the lifespan is foundational for healthy aging and sustainable development.
Front. Nutr. 9:1113060.
doi: 10.3389/fnut.2022.1113060

COPYRIGHT
© 2023 Rodríguez-Mañas, Murray, Glencorse and Sulo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Ensuring healthy lives and promoting wellbeing across the age spectrum are essential to sustainable development. Nutrition is at the heart of the World Health Organization (WHO) Sustainable Development Goals, particularly for Sustainable Development Goal 2/Subgoal 2, which is to End all forms of malnutrition by 2030. This subgoal addresses people of all ages, including targeted groups like young children and older adults. In recent decades, there have been marked advances in the tools and methods used to screen for risk of malnutrition and to conduct nutritional assessments. There have also been innovations in nutritional interventions and outcome measures related to malnutrition. What has been less common is research on how nutritional interventions can impact healthy aging. Our Perspective article thus takes a life-course approach to consider what is needed to address risk of malnutrition and why, and to examine how good nutrition across the lifespan can contribute to healthy aging. We discuss broad-ranging yet interdependent ways to improve nutritional status worldwide—development of nutritional programs and policies, incorporation of the best nutrition-care tools and methods into practice, provision of professional training for quality nutritional care, and monitoring health and economic benefits of such changes. Taken together, our Perspective aims to (i) identify current challenges to meeting these ideals of nutritional care, and to (ii) discover enabling strategies for the improvement of nutrition care across the lifespan. In harmony with the WHO goal of sustainable development, we underscore roles of nutrition to foster healthy human development and healthy aging worldwide.
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1. Background

As the world population grows and longevity increases in the 21st century, the need for sustainable development challenges us to ensure health and wellbeing across the age spectrum. In 2015, the United Nations (UN) established 17 Sustainable Development Goals (SDG), which were adopted by all Member States. With a target of achievement by 2030, the UN seeks a better future for all people (1). Two SDG are fundamental and interrelated: Zero Hunger (SDG #2) and Good Health and Wellbeing (SDG #3) (1). The World Health Organization (WHO) has a complementary initiative on healthy aging, with 2020–2030 being recognized as the Decade for Healthy Aging (2–4). Aging well includes components of physical, mental, social, and emotional wellbeing—all of which can affect or be affected by dietary intake and nutritional status (1, 5–8). Indeed, nutrition is at the heart of sustainable development; meeting nutritional needs from infancy through old age builds a framework for health and wellbeing throughout life.

A specific subgoal for SDG #2 (subgoal 2) is to end all forms of malnutrition by 2030, particularly among targeted groups like young children and older adults. In recent decades, we have seen advances in the tools and methods to screen for risk of malnutrition and to assess nutritional status. As well, we have seen improvements in nutritional intervention strategies, treatment products, and methods for measuring treatment outcomes. Nevertheless, research is lacking on how nutritional interventions impact healthy aging. This Perspective article thus takes a life-course approach to define what is needed to address malnutrition and why, and to examine how good nutrition across the lifespan contributes to healthy aging. We posit that improvement of global nutrition requires broad-ranging approaches—developing nutrition programs and policies, incorporating the best nutrition-care tools and methods into practice, training professionals for quality nutritional care, and monitoring the health and economic benefits of such changes. Here we discuss the following strategies, which are summarized in Supplementary Box 1:


•A focus on updating nutritional policies can help move food systems toward healthy and sustainable food production by leading the way to recognizing healthy and sustainable diets (9). For population health, policies can build food sufficiency for people of all ages worldwide. For individuals, policies can promote intake of healthy foods (e.g., fruits and vegetables, whole grains, legumes, nuts, virgin olive oil (10), and seeds) and reduced consumption of unhealthy foods (e.g., processed red meats, sugary snacks) (11).

•It is important to identify and incorporate best measures of nutritional status into clinical practice—tools for screening, assessment, and outcome measures of nutrition-related growth and health (12). Such methods can flag healthy and unhealthy aging (13, 14). Various measures identify individuals who need nutritional intervention, and they reflect post-intervention health outcomes for individuals and populations.

•To integrate new methods and tools, an early practical challenge is to achieve consensus among health professionals on use of age-specific tools, methods, and indicators of nutritional status for all segments of the population (15–22). Based on such evidence, healthcare professionals then need to develop expert guidelines on use of these tools and measures, and to identify age- and population-specific cutoffs for measures of nutritional and functional status. Further, health professionals need clinical education and training programs on best-practice nutritional care for people of all ages (23–26).

•As new nutritional policies, programs, and methods are incorporated into practice, it is essential to monitor effectiveness of such changes in achieving sufficient and healthy dietary intake in cost-effective ways (27–30). We ask the question, “What is the value of nutrition?”



This Perspective aims to (i) identify current challenges to end malnutrition and deliver high quality nutritional care, and to (ii) discover enabling strategies that can enhance nutritional care and can support sustained health and wellbeing across the lifespan.



2. Nutrition matters across the lifespan

In the WHO model, healthy aging is viewed as a life-course progression (31, 32). Healthy nutrition is foundational for supporting physical growth and mental development in infants, young children, and adolescents; in young adulthood and midlife, nutrition and lifestyle patterns influence accumulation and maintenance of muscle, thus supporting aspects of health and physical function (Figure 1). In early life, nutrition helps build reserves for mental and physical function (31–34). In later adulthood, age-related decline is expected, but individuals with healthier growth at the beginning of life build biological reserves that prevent or delay age-related disabilities later (14, 35). In older age, good nutrition, including supplemental nutrition when needed, can be used to prevent functional decline and to restore health following acute or chronic diseases, injury, or surgery (36). Together, achieving good nutrition from youth through mid-adulthood is particularly relevant to muscle strength and functionality in older age; goals are to build peak muscle in youth, maintain muscle strength and function in midlife, and sustain muscle function or minimize loss in older age (Supplementary Figure 1) (32, 37).
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FIGURE 1
Nutrition across the lifespan is foundational for health and wellbeing in older age.



2.1. Grow well to age well: Infancy, childhood, and adolescence

Optimal nutrition is critical from infancy through adolescence and puberty to support growth and to achieve important motor, language, and social milestones (34, 38). Nutritional requirements for children in the first years of life support rapid linear growth and weight gain for increased bone length and muscle mass and for growth and development of the gastrointestinal tract, cardiorespiratory system, kidneys, and immune and central nervous systems (39). Brain development is especially rapid in the first 24 months, thus requiring adequate macro- and micronutrients (38, 39). Without good early nutrition, a child may experience diminished cognitive performance throughout life (39). In middle childhood (5–9 years) and early adolescence (10–14 years), healthy children experience steady linear growth and development, which are supported by adequate nutrition relative to body size (34). During puberty, adolescents (15–19 years) grow and develop rapidly, which requires higher amounts of energy, protein, and micronutrients (34). For lifelong functionality, wellbeing, and achievement, adequate intake of energy, protein, and micronutrients in youth is thus key to physical growth, along with motor, language, and socioemotional development (34, 38–40).



2.2. To age well, stay well: Early adulthood and midlife

Staying well in early adulthood and midlife further builds a foundation for healthy aging. Yet some chronic diseases are now increasingly common among younger-aged adults and adolescents, often because of poor nutrition, lack of physical activity, and smoking (41). The WHO estimates that the elimination of these behaviors would decrease the risk of cardiovascular disease, stroke, and type 2 diabetes by 80% in older adults (41). Focus on nutrition, weight management, and physical activity in the middle years can facilitate longer and healthier lives.

In terms of nutrition, healthy aging is based on cumulative effects during the early and middle years of adult life (33). Food insecurity and unhealthy diets are problems that can affect low-, middle-, and high-income countries, although underlying causes differ as demographic, political, or economic conditions vary (11). Notably, middle-aged adults in the United States (US) consume less than the recommended daily requirements for most essential micronutrients leading to deficiencies that increase risk for certain chronic conditions (33). The prevention of osteoporosis in later life, for example, depends on the intake of calcium during childhood and young adulthood to achieve peak bone mineral density by age 30 years (33). Other examples include evidence supporting long-term use of dietary flavanol intake for reducing risk of later Alzheimer’s disease and dementia (42) and long-term adherence to the Mediterranean diet, which can lead to significant reductions in frailty, cardiovascular complications, and macular degeneration in older adults (33). Taking dietary supplements such as vitamin D, calcium, B12, and other micronutrients during the middle years, along with a healthy diet, can help prevent age-associated deficiencies and adverse health consequences (33, 43).


2.2.1. The importance of weight management

Weight management for maintenance of a healthy body mass index (between 18.5 and 24.9 kg/m2) (44) plays a key role in midlife and helps decrease risk of developing age-related conditions. The WHO recently reported that 1.9 billion adults worldwide are overweight or obese, while 462 million are underweight (45). Undernutrition and underweight in adulthood, often associated with poverty or illness, lead to conditions such as frailty, osteoarthritis, and impaired mobility, while overweight and obesity increase risk of sleep apnea and urinary incontinence, as well as type 2 diabetes, cardiovascular disease, and cancer (33). Thus, sufficient and healthy dietary intake (fruits, vegetables, whole grains, legumes, nuts, seeds, seafood, healthy oils, and moderate amounts of carbohydrates) is important to achieving weight goals and long-term health benefits (10, 33, 43).



2.2.2. Healthy nutrition and physical activity

A lifestyle of healthy nutrition and physical activity in early adulthood and midlife is key to aging well. Healthcare professionals can incorporate routine nutrition screening into clinical and office-based care for all adults. While there is currently not a well-validated nutritional screening tool for free-living adults in midlife, tools for hospitalized patients can be adapted for community use (33). In addition, the new Remote Malnutrition APP test (R-MAPP) tool was recently introduced for remote screening of adults for nutritional risk and for loss of muscle mass and function when healthcare access was limited during the COVID-19 pandemic; R-MAPP identifies risk for malnutrition and sarcopenia by combining Malnutrition Universal Screening (MUST) and Strength, Assistance in walking, Rise from a chair, Climb stairs, and Falls (SARC-F) tools (18, 22). Advice on maintaining physical activity during midlife and into older age further supports healthy aging, preserves musculoskeletal function, and helps lessen effects of decreased energy intake with aging (33, 46).




2.3. To age well, eat well: Older people

The global population of older people (≥ 60 years) is predicted to double over the next three decades—reaching 2.1 billion by 2050 (2). Strategies and systems are thus needed to ensure aging well in this latter phase of life to improve their quality of life and to limit potentially outsized increases in healthcare burdens and costs (2). To this end, health professionals propose a shift from disease-centered care to function-centered care for older people (47, 48). In fact, older people themselves want to maintain function (both physical and mental) (5), an aim reflected in the WHO’s goals for facilitating healthy aging (2–4, 49, 50). WHO now frames this concept as intrinsic capacity, which refers to the combination of physical and mental abilities (3). Thus, healthy aging refers to sustained intrinsic capacity, while lowered intrinsic capacity reflects functional decline. There is agreement that intrinsic capacity has multiple dimensions—including locomotion, vitality, sensory, cognition, and psychological domains. However, the methods for assessing each of these five dimensions presently differ across studies (51).

Among older people, proper nutrition is a key strategy to prevent or delay onset of chronic disease and functional decline, and to support quality of life—that is, to support aging well (52, 53). Conversely, malnutrition (deficient or excess intake of macronutrients or deficient intake of specific micronutrients) can lead to loss of intrinsic capacity with declining physical and mental health (54–57). In fact, there is substantial evidence that poor nutrition is a mediator of adverse outcomes in older people, e.g., lower physical function (58), poorer quality of life (59), greater risk for development of sarcopenia and frailty (53, 60, 61), cognitive decline (57), and shorter survival (62, 63).


2.3.1. What strategies can healthcare professionals use to identify and treat malnutrition and its risk in older people?

Healthcare experts worldwide have developed nutritional guidelines for general health and for muscle health in older people (14, 43, 64, 65). Guidance from the United States of America (USA) advises older adults to improve dietary intake by increasing consumption of fruit, vegetables, whole grains, and dairy, while ensuring that protein intake meets recommendations (43). European protein-intake recommendations have been set higher for older adults compared to those for younger ages, as there is evidence that older adults’ protein requirements are increased to maintain functionality (66, 67). Limited intake of added sugars, saturated fat, and sodium is also recommended for older adults to help manage or avoid chronic conditions (43). A recent study in Spain identified nutrient deficiencies in frail older adults, specifically protein, ω-3 fatty acids, retinol, ascorbic acid, niacin equivalents, folic acid, magnesium, and potassium (68). Other studies have implicated adequate intake of antioxidant and anti-inflammatory micronutrients (vitamins of the B group and vitamins A, C, D, and E) as important to maintaining cognitive health (57). Asian guidelines highlight additional practices to reduce risk of malnutrition and sarcopenia, i.e., (i) offering older adults nutritional counseling on good dietary patterns, and (ii) providing oral nutritional supplements (ONS) when indicated (14).

For clinical and public health professionals, steps to improved nutrition in older people are like those for younger people—screen routinely for nutritional risk, assess patients at risk to diagnose malnutrition severity, and intervene with nutritional care when needed based on a personalized nutrition plan (69). Continued monitoring is important to determine whether the selected nutritional intervention plan is effective. Numerous nutritional screening and assessment tools can be used for older people who are hospitalized (70, 71) or living in the community (15, 72).

Tools have been developed and validated specifically for screening older people and have been shown to predict morbidity and mortality (8, 16, 73). For use in the community, there are several nutritional screening, assessment, and diagnosis tools that can be used; Mini Nutritional Assessment short form (MNA-SF; a validated 6-question tool to rapidly assess geriatric patients for malnutrition or its risk) and Global Leadership Initiative on Malnutrition (GLIM; a tool that assesses three phenotypic [weight loss, low body mass index, and low skeletal muscle mass] and two etiologic [low food intake and presence of disease with systemic inflammation] criteria, with diagnosis confirmed by any combination of one phenotypic and one etiologic criterion fulfilled) criteria are commonly used (73–75).

Patients recognized as malnourished or at malnutrition risk need a more detailed nutritional assessment to identify and quantify specific nutritional problems. Such an assessment includes subjective and objective parameters—medical history, current and past dietary intake (including energy and protein balance), physical examination and anthropometric measurements, functional and mental assessment, quality of life, medications, and laboratory values (69).

When a patient’s nutritional assessment shows evidence of nutritional risk, malnutrition, sarcopenia, or frailty, a diagnosis can be made, and a healthcare professional must develop a personalized nutritional care plan. Implementation of nutritional intervention is particularly urgent for those who are already malnourished or have muscle impairment (41, 76, 77). A Canadian initiative proved effective for avoiding development of frailty (78), while results of a recent European study demonstrated that nutritional care could prevent loss of mobility (79).



2.3.2. How can healthcare professionals monitor the effectiveness of interventional strategies?

The WHO’s Integrated Care for Older People (ICOPE) recommendations advise (i) measuring dimensions of intrinsic capacity to quantify the severity of malnutrition-associated functional decline, and (ii) monitoring these dimensions during and after nutritional interventions (3). Recommendations for managing declines in functionality/intrinsic capacity include dietary advice and use of oral nutritional supplementation. For individuals’ physical health, measures of physical function, ability to perform daily life activities, and strength are used (3). For their mental health, perceived quality of life, cognition, and psychological wellness can be measured (3). In addition to nutritional care, individuals can benefit from exercise or physical activity programs, cognitive care, and encouragement of social connections (79–82). For healthcare systems, nutritional interventions for care of older people can also be measured in terms of resource use, cost savings, and cost-effectiveness. Supplementary Figure 2 provides a summary of strategies to quantify nutrition-related health outcomes in older adults.



2.3.3. What does the recent evidence show about nutritional interventions and health outcomes for older people?

People in the older population, including those living in the community, are among the most vulnerable to malnutrition. Poor nutrition in older people commonly leads to declining physical function, along with social and economic burdens (58, 83–88). However, these problems have often gone unrecognized until very recently. Here we present a detailed summary of recent reports from studies of older people around the world. We summarize up-to-date information and evidence on nutrition screening and assessment, nutritional intervention and outcomes, and implications for nutritional care in clinical practice (Table 1), thus providing evidence-based rationale for incorporating nutritional care into public health policies and clinical practice. Search criteria included articles published in English within the last 4 years and pertaining to older adults.


TABLE 1    Recent studies on nutritional interventions to support healthy aging in older adults.
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3. Health economic studies show “value” in nutritional care

Beyond tolls to health and wellbeing, poor nutritional status increases use of healthcare resources with concordant rises in costs for healthcare in children (89, 90) and in young and older adults (Table 1). The field of Health Economics and Outcomes Research (HEOR) has emerged over the past decade to measure the link between treatments and actual outcomes, including cost outcomes. HEOR thus provides evidence-based guidance on how to improve care. In HEOR terms, the “value” of a care strategy is determined by outcomes relative to costs; the numerator of a value equation is outcome, while the denominator is cost (91). Nutritional care is advantageous when it improves outcomes. The “value” of nutritional care is recognized when patients’ health outcomes improve at reasonable incremental costs for nutritional care and with reduced overall costs of care (91).

There are many studies to illustrate the “value” of nutritional care. A recent cost-modeling study was conducted among older, community-living adults in Colombia (92). Following a nutrition-focused intervention with ONS use, total healthcare resource needs over a 90-day interval were reduced by more than 40% (hospitalizations ↓80%, emergency department visits ↓60%, and outpatient clinical visits ↓40%; P < 0.001). Based on economic modeling, per-patient cost savings of $210 over 90 days was attributed to this nutritional care. Total cost savings was consistent with nearly twice the initial investment for Quality Improvement Program (QIP) intervention; that is, the per-dollar return on investment was $1.82 (92). In a cost study from the USA, use of an advanced enteral nutritional formula in hospitalized patients with sepsis was estimated to save at least $52 million annually (93). Another study of older patients in home healthcare programs showed that rates of hospitalization and healthcare resource use were significantly reduced by prescribing ONS for adults at-risk/malnourished; cost-savings from 90-day healthcare resource utilization was approximately $1500 per patient treated (94). Numerous other studies and reviews underscore cost savings/cost effectiveness of nutritional interventions, especially ONS (95–101).



4. Conclusion

Our Perspective documents clear links between nutritional sufficiency in early life and better chances of good health, sustained functionality, and maintained wellbeing in older age. We now call on healthcare clinicians and public health professionals to act against poor nutrition in infants, children, and adults. We propose the following specific nutrition-related actions to meet UN and WHO goals of Zero Malnutrition and Good Health and Wellbeing across the lifespan.


•Build programs worldwide for professional training on nutritional awareness and care.

•Gain consensus among health professionals on the best tools for measurements of nutritional risk and outcomes.

•In some situations, it may be necessary to develop new nutritional screening and assessment tools. It is important to seek tools that result in easy and actionable steps for both the healthcare provider and the patient.

•Train professionals on use of best-practice tools.

•Use outcome studies to inform best-practice nutritional care across the lifespan.

•Create policies to emphasize nutritional care in communities, hospitals, and long-term care facilities worldwide.
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Background: Acute malnutrition is a major global health problem primarily affecting under-five children. In sub-Saharan Africa, children treated for severe acute malnutrition (SAM) at an inpatient have high case fatality rate and is associated with relapse of acute malnutrition after discharge from inpatient treatment programs. However, there is limited data on the rate of relapse of acute malnutrition in children after discharge from stabilization centers in Ethiopia. Hence, this study aimed to assess the magnitude and predictors of relapse of acute malnutrition among children aged 6–59 months discharged from stabilization centers in Habro Woreda, Eastern Ethiopia.

Methods: A cross-sectional study was conducted among under-five children to determine the rate and predictors of relapse of acute malnutrition. A simple random sampling method was used to select participants. All randomly selected children aged 6–59 months discharged from stabilization centers between June 2019 and May 2020 were included. Data were collected using pretested semi-structured questionnaires and standard anthropometric measurements. The anthropometric measurements were used to determine relapse of acute malnutrition. Binary logistic regression analysis was used to identify factors associated with relapse of acute malnutrition. An odds ratio with 95% CI was used to estimate the strength of the association and a p-value less than 0.05 was considered statistically significant.

Results: A total of 213 children with mothers/caregivers were included in the study. The mean age in months of children was 33.9 ± 11.4. More than half (50.7%) of the children were male. The mean duration of children after discharge was 10.9 (± 3.0 SD) months. The magnitude of relapse of acute malnutrition after discharge from stabilization centers was 36.2% (95% CI: 29.6,42.6). Several determinant factors were identified for relapse of acute malnutrition. Mid-upper arm circumference less than 110 mm at admission (AOR = 2.80; 95% CI: 1.05,7.92), absence of latrine (AOR = 2.50, 95% CI: 1.09,5.65), absence of follow-up visits after discharge (AOR = 2.81, 95% CI: 1.15,7.22), not received vitamin A supplementation in the past 6 months (AOR = 3.40, 95% CI: 1.40,8.09), household food insecurity (AOR = 4.51, 95% CI: 1.40,15.06), poor dietary diversity (AOR = 3.10, 95% CI: 1.31,7.33), and poor wealth index (AOR = 3.90, 95% CI: 1.23,12.43) were significant predictors of relapse of acute malnutrition.

Conclusion: The study revealed very high magnitude of relapse of acute malnutrition after discharge from nutrition stabilization centers. One in three children developed relapse after discharge in Habro Woreda. Programmers working on nutrition should design interventions that focus on improving household food insecurity through strengthened public Safety Net programs and emphasis should be given to nutrition counseling and education, as well as to continuous follow-up and periodic monitoring, especially during the first 6 months of discharge, to reduce relapse of acute malnutrition.

KEYWORDS
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Introduction

Malnutrition is a major public health challenge faced by many developing countries (1, 2). It occurs when food intake is not balanced with the body’s dietary needs, particularly in vulnerable groups such as under-five children, pregnant and lactating mothers, and people with chronic illness (3, 4). It is a general term representing both undernutrition and overnutrition (5). Undernutrition contributes significantly to the global disease burden and is responsible for 35% of deaths in children (1).

Acute malnutrition is a life-threatening condition generally resulting from the recent rapid loss of weight or a failure to gain weight due to illness, reduced food intake, and inappropriate childcare practices or combinations of these factors (6). It is determined by the nutritional index of weight-for-height (WFH) and/or mid-upper arm circumference (MUAC) and categorized into moderate acute malnutrition (MAM) and severe acute malnutrition (SAM) (7). SAM is one of the top nutrition-related causes of death in children worldwide (8). Globally, over 49 million under-five children were wasted, and nearly 17 million were severely wasted, with the largest number being found in South Asia (68%) and Africa (28%) (9, 10).

In Ethiopia, SAM is a serious public health problem that poses a significant obstacle to achieving better child health outcomes (11). Despite a substantial decline in the proportion of wasting (7%), stunting (37%), and underweight (21%) in the last two decades, undernutrition in children is still a common problem in Ethiopia (12–14). A previous study conducted in Haramaya district, Ethiopia indicated that about 14, 36, and 23% of children were wasted, stunted and underweighted, respectively (15).

According to the community-based management of acute malnutrition (CMAM) guidelines, children with failed appetite, and/or with a major medical complication and infants under 6 months with bilateral pitting edema or visible wasting should be initially admitted to inpatient treatment programs. Whereas those children with a good appetite, no major medical complications or edema, and no marasmic-kwashiorkor should be linked to outpatient treatment programs (OTP) (16). The protocol for the management of acute malnutrition also recommends that children should be periodically monitored after discharge from the treatment programs (1, 2).

The literature shows that high mortality rate of SAM in children after being discharged from inpatient treatment programs (17–20). Several factors are identified for the relapse, including living in settings of pervasive poverty, low women literacy, food insecurity, inadequate water and sanitation, incomplete vaccination and poor follow-up after discharge (21–23).

In sub-Saharan Africa, children treated as an inpatient with SAM have 10 to 40% case fatality (24). A previous study in Ethiopia showed that 29% of children treated in a Stabilizing center died from SAM (25). Evidence indicates that SAM children discharged as recovered may relapse following exit from CMAM programs (26). For instance, a previous study conducted in Ethiopia showed that 34% of children relapse after being discharged from a CMAM program (27).

Despite the high burden of acute malnutrition in Ethiopia, there is limited data on the rate of relapse of acute malnutrition among children discharged from healthcare facilities after being managed for nutritional problems. Therefore, this study aimed to determine the prevalence of relapse of acute malnutrition and associated factors among 6–59 months old children after discharge from stabilization centers in Habro Woreda, Eastern Ethiopia.



Materials and methods


Study setting and period

The study was conducted in Habro Woreda from December 15, 2020 to January 15, 2021. Habro Woreda is one of the 15 woredas in the West Hararghe zone of Oromia Regional State, Eastern Ethiopia. Its administrative office is found in Gelemso town, which is located 400 km from Addis Ababa, the capital city of Ethiopia, to the east. The Woreda has 37 kebeles and an estimated total population of 269,279, with an estimated 44,242 under-five children and 55,100 households. There are 7 health centers and 1 general hospital providing nutrition stabilization services in the woreda.



Study design and population

A cross-sectional study was employed to determine the rate of relapse of acute malnutrition and associated factors among children aged 6–59 months previously treated for SAM and discharged as recovered between June 2019 and May 2020 in Habro Woreda. The source population were children aged 6–59 months discharged recovered from SC in Habro Woreda and the study population were those 6–59 months old children following discharge as recovered in the randomly selected kebeles of Habro Woreda. All randomly selected children aged 6–59 months who were discharged recovered 6 months prior to the data collection period with mothers/caregivers who gave consent were included. Children who had incomplete address information on the SC registration logbooks and children with physical deformities during anthropometric measurements were excluded.



Sample size determination

The sample size for the first objective was determined using a single population proportion formula with the assumptions of a 15.4% prevalence of relapse of acute malnutrition from a previous study (23), 95% CI, 5% margin of error and 10% non-response rate, yielding the sample size of 220. The sample size for the second objective was calculated using Epi–info version 7.0 by considering various factors associated with relapse of acute malnutrition including the educational status of women (28), follow-up visits after discharge (29), vitamin A supplementation within the last 6 months (27) and pre-lacteal feeding (27) with the assumptions of 95% confidence level, power of 80% and 10% non-response rate, yielding the sample size of 130, 143, 224, and 156, respectively. Finally, the final sample size required for this study was determined by taking the largest sample size observed in the second objective which was 224.



Sampling techniques and procedures

Out of 37 kebeles found in Habro Woreda, 20 kebeles were selected randomly (by lottery method). All malnutrition cases previously admitted for SAM treatment and discharged from seven health centers (Balbeletti, Firi Jiru, Dereku, Gelemso, Wayne Gudo, Ceffe, and Wachu) and Gelemso General Hospital in the selected kebeles of Habro Woreda were traced from SAM records/registration logbooks. The total records of SAM children discharged from SC in selected kebeles with complete information were 297. The total cases of all records of SAM children were allocated to each selected kebele based on their addresses from registration logbooks. The households of each study participant were accessed with health extension workers (HEW) working in each kebele using lists of addresses from registration logbooks. The sampling frame was prepared using children’s serial numbers obtained from registration logbooks. Finally, after proportionally allocating the sample size to each selected kebele based on the number of malnutrition cases, the study participants were selected using a simple random sampling technique.



Data collection tools and techniques

A pretested validated semi-structured questionnaire adapted from relevant literature (27, 30, 31) and tailored to the study variables was used to collect data. The questionnaire was initially developed in English and translated to the local languages (Afan Oromo and Amharic) and then re-translated into English by language experts to check for consistency. The questionnaire has six (6) parts: Socioeconomic and demographic characteristics (age, sex, place of residence, family size, mother’s occupation, educational status of parents, and family wealth index), anthropometric measurements, previous clinical characteristics, child feeding characteristics, household food security status and housing conditions. Data were collected by trained data collectors and supervisors through face-to-face interviews with mothers/caretakers and anthropometric measurements. Information on clinical data during the treatment period was collected retrospectively from SAM records. To identify the history of morbidity, mothers were asked for any occurrence of illness during the past 2 weeks. Children’s vaccination status was checked by observing their immunization card and if not available, mothers were asked to recall the child’s vaccination. BCG vaccination was also checked if any scar existed on a child’s arm.



Measurement of variables


Relapse

Was considered in a child whose MUAC is <125 mm and/or WFH < −2SD and/or the presence of bilateral pitting edema after discharge from inpatient treatment programs. Children whose WFH is < −2SD and/or MUAC 115 to <125 mm were categorized as MAM, whereas children whose WFH < −3SD and/or MUAC < 115 mm were considered SAM (32).



Anthropometric measurements

Height and weight were measured following standard techniques by using calibrated instruments, and recorded to the nearest 0.1 cm and 0.1 kg, respectively. The height for children less than 2 years was measured by gently placing a child on his/her back in the middle of the board, facing straight up with shoulder blades, buttocks, and heels touching the surface of the height board and knees fully straight, arms stretched on the child’s sides and feet at right angles. Whereas for children 2 years or older, was measured while a child is standing upright in the middle of the height board with arms at the sides, knees straight and the child’s head, shoulders, buttocks and heels touching the board, and feet close together (16, 33–35). MUAC was measured following recommended steps using a color-coded tape. Presence of edema was assessed, recorded and categorized using recommended procedures. Children whose WFH is below minus two standard deviations (−2SD) and/or MUAC < 125 mm, with/without pitting edema were considered acute malnutrition (7, 32, 36).



Dietary diversity score (DDS)

Was determined by summing different food groups consumed using a 24-h recall period. A total of eight food groups were used to guide the scoring as per food items consumed. The participants received “1” point if they consumed a minimum of one food item within each subgroup, and “0” point if they did not. Finally, the DDS was computed and categorized as high for a score ≥6, medium for a score of 4–5, and low for a score of ≤3 (37).



Household food security status

Was determined using nine standard Household Food Insecurity Access Scale (HFIAS) questions: an occurrence question followed by the frequency of occurrence of the events. Prior to assigning the food insecurity access, each frequency of occurrence responses was coded as “0” for all cases where the answer to the corresponding occurrence question was “no” and then the four food security categories were created sequentially as recommended by Food and Nutrition Technical Assistance (FANTA) (38). Finally, the HFIAS category one (1) was considered as food secure and the remaining as food insecure.



Family wealth index

Was computed using Principal Component Analysis (PCA) as a composite indicator of household living standards. Finally, the wealth tercile was performed and categorized as higher, medium, and lower (39, 40).




Data quality management

A pretested validated semi-structured data collection tool was adopted after a review of related literature to ensure data quality. Two days training were given to data collectors and supervisors on the objectives of the study, the contents of data collection tools, anthropometric measurements, and how to collect and record data appropriately. A pretest was conducted on 5% of the sample size before the actual data collection period to check for the reliability and validity of data collection tools. The collected data were carefully checked for completeness, accuracy and consistency by supervisors and the principal investigator on daily basis. Double data entry was done by two individuals to minimize errors.



Data processing and analysis

The collected data were categorized, coded and entered into Epi-Data version 3.1 and analyzed using STATA software version 14.2. Texts, tables, and figures were used to display descriptive and summary statistics. Binary logistic regression analysis was conducted to identify factors associated with relapse of acute malnutrition. Initially, bivariate logistic regression analysis was conducted to determine the candidate variables for the multivariate logistic regression analysis. The Logistic regression model fitness was checked using Hosmer-Lemeshow and indicates fitted for the model. Multicollinearity was checked (VIF < 10) indicating non-existence of multicollinearity among variables. Variables with a p-value < 0.20 were fitted into a multivariate logistic regression analysis to identify factors significantly associated with relapse of acute malnutrition. Both crude and adjusted odds ratio along with 95% CI was estimated to measure the strength of the association. Finally, a p-value < 0.05 at 95% confidence interval (CI) was considered statistically significant.




Results


Socioeconomic and demographic characteristics of study participants

A total of 213 children aged 6–59 months with mothers/caregivers were included in the study, giving a response rate of 95.1%. The majority (34.3%) of children were aged 36–47 months with a mean age of 33.9 ± 11.4 months. More than half (50.7%) of the children were male and the majority (83.1%) were rural residents. Regarding mother related variables, more than a quarter (30.9%) were in the age group of 30–34 years with a mean age of 31.3 ± 5.3 years. Nearly three-fourths (74.6%) of mothers were homemakers and the majority (86.8%) had never attended formal education. In this study, 28.6 and 10.8% of the households were mildly and severely food insecure, respectively. The mean dietary diversity score of participants was 4.1 (± 1.3 SD). In the current study, 46% of children ate less than four food groups in the preceding 24-h (Table 1). The most commonly consumed food groups were cereals (98%), fruits and vegetables (74%), legumes (62.4%), and dark green leafy vegetables (55.9%) (Figure 1).


TABLE 1    Socioeconomic and demographic characteristics of the study participants in Habro Woreda, Eastern Ethiopia, 2021 (N = 213).
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FIGURE 1
Percentage of food groups consumed by the children in the past 24-h in Habro Woreda, Eastern Ethiopia, 2021 (n = 213). DGLV, dark green leafy vegetables.




Clinical characteristics of children

The mean duration of study participants after discharge was 10.9 ± 3.0 months. Among the study participants, more than a quarter (27.7%), 47.9 and 11.3% of children had MUAC < 110 mm, severe marasmic and bilateral pitting edema at admission, respectively. The length of stay in the facility was ranging from 3–22 days with an average of 8.4 ± 3.3 days. In this study, nearly half (48.4%) of the children were discharged in the first week of admission. Of discharged children, the majority (88.3%) were transferred to the OTP and only 42.3% of the children were visited by healthcare workers after discharge. Regarding the immunization status, 74.7% of children were fully vaccinated, and 67.1% received vitamin A supplementation in the preceding 6 months (Table 2).


TABLE 2    Clinical characteristics of children discharged from SAM stabilization centers in Habro Woreda, Eastern Ethiopia, 2021 (N = 213).
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Child feeding practices and housing conditions of study participants

Almost all (99.5%) mothers had ever breastfed their children, and 17.8% were still breastfeeding during the survey. Among currently breastfeeding mothers, 86.8% breastfed their children eight and more times in 24-h. About 77% of children were exclusively breastfed for 6 months, with an average duration of 5.8 (± 1.2 SD) months. More than three-quarters (79.8%) began complementary feeding between 6 and 9 months and 49.8% fed their children less than four times per day (Figure 2). In the present study, 65.3% of the households had latrines and 56.8% got drinking water from piped sources. Less than one-third (30.5%) of the households were getting their food from agricultural production, and there was no food supply for half (49.8%) at the time of the survey (Table 3).
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FIGURE 2
Child feeding practice of mothers/caregivers in Habro Woreda, Eastern Ethiopia, 2021 (n = 213).



TABLE 3    Housing conditions of house-holds of children discharged from SAM stabilization centers in Habro Woreda, Eastern Ethiopia, 2021 (N = 213).
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Morbidity status and health seeking behavior of study participants

In the current study, 48.8% of children had been sick in the previous two weeks. The mean duration of the child illness was 8.8 (SD ± 8.4) days. Among the sick children, 47.1 and 50% had diarrhea and cough, respectively. Nearly three-fourths (73.1%) of mothers with sick babies sought advice, and 71% of them got advice from healthcare providers (Figure 3).
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FIGURE 3
Morbidity status and Health-seeking behavior of the study participants in Habro Woreda, Eastern Ethiopia, 2021 (n = 213). *Others: burns, vomiting, ear infection, and scabies.




Magnitude of relapse of acute malnutrition

The overall magnitude of relapse of acute malnutrition among children following discharge from SC was found to be 36.2% [95% CI: 29.6,42.6]. Among acutely malnourished children, 13.6% were severely malnourished and 4.2% had bilateral pitting edema. In the current study, 53.1 and 48.4% of the children were stunted and underweighted, respectively (Figure 4).
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FIGURE 4
Nutritional status of children discharged from SAM stabilization centers in Habro Woreda, Eastern Ethiopia, 2021 (n = 213).




Factors associated with relapse of acute malnutrition

In the multivariate logistic regression analysis, MUAC at admission, latrine availability, follow-up visits after discharge, vitamin A supplementation in the past 6 months, household food security status, dietary diversity, and wealth index were significantly associated with relapse of acute malnutrition. In the current study, the odds of relapse of acute malnutrition among children admitted with MUAC < 110 mm was [AOR = 2.80; 95% CI: 1.05, 7.92] and children from households with no latrines were 2.5 times [AOR = 2.50; 95% CI: 1.08,5.65] more acutely malnourished than their counterparts. Children who were not visited by healthcare workers after discharge and not supplemented with vitamin A in the past 6 months were 2.81 times [AOR = 2.81; 95% CI: 1.15,7.22] and 3.4 times [AOR = 3.40; 95% CI: 1.40,8.09] more acutely malnourished than their counterparts, respectively. Similarly, children whose dietary diversity was less than four food groups were 3.1 times [AOR = 3.10; 95% CI: 1.31,7.33] more acutely malnourished than children who had greater than or equal to four food groups. In addition, children from food-insecure households were 4.51 times [AOR = 4.51; 95% CI: 1.40,15.06] more acutely malnourished than their counterparts. Moreover, the odds of relapse of acute malnutrition among the poorest wealth quintile was [AOR = 3.90; 95% CI: 1.23, 12.43] (Table 4).


TABLE 4    Factors associated with relapse of acute malnutrition among children discharged from stabilization centers in Habro Woreda, Eastern Ethiopia, 2021 (N = 213).
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Discussion

In the current study, children were assessed after an average of 10.9 months of discharge. Variables such as MUAC at admission, follow-up visits after discharge, dietary diversity, household food security status, vitamin A supplementation in the past 6 months, latrine availability and wealth index were identified as being associated with relapse of acute malnutrition.

One in three children was acutely malnourished after discharge from inpatient treatment programs in this study. This finding is consistent with studies conducted in the South Gondar zone, Ethiopia (27), and the Democratic Republic of Congo (41). However, is lower than the finding of study from Kenya (42). The discrepancy could be due to the small sample size in the current study, the difference in study design and length of time after discharge. In disparity, is higher than the findings from Burkina Faso (23), Nigeria (43), and Bangladesh (29). The reason for discrepancy could be due to the difference in sample size, nutrition intervention after discharge and socioeconomic characteristics. This suggests the requirement for appropriate nutrition education, counseling and follow-up of care after discharge to reduce the burden of relapse.

Children with MUAC < 110 mm at admission were more likely to relapse acute malnutrition than their counterparts. This finding is consistent with studies conducted in Burkina Faso (23), Nigeria (44), and Nepal (45). The possible reason for this consistency could be, children admitted for SAM treatment and discharged as recovered might have chances to develop a new episode of acute malnutrition. Continued nutritional support, potentially in the form of a supplementary feeding program, may contribute to lower acute malnutrition rates (46).

In the current study, the absence of latrine was associated with relapse of acute malnutrition. Children from households with no latrine were more acutely malnourished than their counterparts. This finding is supported by the study conducted in the Afar region, Ethiopia (4). This could be, due to the fact that good sanitation could prevent contamination of the environment by excreta and the transmission of pathogens from the feces of an infected person to a new host (47). In contrast, poor environmental sanitation is an important cause of infectious diseases, especially diarrhea and intestinal parasite; which contributes to malnutrition (48).

According to the WHO recommended schedules, children discharged from inpatient programs should be followed by healthcare workers at 1, 3 and 6 months, and then twice yearly until the child is at least three years old (1). However, such a follow-up was not routinely done in the current study. Children who were not visited by healthcare workers after discharge were more acutely malnourished than their counterparts. This finding is supported by the study conducted in the South Gondar zone, Ethiopia (27). The result indicates that follow-up visits after discharges are very crucial for the successful management of acute malnutrition, since some cases relapsed or developed comorbidities during this period. This might be due to lack of organized or insufficient capacity of health system to follow-up after discharges. Even though there are health extension workers in this setting, there might be lack of coordination and communication gap between health extension workers and health facilities providing inpatient treatment of SAM.

In the current study, children who did not receive vitamin-A supplementation in the past 6 months were more acutely malnourished than their counterparts. This finding is similar to the study conducted in the South Gondar zone, Ethiopia (27). This could be, due to the protective role of vitamin A in promoting and regulating activities in both the inborn and adaptive immune system, thus enhancing immune function, is a rationale for supplementing every 6 months (49, 50).

Children whose dietary diversity was below four food groups were more acutely malnourished compared to children with greater than or equal to four diversified foods. This finding is consistent with studies conducted in Pakistan and Bangladesh (19, 51). The reason for this consistency could be that a household’s capability to acquire necessary foods and general availability of food is a precondition to achieving the diversification of children’s diets (52). Overall, children’s food in this study seemed monotonous, primarily cereal-based. Additionally, since children are in a period of rapid growth and development, failure to supply adequate and diversified food for daily bodily demands would result in growth faltering. In the current study, relapse of acute malnutrition after discharge was related to household (HH) food insecurity status. The odds of relapse among children in food insecure HHs was higher than in food secure HHs. This finding is in line with studies conducted in the Jimma zone, Ethiopia (14), South Gondar zone, Ethiopia (27), and Nigeria (53). Food insecurity can be linked to insufficient intake of diversified foods and studies have reported consumption of less diversified food as being associated with acute malnutrition (14). In addition, children who have a practice of feeding less diversified diet are easily exposed to infection due to poor immunity.

The low socioeconomic status of the HH increased the likelihood of being more acutely malnourished. In the present study, children from HHs with poor wealth index were more acutely malnourished than children from HHs with high wealth index. This finding agreed with studies conducted in Haramaya district, Ethiopia (15), Hawassa, Ethiopia (28), and India (54). This could be justified by, the low-income levels of the HHs limiting the type and the amounts of food available for consumption which in turn may lead to feed children less diversified diets.

Despite these important merits, the study had some limitations. Primarily, due to the nature of the cross-sectional study design, it was difficult to establish the cause-effect relationship between the study variables. Secondly, the small sample size used in the study may not represent a larger population. In addition, recall bias was one of the limitations of the study since some questions were asked about the events that occured 24-h back. This was minimized by probing the respondents about the events.



Conclusion

The magnitude of relapse of acute malnutrition following discharge from inpatient treatment programs was very high. One in three children was acutely malnourished after discharge in Habro Woreda, Eastern Ethiopia, alarming for the requirements of appropriate nutrition education, counseling and follow-up of care. MUAC at admission, follow-up visits after discharge, dietary diversity, household food security status, vitamin A supplementation in the past 6 months, latrine availability, and wealth index were predictors of relapse of acute malnutrition. Therefore, programmers and stakeholders working on nutrition should design interventions that focus on improving household food insecurity through public Safety Net programs should be strengthened, and nutrition counseling and education, are crucial to protect children against post-discharge relapse of acute malnutrition. Moreover, healthcare workers should give due emphasis to organized continuous follow-up and periodic monitoring for early detection of those at risk of relapse, especially during the first 6 months of discharge, to reduce and control the risk of relapse of acute malnutrition. The relapse rate should be a performance indicator of stabilization centers. Furthermore, a study that focuses on operational and behavioral change is recommended to fill the gap in the study area.
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Background: Magnesium deficiency is related to an increased risk of anemia, but epidemiological evidence supporting this association remains scarce. The purpose of the present survey was to evaluate the relationship between dietary magnesium intake and the risk of anemia.

Methods: In total, 13,423 participants aged 20–80 years were enrolled using data from the National Health and Nutrition Examination Survey 2011–2016. Magnesium consumption was evaluated using 24 h dietary recalls. Multivariable generalized linear models were developed to demonstrate the association between dietary magnesium intake and the prevalence of anemia.

Results: An inverse association between dietary magnesium intake and the risk of anemia was detected based on a full adjustment model. We evaluated magnesium intake as a categorical variable (five quartiles). Compared with the lowest value, the highest multivariate adjusted odds ratio (95% confidence interval) for anemia was 0.64 (0.46–0.89). Stratified analyses revealed a reverse relationship between magnesium intake and anemia in women. However, no significant association was observed in men (pfor trend = 0.376). A similar reverse association was found among the older group (aged ≥60 years).

Conclusion: Magnesium deficiency is closely related to a higher rate of anemia occurrence, especially among women and older Americans. Further larger-scale prospective studies are required to confirm these conclusions.

KEYWORDS
 magnesium intake, anemia, association, adult, risk


1. Introduction

Anemia threatens public health worldwide. The prevalence of anemia nearly doubled (4.0 to 7.1%) from 2003–2004 to 2011–2012 (1). Anemia is associated with an increased sequence of adverse effects, including cardiovascular disease, low quality of life, morbidity, and mortality (2–4). Anemia reflects the decreased oxygen-carrying capacity of the blood, which may lead to fatigue, cardiovascular complications, and impaired body function (5–7). Moreover, anemia has been shown to increase hospitalization rates, especially in older adults (8).

Magnesium plays a crucial role in the functioning and sustainment of the body (9). The imbalance of magnesium homeostasis can lead to modification of the cell membrane and increased oxidative stress (10). Magnesium deficiency often leads to inflammation through the activation of the nuclear factor kappa B (NF-kB) pathway in immune cells and in the pathogenesis of many chronic disorders, including congestive heart failure, type 2 diabetes and hypertension (11, 12). In recent decades, a few studies have indicated that magnesium is involved in the regulation of cell replication, differentiation, and apoptosis (13–15). Magnesium is important for the hematopoietic system (16). In the United States, dietary magnesium intake is often below the recommended dietary intake, and 28% of women develop anemia during pregnancy due to magnesium deficiency (17). A cross-sectional retrospective study by Zeynep et al. identified a positive relationship between magnesium deficiency and anemia among individuals with chronic kidney disease (18). Moreover, Cinar et al. reported that magnesium supplementation increases hemoglobin levels in athletes (19).

Although these studies have reported that magnesium deficiency has a potentially modifiable association with anemia, they have mostly focused on specific populations. Data on the relationship between dietary magnesium intake and anemia in the general population are limited. Therefore, we explored the association of magnesium intake with anemia in adults, as well as possible effects of age and sex, using data from the National Health and Nutrition Examination Survey (NHANES) database between 2011 and 2016.



2. Materials and methods


2.1. Study population

Data were collected from three continuous survey cycles (between 2011 and 2016) of the NHANES, which was a nationally representative survey conducted by the Centers for Disease Control and Prevention (CDC) and the National Center for Health Statistics (NCHS) to estimate health and nutrition in the US population. The NHANES contains demographic, nutritional, and medical examination information of civilian noninstitutionalized people in the US. Written informed consent was provided by all participants, and the survey protocol was supported by the Institutional Review Board of the NCHS (20).

Data of 14,754 individuals aged 20–80 years from 2011 to 2016 were extracted. Pregnant or lactating females (n = 124) and participants with unreliable or missing magnesium intake data, hemoglobin data, and important confounders were further excluded (n = 1,207). Ultimately, 13,423 participants were included in the analysis (Figure 1).

[image: Figure 1]

FIGURE 1
 Flowchart of recruitment in our study.




2.2. Nutrient intake assessments

Nutritional information including total dietary energy, vitamin D, calcium, magnesium, protein, and fiber intakes was collected via the first 24 h dietary recall interview, which was performed at the Mobile Examination Center (MEC). Data collection by 24-h recall interview is the most common method used to determine dietary intake in large-scale surveys and has been used in the NHANES for many years, based on expert consensus (21). Details of the dietary interview have been described in the Dietary Interviewers Procedure Manuals (22). The dietary interview information included food species, consumption frequency, duration, and quantity. Information on dietary intake is detailed in the NHANES.1



2.3. Anemia assessment

Anemia was described as a hemoglobin concentration < 120 g/L for women and < 130 g/L for men (23).



2.4. Other covariates

Covariates included age, sex, race/ethnicity, educational experience, smoking status, physical activity level, and body mass index (BMI). Dietary information included total energy, protein, fiber, magnesium, calcium, and Vitamin D intakes. Race was classified into the following categories: Mexican American, non-Hispanic Black, non-Hispanic White, Other Hispanic, and Other Race. Educational background was categorized into “less than a high school diploma,” “graduated from high school,” or “education beyond high school” category. Poverty income ratio (PIR) was calculated as the federal poverty level divided by the family income and defined as a value <1 or ≥ 1. BMI was estimated as weight in kilograms divided by height in meters squared and categorized into <25.0, 25.0 to <30.0, and ≥ 30.0 kg/m2. The participants were classified as current smokers, former smokers, and never smokers according to their smoking status. Physical activity was categorized into three strata: light activity, moderate activity, and vigorous activity. Dietary data, including total dietary energy, vitamin D, calcium, magnesium, protein, and fiber intakes, were acquired from a 24-h dietary recall interview.



2.5. Statistical analysis

Statistical analysis was conducted using the statistical software package R2 and Empower Stats (X&Y Solutions, Inc., Boston, MA, United States).3 Categorical variables and continuous variables were evaluated using chi-square tests and t-tests, respectively. Generalized linear models were developed to explore the connection between magnesium intake and anemia. First, we used univariable logistic regression to identify factors linked to anemia. Second, multivariate logistic regression models were applied. In the crude model, we made no adjustments. Model 1 was adjusted for sex, age and race. Model 2 was adjusted for all confounders listed in Table 1, including age; sex; race; PIR value; educational level; BMI; smoking status; physical activity level; and dietary energy, protein, fiber, vitamin D, calcium, and magnesium intakes. Third, a series of sensitivity analyses were conducted to identify the robustness of the results. Magnesium intake was divided into five quartiles to test the p for trends, and the lowest quartile was considered the reference. Finally, to explore the robustness of our results, analyses were stratified by sex and age as shown in Tables 2, 3. The results were considered statistically significant at p < 0.05.



TABLE 1 Characteristics of participants by anemia status, NHANES 2011–2016.
[image: Table1]



TABLE 2 Odds ratios (95% confidence intervals) of anemia across quartiles of dietary magnesium intake stratify by gender, NHANES 2011–2016.
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TABLE 3 Odds ratios (95% confidence intervals) of anemia across quartiles of dietary magnesium intake stratified by age NHANES 2011–2016.
[image: Table3]




3. Results

Sociodemographic characteristics and possible confounding factors grouped by anemia status are shown in Table 1. In total, 13,423 individuals were included in this sample, and 1,476 participants (11%) were defined as having anemia. Compared with participants without anemia, those with anemia were more likely to be female, older, non-Hispanic black, individuals with a lower daily dietary intake (magnesium, calcium, vitamin D, energy, fiber, and protein), those with a lower family income, and individuals with obesity.

The multivariate logistic regression analysis results are displayed in Table 4. We determined an inversely proportional association between dietary magnesium intake (log2 transformation) and the risk of anemia in the crude model (OR, 0.66; 95% CI, 0.61–0.7). In Model 1, we adjusted for age, sex, and race. The OR (95% CI) was 0.78 (0.72–0.84). After adjusting for all possible confounders, the result was compatible with that of Model 1 (OR, 0.78; 95% CI, 0.68–0.91). We divided magnesium intake into five quartiles. The p for trends was robust irrespective of the three different model analyses (crude model: p < 0.001, Model 1: p < 0.001, Model 2: p = 0.035).



TABLE 4 Odds ratios (95% confidence intervals) of anemia across quartiles of dietary magnesium intake.
[image: Table4]

Stratified analyses for dietary magnesium intake by sex were conducted (Table 2). Among female participants, magnesium consumption was inversely associated with anemia (p for trend = 0.046). Nevertheless, this correlation did not show a significant difference in males (p for trend = 0.376).

We further conducted age-stratified analyses to evaluate the association of magnesium intake with anemia (Table 3). After adjusting for all confounders, an inverse relationship between dietary magnesium intake and the risk of anemia was statistically remarkable among the older group (age ≥ 60 years [p for trend = 0.005]). However, there was no statistically significance in the other two groups (age < 60 years). To ensure the robustness of our findings, a subgroup analysis was conducted to evaluate the potential interaction between magnesium intake and anemia (Table 5). After adjustment for age, sex, race, PIR value, educational level, BMI, smoking status, physical activity level, and dietary intake of energy, protein, fiber, vitamin D, and calcium, our smoking status had an interactive effect on the relationship between daily magnesium intake and anemia (p for interaction = 0.012). Non-interactive effect was calculated in other subgroup (p for interaction <0.05).



TABLE 5 Subgroups analysis of association between diet magnesium intake and anemia.
[image: Table5]



4. Discussion

In the present cross-sectional survey, an inverse association between dietary magnesium intake and anemia was found among US adults, utilizing data from three continued NHANES cycles. In the sex-stratified analysis, an inverse association was found in females, whereas no significant difference was observed in males. Furthermore, we noticed a similar relationship between dietary magnesium intake and the risk of anemia among older participants (age ≥ 60 years). To the best of our knowledge, this is the first and largest sociodemographic investigation to reveal the relationship between magnesium intake and the prevalence of anemia in a general population.

The recommended daily allowance for magnesium intake in US adults is 420 mg for males and 320 mg for females. However, our data showed that daily magnesium intake value was 239 mg in the anemia group, which is significantly lower than recommended daily allowance. Inadequate magnesium intake has been a growing concern in recent years. Magnesium deficiency has been partially attributed to unhealthy dietary pattern such as the consumption of so-called “Western diet” (24, 25). Clinical magnesium deficiency or magnesium deficiency patients can be found in internal medicine. Magnesium deficiency has been associated with a number of diseases, including atherosclerosis (26), diabetes (27), hypertension (28), myocardial infarction (29), and calculi (30). Nuts, fresh vegetables, and integral grains are the major sources of magnesium. Moreover, with the exception of milk, the concentration of magnesium in dairy products is very low (24). Therefore, the consumption of foods rich in magnesium may decrease the risk of certain diseases.

A limited number of studies have quantified the relationship between magnesium intake and anemia. A similar study found an inverse correlation between magnesium intake and anemia depending on ferritin levels among 8,511 Chinese adults. However, this association was not significant with serum ferritin levels <15 ng/mL (25). A cross-sectional domestic review of 2,849 Chinese adults aged 20 years or older reported that sufficient magnesium and iron intakes were positively correlated with hemoglobin levels and negatively linked to the prevalence of anemia (31). Another similar study involving 2,401 individuals aged 60 years or older in China showed that adopting a modern dietary pattern (magnesium consumption) is an appropriate strategy for preventing anemia in older Chinese people (32). In addition, an investigation indicated that low levels of magnesium and serum ferritin were linked to a higher risk of anemia among 180 pregnant women from Khartoum, Sudan (33). Our study extended these findings in a much larger cohort (n = 13,423) and different subgroups.

Although the precise potential mechanism of this association between magnesium and anemia remains unclarified, several possible mechanisms may explain our results. Magnesium is considered an important coenzyme for glutathione peroxidase, which is involved in the synthesis of hemoglobin (34, 35). Furthermore, animal experiments have shown that magnesium deficiency can cause microcytic anemia, damage the membranes of red blood cells, and reduce the osmotic fragility of erythrocytes in rats (36–38). Magnesium deficiency reduces erythrocyte energy metabolism and hemoglobin synthesis, leading to anemia (25). Moreover, chronic magnesium deficiency may promote the release of inflammatory compounds (39). Moreover, a study reported that anemia is more prevalent in individuals with hemodialysis who suffer from decreasing erythropoietin (EPO) concentrations; nevertheless, increased serum magnesium level appears to reduce the risk of anemia by enhancing EPO response (40). In addition, higher concentrations of magnesium may promote the driving of HIF-1α (hypoxia-inducible factor) expression, which is mediated by reactive oxygen species (ROS) via the NF-κB signaling pathway, in which HIFs are considered an important factor in the process of hemoglobin production (41, 42). A supposed mechanism is that magnesium deficiency may alter macrophage and iron homeostasis through the NF-κB pathway, which may indirectly impair the membranes and accelerate the aging of and damage to RBCs (43).

This study had several advantages. (1) To our knowledge, this was the first study to investigate the relationship between dietary magnesium intake and anemia using a nationally representative sample of US adults. (2) This was the largest investigation exploring this association, which may ensure statistical efficiency. (3) We controlled and adjusted for more potential confounders. (4) A sensitivity analysis stratified by sex and age was performed to explore potential special populations. However, our study had certain limitations. First, in consideration of the characteristics of cross-sectional studies, the temporal sequence of this relationship could not be assessed. Second, biochemical parameters, serum magnesium, and the type of anemia information were not available in the database. In addition, multiple 24-h dietary recalls could not signify long-term magnesium status. Finally, our study was vulnerable to unmeasured confounders. Therefore, more large sample prospective studies are needed to further probe the mechanisms of the relationship between magnesium and anemia.

In conclusion, magnesium deficiency is positively associated with a higher rate of anemia occurrence, especially among females and older populations. Healthy and adequate dietary magnesium intake should be promoted.
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Introduction: We sought to assess the Japanese diet by examining the current dietary intake in Japan using the global reference diet from the EAT-Lancet Commission (Planetary Health Diet; PHD), from the perspective of protein intake in different age groups.

Methods: Average dietary intake by food group in the Japan National Health and Nutrition Survey 2019 (NHNS 2019) was converted to the PHD food groups, and the diet gap (DG) (%) of the global reference of the PHD was calculated by age group.

Results: Although the DG of the intake was excessive compared with the global reference of the PHD in most food groups in all age groups (7.1–416%), the intake exceeded the upper limit of the range only for red meat (640%). Red meat had the highest DG among subjects in their 40s, although the DG decreased with increasing age. Protein intake was within the possible range and did not greatly exceed the recommended dietary intake in the Japanese standard.

Discussion: The current Japanese diet contains an excessive intake of red meat in terms of the global reference of the PHD. This trend is similar to that previously reported in various western regions and countries. However, the Japanese diet does not significantly exceed the recommended protein intake for Japanese people, suggesting that the PHD is an environmentally friendly and healthy choice for younger and older age groups in an aging Japanese society. Policy makers need to develop sustainable and healthy food-based dietary guidelines in addition to providing food and nutrition education and developing a food environment that encourages sustainable and healthy choices to support dietary change.
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 sustainable healthy diets, planetary health diet, Japan National Health and Nutrition Survey, diet gap, protein food intake, red meat


Introduction

Obesity is on the rise in most countries and regions worldwide; approximately 1.9 billion adults are overweight or obese, while 462 million are underweight (1). The “double burden of malnutrition” during this nutrition transition process has become an urgent health issue in all countries and regions (2). One approach for addressing this increasingly complex nutritional problem is the promotion of a healthy diet (3). A healthy diet can help prevent all forms of malnutrition and diet-related non-communicable diseases (NCDs), such as diabetes, heart disease, stroke, and cancer (3). In addition to the double burden of malnutrition, a triple burden of malnutrition has been proposed. The three pandemics of undernutrition, obesity and climate change, represent a “global syndemic” with the potential to affect most people in all countries and regions of the world (4). If the health of the global food production system, which is susceptible to the negative impacts of climate change, is not maintained, the impact of undernutrition, overnutrition, and diet-related NCDs will be increased by a large magnitude (5).

This series of concepts has led to the development of the Sustainable Healthy Diets (SHDs) guidelines in “Sustainable Healthy Diets-Guiding Principles” published by the Food and Agriculture Organization (FAO) and the World Health Organization (WHO) (6). SHDs are “dietary patterns that promote all dimensions of individuals’ health and wellbeing; have low environmental pressure and impact; are accessible, affordable, safe and equitable; and are culturally acceptable.” The Planetary Health Diet (PHD) is a specific diet that embodies concept of the SHD, and was released by the EAT-Lancet Commission on Healthy Diets from Sustainable Food Systems (EAT-Lancet) (7). The PHD is a global reference diet for adults that is optimal for human health and environmental sustainability. The PHD emphasizes a plant-based diet that includes whole grains, fruits, vegetables, nuts, and legumes, but also eating minimally processed foods and nutrient-rich plant foods daily. Meat and dairy products are an important part of the diet, but in much smaller proportions than plant foods. Dietary goals require 2,500 kcal/day for the average adult. This amount varies with age, gender, activity level, and health status, but overconsumption is a costly waste of food in terms of both human health and the environment (7). This report estimated that by adhering to the PHD, approximately 11 million deaths per year could be averted and premature deaths could be reduced by 19% by 2030. The report also reported the diet gap (DG) of the intake for each food group by region. In East Asia and the Pacific, red meat, starchy vegetables, eggs, and fish were indicated to exceed 100% of DG. However, no results were available for Japan alone, and the PHD does not completely match the Japanese dietary intake.

The principles of the PHD not only relate to what is nutritionally consumed, but also to how the food is produced and distributed globally. Thus, nutrition improvement is important for each goal, especially SDGs Nos. 2, 3, 6, 11, 12, 13, 14, and 15. Additionally, it is globally recognized that Goal 17 (“Partnership”) is particularly important because improving people’s nutrition requires the participation of all sectors and stakeholders involved in food and diet. Thus, in response to the Sustainable Development Goals, a healthy diet should be considered for potential benefits to the planet, because human health and environmental sustainability are important topics for the 17 goals (8).

Since the publication of the SHDs and the PHD in 2019, diets in various countries have been examined for their feasibility (9). For example, in Italy (10, 11), the United States (12), India (13), Mexico (14), Spain (15), and Australia (16), the EAT-Lancet Reference Diet was evaluated for its feasibility of achievement. Although the foods for which intake was found to be inadequate or excessive differed according to each country’s dietary pattern, the intake of animal protein was found to be excessive in every country with the exception of India. The health risks posed by a high intake of red meat and processed meat consumption are associated with type 2 diabetes, coronary heart disease, stroke, and certain cancers, as well as total mortality (17). Because red meat is classified as a high environmental impact food (18), it is important to consider how much and how it is consumed, particularly in the future. A characteristic feature of the PHD is a substantial reduction in the intake of animal-based protein such as red meat; as shown in the PHD summary report, the current global DG of red meat is 288% of the global reference (7).

The Japanese diet, along with the Mediterranean diet, is highlighted as an example of a sustainable and healthy diet (6, 19). Historically, Japan overcame postwar undernutrition, and adopted various nutrition policies. In the past, Japan also used to have a diet that consisted mainly of carbohydrates. In the modern era, dietary patterns have changed, and fat and protein intake has increased. Japan currently has one of the world’s longest life expectancies and has controlled the increase in obesity; however, the consumption of red meat has increased in recent years (20), and diet-related NCDs are the leading cause of mortality. As an island nation that is vulnerable to climate change, and with a food self-sufficiency rate of less than 40%, it is necessary to consider how to proceed with SHDs. However, there is a lack of basic research examining this issue, and it remains unclear whether the current protein intake is sufficient or insufficient for the aging Japanese population, from an environmental perspective. In Japan, based on the Health Promotion Act (Act No. 103 of 2002), the National Health and Nutrition Survey (NHNS) is a survey conducted annually to understand the status of health, nutritional intake, and lifestyle habits in the population, and to obtain basic data necessary for comprehensive health promotion. The tabulated results are publicly available and can be used by any user. Thus, the purpose of the current study was to compare the global reference of PHD with the common diet patterns from the tabulated results of the NHNS, from the perspective of protein intake in different age groups.



Materials and methods


The planetary health diet

The global reference of the PHD specifies half of the daily dietary intake in the form of fruits and vegetables, and the other half in the form of whole grains, tubers and starchy vegetables, dairy foods, protein sources, added fats and added sugars (Table 1) (7). The referenced intake is presented as a macronutrient intake (g/day) and possible range (g/day). To calculate these amounts, the PHD employs a total daily energy intake of 2,500 kcal/day, with modifications for sex, body mass index, and physical activity.



TABLE 1 Food group and dietary intake of National Health and Nutrition Survey, the global reference of the Planetary Health Diet and diet gap.
[image: Table1]



The Japan National Health and Nutrition Survey

The Japan National Health and Nutrition Survey (NHNS) has been conducted over 70 years, and the tabulated aggregate results of the survey are published by the Ministry of Health, Labour and Welfare (21). The dietary intake survey is conducted on a single day in November (excluding Sundays and public holidays) using semi-weighed household dietary records (22). We classified the food groups in the NHNS 2019 (23) on the basis of the PHD food groups (Table 1). This study did not use whole grains because this category was not available in the NHNS. Vegetables, mushrooms, and seaweeds in NHNS were included as vegetables in the PHD. Processed foods were included in the food group with the most contained ingredients. As a supplemental investigation, we conducted the same calculation using the NHNS 2000, 2005, 2010, and 2015 to investigate variation over time. Intake of “beef, lamb and pork,” “chicken and other poultry,” “unsaturated oils,” and “saturated oils” were not available in the NHNS in 2000, 2005, and 2010. Therefore, we indicated the aggregated intake of “meat” and “oils and fats.”



Statistical analysis

First, we summed the results of each food to calculate the dietary intake of vegetables, unsaturated oil, and saturated oil: vegetables, mushrooms, and seaweeds for the vegetables food group; margarine and vegetable oils for unsaturated oil; and butter, animal fats for saturated oil, in the NHNS 2019. The standard deviation was presented for each item. We calculated the PHD reference diet for Japanese using those results to adjust the global reference of PHD to the current total energy intake of the Japanese population (23). Specifically, the macronutrient intake and possible range (g/day) of each food group relative to the 2,500 kcal/day proposed by the global reference of the PHD were converted to the NHNS 2019 average total energy intake of 1915 kcal. Second, DG (%) was calculated as actual NHNS dietary intake (g/day) divided by the PHD macronutrient intake (g/day). In the same manner, we calculated the PHD macronutrient intake and possible range (g/day) and DG (%) to match the NHNS 2019 average total energy intake by age groups (i.e., 20–29 years, 30–39 years, 40–49 years, 50–59 years, 60–69 years, 70–79 years, and 80 years and older). Possible range (g/day) and DG (%) for the total age groups were calculated on the basis of the NHNS 2000, 2005, 2010, and 2015 as a supplemental analysis. All statistical analyses were conducted using Stata (ver. 15.0; StataCorp, College Station, TX, United States).




Results

The NHNS 2019 Nutritional Intake Status Survey covered 5,865 individuals. Of these, 4,927 (2,297 men and 2,630 women) were 20 years of age or older and were included in this analysis. By age group, 365 were aged 20–29, 460 were aged 30–39, 742 were aged 40–49, 775 were aged 50–59, 1,046 were aged 60–69, and 1,539 were aged 70 and older.

Table 1 shows the global reference of the PHD, NHNS dietary intake, and DG for each food group. The food groups that exceeded the global reference of PHD were, in descending order, beef, lamb and pork, eggs, fish, chicken and other poultry, vegetables, and tubers or starchy vegetables. The food groups with less than 100% of DG were, in descending order, fruits, dairy foods, unsaturated oils, added sugars, and saturated oils; the lowest DG was for nuts. In terms of DG, eight of the food groups exceeded the reference value, but in terms of possible range, only two food groups (beef, lamb, and pork and fish) indicated excessive intake. Similar trends were observed in the NHNS in 2000, 2005, 2010, and 2015 (Supplementary Table S1).

Table 2 shows the total energy intake, protein intake, and intake of NHNS protein foods by age group. The average total energy intake was 1,898 kcal/day and was highest in subjects in their 60s. Protein intake was highest among subjects in their 70s and lowest among subjects in their 80s. Intakes of red meat such as beef, lamb, and pork were highest in subjects in their 40s and relatively lower in older age groups. Intake of white meat (chicken and other poultry) was highest among subjects in their 20s and lowest among older cohorts. Intake of fish and legumes was higher among older groups, with the exception of subjects in their 80s. The intake of eggs was similar among all age groups.



TABLE 2 Total energy intake, protein intake, and National Health and Nutrition Survey dietary intake of protein foodsa by age.
[image: Table2]

As shown in Figure 1, DG of red meat and eggs far exceeded the upper limit of the possible range of the global reference of PHD in all age groups. Red meat had the highest DG among subjects in their 40s, although the DG decreased with increasing age. The DG for fish increased with age into the 70s. Legume intake did not reach 100% of DG in subjects in their 20, 30, and 40s, but exceeded 100% for those in their 50s and above.

[image: Figure 1]

FIGURE 1
 The diet gap between current intakes of protein food in the Planetary Health Diet by age group.




Discussion

This is the first study to show that in the modern Japanese diet, red meat was far in excess of the upper range limit of the global reference of PHD. According to EAT-Lancet, red meat and starchy vegetables are “limited intake,” eggs, poultry and daily foods are “optional foods,” and fish, vegetable, fruit, legumes, whole grains and nuts are “emphasized foods.” Thus, as shown in this study, similar to the results shown in previous studies from other countries or regions, excessive intake of red meat poses a challenge to achieving the SHDs, even in Japan. From the perspective of the environmental cost per calorie, the effect of beef production on CO2 emissions is much higher than that of other protein sources (24). Therefore, from both health and environmental perspectives, determining how to reduce red meat consumption is a pressing issue (25, 26). Given the impact of meat production on the planet, changing animal protein consumption is a matter of nutrition security. While it is difficult to change consumer dietary behavior, environmental motivations are reported to be useful and proven, especially in Europe and Asia (27). In Asian countries, however, there are still very few similar studies that have assessed country-specific food intake using the PHD reference diet. In China, the average intake of meat, especially pork, continues to increase (28). Taiwan has the third highest percentage of vegetarians in the world, estimated at about 13% of the population (29). In neighboring East Asia, it is expected that dietary patterns will be analyzed using PHD reference diet, as in this study, in order to reconsider the state of meat intake.

Until now, the intake status of meat types has rarely been examined in Japan, from an environmental perspective. Possible explanations for the high intake of red meat in this study include the commonality of pork in the Japanese daily diet (23). In addition, household consumption of raw meat has exceeded that of raw fish in Japan since 2007 (20). Regional differences in meat consumption can be seen, with pork being more popular in eastern regions, while beef and chicken are more popular in western regions (30). However, regional differences have not been observed with regard to high-meat low-fish dietary patterns, compared to high-vegetable dietary patterns and other factors (31). From the global view, the Japanese diet is characterized as having a low red meat intake compared with the Western diet (32). Having said that, the Japanese diet must address red meat intake from an environmental perspective. To reduce the intake of red meat, it would be appropriate to shift from red meat intake to an increased intake of chicken and other poultry, which are relatively lower in fat. In addition, shifting daily intake from animal-based protein foods (i.e., beef, pork, and fish) to plant-based protein foods (legumes) may also be appropriate because of the familiarity of legumes in the Japanese diet (33). Replacing beef with chicken has a positive health impact (34), chicken or even pork should be the preferred choice, because they have significantly reduced carbon and water footprints (35). In addition, shifting daily intake from animal-based protein foods (i.e., beef, pork, and fish) to plant-based protein foods (legumes) is also appropriate not only because of environmental benefit (36), but also the familiarity of legumes in the Japanese diet (33). From an environmental perspective, veganism is the least environmentally impactful diet, and consideration should be given to eating locally produced products and reducing the environmental costs of transportation (37).

The current study suggests the importance of examining PHD feasibility by age group. The results revealed that younger people tended to consume relatively fewer fish and legumes, while more red meat. Older people tended to have a lower intake of chicken and other poultry. For all age groups, consumption of nuts was relatively uncommon in the Japanese diet. Therefore, shifting to an increased intake of fish and legumes for younger people and chicken for older people are plausible options for reducing red meat intake. On the other hand, as shown in Table 2, actual total protein intake was sufficient, and not far in excess of the recommended protein intake (60–65 g for men and 50–55 g for women) for Japanese in all age groups (38). This suggests that although excessive consumption of red meat is a challenge compared with the global reference of PHD, protein intake itself can be sustained at the current level, because it does not significantly exceed the protein intake recommendation for Japanese people in any age group. Historically, as shown in the Supplementary Table S1, in Japan, there has been a change to a less desirable diet with more meat, less fish and less fruits, in these two decades. In fact, when the current older adults were in their middle ages, average fish and seafood intake was higher in Japan than now (20). A study showed comparing the older Japanese people with their children’s age groups, the sufficiency of all nutrients was higher in the older people. It was observed that the Japanese dietary pattern has not been carried over to the next generation (39). Also, a study of the dietary patterns of Japanese people in the year following the Great East Japan earthquake showed that young people and men prefer meat-eating patterns, while the older and women choose prudent traditional eating patterns (40). Taken all together, these implications suggest that the current Japanese older people may be maintaining the dietary pattern of their middle ages. The current young and middle-ages, who have “westernized dietary pattern,” may not necessarily make the same healthy Japanese food choices with appropriate amount as today’s older people, so it is reasonable to target dietary interventions primarily to younger people (41, 42). As noted by Willett, the optimal energy and nutrient intake for maintaining a healthy weight depends on body size and level of physical activity (7). Similarly, because body size and the level of physical activity are also highly dependent on age, it is still necessary to take age into consideration when assessing optimal dietary patterns.

The current findings indicated that a shift from red meat to white meat, and ideally to plant-based protein with consideration of their age, rather than reducing the intake of protein itself, may be a sustainable and healthy option for Japanese. Many essential amino acids can be supplemented with a combination of plant-based protein. Thus, it is reasonable for the Japanese population to sustain their current diet while transitioning to a PHD (43). Importantly, for older population groups, it is necessary to ensure sufficient protein intake to prevent frailty or osteoporosis (44). A study reported that total protein intake, regardless of whether it is animal- or plant-based protein, was significantly inversely associated with frailty in older Japanese women (45). The proportion of obesity (BMI > 30) among Japanese 20 year or above was 5.5% in men and 3.8% in women, NHNS 2019 reported (NHNS 2019 in Japanese version). Since the proportion of obese is not particularly high yet in Japan, this result supports the quantity of protein intake should remain the same while the quality of protein should be changed. These reports support the notion that modifying the type of protein intake is an option, even for the older population, and does not require drastic modifications in dietary pattern. This suggests that even in Japanese society, in which the population is aging, the PHD is an environmentally friendly and healthy choice for both younger and older age groups. However, there are things to consider when making a healthy transition from red meat to white meat. Both red and white meats have higher cholesterol levels than plant protein (46). Similarly, saturated fatty acids are higher in both red and white meat (46). There is no significant impact on hypercholesterolemia for red meat or skinless poultry (47). However, according to food composition tables, chicken breast and chicken leg also differ in fat content (48). Therefore, even when choosing chicken meat, attention should be paid to whether the meat is with or without skin, and which part of the chicken the meat is from.

The results of the current study have implications for policy makers. The Dietary Guidelines for Japan comprise 10 points for maintaining a desirable dietary lifestyle, developed in 2000 in collaboration with several government ministries (49). The main purpose of these guidelines is to address not only the nutritional aspects of maintaining an appropriate weight, but also the enjoyment and self-management of food, environmental issues such as food loss, and aspects of lifestyle and culture. Therefore, the dietary guidelines ultimately resemble the basic concepts presented in the PHD. In 2005, the Dietary Balance Guide “Japanese Food Guide Spinning Top” was published as a guide for the public that translates dietary guidelines into tangible actions (50). The Japanese Food Guide Spinning Top is diet-based, is overly complex for consumers, and does not take environmental aspects into account. Thus, it may not be useful for making sustainable and healthy choices for consumers. In Japan, there is a need to develop food-based dietary guidelines (FBDGs), which are already available in many other countries, taking environmental factors into account (51). The recommendations for each food will make it easier for the public population to choose sustainable, healthy foods. However, only a few countries (e.g., Sweden, Germany, Qatar, and Brazil) have developed food-based dietary guidelines that promote environmentally sustainable diets and dietary patterns (4). Importantly, Japan also needs to create a food environment that allows individuals to make sustainable and healthy choices. Efforts are needed to update the dietary guidelines mentioned above, develop FBDGs, reduce red meat or processed red meat products, tax these foods, subsidize plant-based protein foods, label menus in restaurants, and reduce single servings in restaurants and food retailers (52–56). However, for the consumer, urbanization, economics, and social globalization have made red meat and other environmentally unfriendly foods more enjoyable and accessible. In addition to reducing red meat intake, it will be important to undertake food environment interventions regarding the sustainable healthy food system that naturally lead to optimal choices (10, 57), as well as food and nutrition education (shokuiku in Japanese).

Although our analysis yielded several important findings, some limitations should be noted. First, because NHNS does not cover whole grains as a food item, this study did not investigate whole grains. Whole grains are considered to reduced risk of coronary heart disease, cardiovascular disease, and total cancer, and mortality from all causes, respiratory diseases, infectious diseases, diabetes, and all non-cardiovascular, non-cancer cause (58). Whole grain is also considered to be relatively lower environmental impacts (18). It is necessary for the NHNS to consider and revise food groups, such as by including whole grains, in future dietary intake surveys to more accurately reflect the SHDs and consider the impact on planetary health. Future research should further investigate the intake of rice and other “non-whole grains” by the Japanese population to compare the values with the global reference of the PHD. Additionally, recommendations and possible alternatives for shifting consumption of red meat and reducing its intake need to be further investigated. Finally, because the PHD does not indicate the specific type of red meat, no analysis could be performed to address this issue. Further analysis will be necessary to establish more specific PHD references on the basis of the environmental footprint of different types of red meat.



Conclusion

According to the global reference of PHD, the current Japanese diet contains an excessive intake of red meat. However, the Japanese diet does not significantly exceed the recommended protein intake for the Japanese population, suggesting that shifting red meat to white meat, or even plant-based protein under the concept of the PHD is an environmentally friendly and healthy choice for both younger and older age groups in an aging Japanese society. Policy makers need to develop sustainable and healthy FBDGs in addition to providing food and nutrition education and developing a food environment that encourages sustainable and healthy choices.
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Introduction: One key approach to achieve zero hunger in Sub-Saharan Africa (SSA) is to develop sustainable, affordable, and green technologies to process nutritious food products from locally available sources. Soybeans are an inexpensive source of high-quality protein that may help reduce undernutrition, but it is underutilized for human consumption. This research evaluated the feasibility of a low-cost method developed initially at the United States Department of Agriculture to produce soy protein concentrate (SPC) from mechanically pressed soy cake and thus create a more valuable ingredient to improve protein intake in SSA.

Methods: The method was initially tested in the bench scale to assess process parameters. Raw ingredients comprised defatted soy flour (DSF), defatted toasted soy flour (DTSF), low-fat soy flour 1 (LFSF1; 8% oil), and LFSF2 (13% oil). Flours were mixed with water (1:10 w/v) at two temperatures (22 or 60°C) for two durations (30 or 60 min). After centrifugation, supernatants were decanted, and pellets were dried at 60°C for 2.5 h. Larger batches (350 g) of LFSF1 were used to examine the scalability of this method. At this level, protein, oil, crude fiber, ash, and phytic acid contents were measured. Thiobarbituric acid reactive substances (TBARS), hexanal concentration and peroxide value were measured in SPC and oil to evaluate oxidative status. Amino acid profiles, in vitro protein digestibility, and protein digestibility corrected amino acid score (PDCAAS) were determined to assess protein quality.

Results: Bench scale results showed accumulation of protein (1.5-fold higher) and reduction of oxidative markers and phytic acid to almost half their initial values. Similarly, the large-scale production trials showed high batch-to-batch replicability and 1.3-fold protein increase from initial material (48%). The SPC also showed reductions in peroxide value (53%), TBARS (75%), and hexanal (32%) from the starting material. SPC’s in vitro protein digestibility was higher than the starting material.

Conclusion: The proposed low-resource method results in an SPC with improved nutritional quality, higher oxidative stability, and lower antinutrient content, which enhances its use in food-to-food fortification for human consumption and is thus amenable to address protein quantity and quality gaps among vulnerable populations in SSA.

KEYWORDS
 soy protein concentrate, soy cake, malnutrition, green processing, sustainability, lipid oxidation, protein digestion


1. Introduction

Chronic undernutrition in infants manifests as stunting, which retards linear growth and neurocognitive development and is measured as two standard deviations below the height-for-age median of the WHO Child Growth Standards for children under five (1). Today, over 149 million children under the age of five globally are stunted, with most of the prevalence in Sub-Saharan Africa (SSA) and South Asia (2, 3). The United Nation’s Sustainable Development Goal 2 (SDG2) calls for zero hunger by 2030. To reach this goal, stunting, as followed in SDG 2.2.1, is targeted to decline 40% by 2025. As a result of work toward the SDG2, rates of stunting have fallen globally from a prevalence of 33% in 2000 to 22% in 2020 (3). The SSA region, however, is growing its share of the global total number of stunted children, with a 41% prevalence in 2020 (4). In Africa, stunting and undernutrition is a multi-generational issue (5). Regardless of crossing the stunting statistical cut-off, low BMIs in children impairs growth, hinders cognitive development, and leads to educational and adult work under performance (1, 6). The effects of undernutrition on neurocognitive development during infancy and childhood affect economic productivity into adulthood (7).

Diet quality, especially digestible protein, is shown to be a critical factor in stunting and wasting, particularly in SSA, where most of the energy comes from starchy staple foods, such as maize (8). Chronic protein malnutrition affects the ongoing development of higher cognitive process throughout childhood and can result in long-lasting impairment (9). Despite their low protein and micronutrient content, cereal-based complementary foods and porridges for young children remain critical sources of nutrients for a vast majority of infants and young school-age children in low- and middle-income countries, where the availability and access to animal-source foods and commercially fortified complementary foods and porridges are unattainable for many households (10–12). As a result, global recommendations have called for the development of cost-effective nutrient-dense foods for weaning infants and school-age children. Emerging research suggests nutrition interventions can ameliorate the effects of early childhood stunting (13). One pragmatic strategy is to combine two or three ingredients such as cereals, tubers, and legumes to complement protein and enhance nutrient density; this strategy is referred to as food-to-food fortification.

Among legumes, soybeans are a good source of quality protein and are high in fatty acids, minerals, and fat-soluble vitamins (14). Soy protein products are versatile and easily incorporated into blended foods for complementary feeding (15). The great majority of the world’s soybean production is crushed into oil and defatted meal by a solvent extraction process. While oil is refined for edible applications, defatted meal is mostly used for animal feed. Only a small portion of defatted meal is processed into soy flour, soy protein concentrate (>60–70% protein), and soy protein isolate (>90% protein) as food ingredients (16). Alternatively, soybeans can be mechanically pressed or extruded and expelled to produce oil and soy cake (17). Soy cake still contains 6–13% oil, depending on actual processing parameters, and can be processed into low-fat soy flour.

In the SSA region, soybeans represent a small (15%) but growing fraction of oilseeds (26.2 million mt) grown for human consumption (18). According to the U.S. Department of Agriculture Foreign Agricultural Service (USDA FAS), the annual production of soybean oil in South Africa, the largest soybean oil producer in SSA, is forecasted at 270,000 MT for 2022, which together with import represents ~24% of the 1.4 million MT of edible oil consumed in South Africa (19). As soybeans have a lower oil content than other oilseeds, solvent extraction is the preferred method. Nonetheless, the significant capital expense of solvent extraction makes it unreachable for most processors in SSA, leaving mechanical oil extraction as the most prevalent method of extraction. Although soy cake can be further processed into higher value products, it has been underutilized for human consumption in this region. Therefore, there is a need for alternative approaches to add value to this highly nutritious low-fat by-product, which can then be used for food-to-food fortification approaches to enhance the protein contents of staple meals in SSA.

Soy protein concentrate (SPC) is a nutrient-dense and highly functional soybean product. It has been widely used to add favorable functionalities to a wide variety of food and feed products at a reduced cost (20) and has played a significant role in human nutrition, especially in low-income settings; therefore, it can help alleviate malnutrition in SSA (21, 22). There are three current methods for preparing SPC: acid leaching (isoelectric pH 4.5), aqueous alcohol (60–80%) extraction, and heat denaturation/hot water leaching. They all share the same principle by insolubilizing proteins and complex carbohydrates and removing soluble carbohydrates. (23). SPC can serve as a superior food ingredient owing to its high-quality protein and fiber content (24). Most African countries, however, have an underdeveloped food sector. There are few large-scale facilities for processing defatted soy meal into protein concentrates. Moreover, the high costs of imported protein concentrates make it unfeasible to support any recommendations for increased incorporation of these ingredients into foods for human consumption (25). Because of these factors, the limited utilization of SPC in SSA is mainly due to the inadequate processing capabilities, high processing costs, and complexity of current processing techniques.

Soybeans contain several anti-nutrients, most of which are reduced to some degree after protein extraction. The anti-nutritional factors, such as trypsin inhibitors, lectins, phytates, saponins, and oligosaccharides, limit the utilization of soybeans for human and animal nutrition. Phytic acid, for example, makes up more than half of the total phosphorus in soybeans and can reduce the absorption of essential micronutrients such as Ca, Fe, and Zn (16). Additionally, the presence of isoflavones in soybeans and their potential phytoestrogenic effects might be of concern. Though isoflavones have shown phytoestroenic effects under specific conditions in humans and animals, the consumption of soybean diets has been more associated with protection against certain estrogen-depended cancers than their promotion (26). A recent study showed no hormonal effects after long-term feeding of soy protein-containing formulas in infants (27). In the SSA region, soy-fortified cereals for children and for adults are present in most supermarkets.

Recently, a less expensive technique to prepare SPC was first proposed by Liu and his colleagues at the USDA, which uses limited resources and water as a solvent (28). This process eliminates the use of solvents and acids and is amenable to the use of low-fat soy flour as the starting material. The rendered products from this novel technique had not been characterized in terms of protein quality and oxidative stability. These are important considerations to promote the use of SPC, especially from low-fat soy flour obtained from mechanical oil pressing, which might affect these characteristics due to the high temperature and pressure applied. The current study was aimed at evaluating the alternative low-resource SPC production method with low-fat soy cake as a starting material, by characterizing SPC in terms of protein yield and quality, proximate composition, phytic acid content, and oxidative stability. The hypothesis was that the application of this water-leaching technique will result in SPC with improved protein quality (in terms of content and digestibility) and oxidative stability, and reduced antinutrient content. The alternative processing approach was first implemented on a bench scale using four different starting materials. Considering the results obtained from the bench-scale trials, the alternative processing method was then tested on a larger scale, in which three separate batches of SPC were produced from the same initial material.



2. Materials and methods


2.1. Raw materials and chemicals

Four different soy flour were used as raw materials. Defatted soy flour (DSF) was purchased from Archer Daniels Midland Company (Baker’s Soy Flour with min 53% protein and max 3% fat, Decatur, IL, United States). Defatted toasted soy flour (DFTS) was made by toasting the DSF at 109 ± 11.22°C for 30 min. Two different extruded expelled low-fat soy flours (LFSF1 and LFSF2 with 8 and 13% oil content, respectively) were provided by Tiger Soy LLC (Mexico, MO, United States). These two materials were produced by drying and grinding the soy cake, which was obtained after the extrusion and expelling process of soybeans. All other chemicals were of analytical grade or purer and acquired from Fisher Chemical Company (Hampton, NH, US) or Sigma Aldrich (St. Louis, MO, United States).



2.2. Low resource SPC production method


2.2.1. Bench scale production process

Defatted or low-fat soybean flour samples (3.00 ± 0.01 g) and distilled water (1:10 w/v) were added into a 50 ml centrifuge tube and mixed in a shaking incubator (Incu-Shaker Mini, Benchmark Scientific; Sayreville, NJ, United States) at 250 rpm, at two different temperatures (22 and 60°C) for two different durations (30 and 60 min). In the first trial, the 30 min duration was tested at 22°C and 60°C, respectively. Because the increased extraction temperature did not increase SPC protein content substantially, not to mention of its higher energy consumption, for the 60 min extraction, only 22°C was examined in the next trial. The slurry was then centrifuged at 3,810 × g for 30 min at room temperature (Sorvall™ ST 8, Thermo Scientific™; Waltham, MA, United States). After the solid–liquid separation, the precipitate (aka wet protein concentrate) was transferred into a pre-weighed drying pan for drying in a conventional lab oven (Heratherm™, Thermo Scientific™, Waltham, MA United States) at 60°C for 2.5 h. Dried SPC (contained 10–15% moisture) was ground into powder (to pass 100 μm openings) using a coffee grinder (Hamilton Beach Inc.; Southern Pines, NC, United States). Ground SPC samples and raw materials were kept at-20°C until further analysis.



2.2.2. Large scale production process

Three separate batches of SPC were produced from LFSF1 by following the previously described production process with some modifications. For making each batch, 350 g of LFSF1 and 3.5 l of distilled water were mixed using a mixer (KitchenAid®; Benton Harbor, MI, United States) for 30 min at 22°C. After the washing process with water, the mixture was transferred into a 5 l plastic container, and it was covered with aluminum foil. For solid–liquid separation, the mixture was first left for settlement for 2 h at room temperature. At the end of 2 h, the precipitate was separated by using a woven 200-micron commercial-grade nut-milk bag (Nut Milk Bag; Vandoona LLC., NY, United States). The wet protein concentrate collected in the bag was then uniformly spread onto a pre-weighed metal drying tray and dried by using a dehydrator (Excalibur Dehydrators®, Sacramento, CA, United States) at 60°C for about 4 h until its moisture content decreased below 15%. The dried SPC was then ground into a powder (to pass 150 μm openings) using a hammer mill (Lab Mill 3,100, PerkinElmer Inc.; Waltham, MA, United States). Dried SPC materials were placed in sealed bags and kept at −20°C until further analysis.




2.3. Determination of total protein content

The total protein content of raw materials and their SPCs produced at the bench scale trials were determined by using the Coomassie Plus (Bradford) Assay (Thermo Scientific; Rockford, IL, USA) kit after the protein extraction. The method of Mujoo et al. (29) as described in (30) was followed for protein extraction with some modifications. The samples were defatted prior to protein extraction using hexane. Raw materials or SPC were extracted with hexane (1:3 w/v) twice using a shaking incubator at 250 rpm for 1 h after vortexing for 20 s at room temperature. The mixture was then centrifuged at 1,663 × g for 5 min at room temperature, and the supernatant was transferred into a new centrifuge tube. The defatted wet precipitant was dried overnight at room temperature under a chemical hood. A 0.5 g of dried defatted sample and a 15 mL solution containing 30 mM Tris buffer at pH 8.0 and 10 mM b-mercaptoethanol were first sonicated by using a VC-750 ultrasound generator at 20 kHz and 40% amplitude for 2 min (Sonics & Materials, Inc.; Newtown, CT, United States) to reduce the particle size and increase the solubilization of proteins in the samples. The sonicated solution was then transferred into a centrifuge tube to be used in the estimation of protein concentration.

Following the Coomassie Plus (Bradford) Assay kit protocol, 10 μl of protein calibration standards and diluted samples were reacted with 300 μl of the Coomassie Plus Reagent in microplate wells. The microplates were incubated at room temperature for 10 min before the absorbance was read (595 nm) using a microplate reader (SpectraMax M2e, Molecular Devices; San Jose, CA, United States). According to the established calibration curve of BSA standards, the concentration of each sample was determined, and it was corrected based on the dilution factor and sample weight by using Eq. (1):

[image: image]

where x was the concentration (μg/mL) calculated from the standard calibration curve; DF was the dilution factor, which was 20; V is the volume of Tris–HCl buffer used in protein extraction, which was 15 ml; W is the sample’s weight, which was 0.5 ± 0.05 g, and 106 is the unit conversion factor for μg to g.

The total protein content of LFSF1 and its SPC produced at the larger scale trials were estimated by quantifying their nitrogen content (%) of samples using Exeter Analytical – Model CE440 CHN analyzer. Nitrogen was converted to protein by multiplying it with 6.25 conversion factor. Results were displayed on a dry matter basis by using the moisture content of each sample.



2.4. Determination of SPC production yield and protein recovery

The SPC production yield was calculated using Eq. (2) (31), while the protein recovery was calculated according to Eq. (3) (32),
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2.5. Determination of oil content

The crude oil content of raw materials and their SPCs used in the bench-scale production trials were determined as described by Yue et al. (33) with some modifications. Samples were extracted with hexane (1:3 w/v) in a centrifuge tube using a shaking incubator at 250 rpm for an hour at room temperature after vortexing for about 20 s. The mixture was then centrifuged at 1,663 × g for 5 min at room temperature, and the supernatant was transferred into a new tube. The extraction process was repeated three times and the supernatant was collected and added to the previous one. Hexane was then evaporated from the collected supernatant by using a nitrogen evaporator (Organomation Associates; Berlin, MA, United States). The amount of oil extracted from the sample was determined by calculating the weight change in the tube holding supernatant after the solvent evaporation, and it was presented in % d.b. unit by using the moisture content of samples.

To estimate oil contents of samples tested in the large-scale production trials, the Folch et al. (34) described in the study of Wu and Wang (35) was followed with some modifications. Samples of about 24 g were weighted in a 250 ml glass beaker. A chloroform/methanol solution (2:1 v/v) was prepared and added to the beaker at a solvent to sample ratio of 5:1. The mixture was stirred using a magnetic stirrer on a stirring plate (Denville Scientific Inc.; Holliston, MA, United States) for 1 h at room temperature. The mixture was then filtered using a filter paper (Whatman® #1) and the filtered solution was collected into a separating funnel. The crude extract in the separating funnel was then mixed with 0.2 its volume of DI water and the mixture was allowed to separate into two phases by standing. The bottom layer was then collected in a pre-weight round bottom flask and the solvent was evaporated at room temperature using a rotary evaporator (Rotavapor® Model: R-200, Buchi Corporation; New Castle, DE, United States). The oil sample left in the flask was transferred into a pre-weighed, new centrifuge tube by washing it with chloroform which was then evaporated by using a nitrogen evaporator (Organomation Associates; Berlin, MA, USA). Total lipid content was determined gravimetrically after complete evaporation of chloroform in the oil sample, and it was presented in % d.b. units after correcting for moisture content.



2.6. Determination of moisture, ash, crude fiber, and total carbohydrates contents

The moisture contents (MC) of raw materials and SPCs were measured by a moisture meter (HB 43-SE Moisture Analyzer, Mettler Toledo, Switzerland). Crude fiber content of samples was determined by filter bag technique utilizing H2SO4 and NaOH digestion according to AOCS Ba 6a-05 method (36). Ash content was assessed following AOCS Ba 5a-49 protocol (37). Total carbohydrate content was determined from the difference of other determinations including total protein, moisture content, ash, and crude fat from the total dry matter (100%) as shown in Eq. (4) (38):
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2.7. Determination of phytic acid concentration

Phytic acid was determined using Phytic Acid Assay Kit (Megazyme Ltd.; Chicago, IL, USA) by following the instructions given in the kit and its published method (39). This method is based on the use of phytase and alkaline phosphatase to release all bound phosphorous, which is followed by the reaction of inorganic phosphorus with ammonium molybdate to form 12-molybdophosphoric acid. This is subsequently reduced under acidic conditions to molybdenum blue. Total inorganic phosphorus was estimated from the subtraction of before and after enzymatic hydrolysis. The phytic acid content was then calculated by using Eq. (5) in which 0.282 is the factor used to convert the measured phosphorus content to phytic acid content. Phytic acid contains 28.2% phosphorus, and the calculation assumes that the amount of phosphorus measured is explicitly released from phytic acid, not from any other sources.
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2.8. Determination of peroxide value

The peroxide value (PV) of raw materials and SPC samples was determined according to the AOCS (40). Extracted oil (1.00 ± 0.1 g) was accurately weighed into an Erlenmeyer flask and dissolved in 25 ml acetic acid and chloroform solution (3:2 v/v). 1 ml of saturated KI solution was added, and the mixture was left in the dark for 10 min. After that, 5 ml of starch solution (1% w/v) was added, and the color of the sample turned from orange to dark blue. Titration was conducted with 0.01 N sodium thiosulfate by vigorous shaking until the dark-blue color disappeared and the color of the sample became white and cloudy. A blank sample was also prepared by using water. Peroxide value was expressed as milliequivalent (mEq) of peroxide per kg oil, and calculated using Eq. (6):
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where Vs is the volume of 0.01 N Na2SO3 consumed for a sample during titration (mL); Vb the volume of 0.01 N Na2SO3 used for blank during titration (mL); N is the normality of Na2SO3 solution (0.1 N), W is the weight of oil sample (g).



2.9. Determination of malondialdehyde concentration

The concentration of MDA in raw materials and SPCs was determined spectrophotometrically using the thiobarbituric acid reactive substances (TBARS) test as described in the study of Papastergiadis et al. (41) with some modifications. To extract MDA, a 2.4 ± 0.1 g of sample and a 15 ml solution containing 7.5% TCA (w/v) with 0.1% (w/v) of EDTA and 0.1% (w/v) propyl gallate were added into a 50 ml centrifuge tube and vortexed for 20 s. The mixture was then homogenized using a highspeed homogenizer (Polytron® Immersion Dispenser, Kinematica Inc.; Bohemia, NY, United States) at 18,000 rpm for 1 min. The homogenized sample was then filtered through a 150 mm filter paper (Whatman® #1) and the collected extract was used for MDA determination.

For the spectrophotometric determination of MDA, 2.5 ml of extract and 2.5 ml of TBA reagent (46 mM in 99% glacial acetic acid) were mixed in a 15 ml centrifuge tube and was heated in a dry bath incubator (Isotemp®, Fisher Scientific Co LLC; Pittsburg, PA, USA) at 100°C for 35 min. At the end of the heating period, the tubes were immediately placed in an ice bath. After cooling down to room temperature, the colored extracts were diluted with a trichloroacetic acid (TCA) solution (1:4 v/v) in separate tubes and vortexed. A 300 μl aliquot was transferred into a 96-well microplate wells and their absorbances were measured at 532 nm in a microplate reader. Standard solutions from MDA stock (1 mM) in 7.5% TCA were prepared from 1,1,3,3- tetraethoxypropane (TEP) and the calibration curve was prepared at a concentration ranging from 0.6 to 10 μM. To quantify the MDA concentration in samples Eq. (7) was used:
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where x was obtained from the calibration curve; V is the volume (15 ml) of TCA solution used in the extraction; W is the sample weight and DF is the dilution factor (5).



2.10. Determination of hexanal concentration

The hexanal concentration of LFSF1 and its SPCs made in a larger scale was determined by headspace solid-phase micro-extraction using the gas chromatography, mass spectrometry (HS-SPME-GC–MS) technique described by Khrisanapant et al. (42) with some modifications. A 0.25 mg of sample was weighed into a 20 ml headspace vials (Restek™ Headspace Screw-Thread Vials, 18 mm, Fisher Scientific Co LLC; Pittsburg, PA, United States) and covered with magnetic screw caps with PTFE/silicone septa and kept at −18°C until the analysis. For identification of hexanal, a 5 μl internal standard (IS) solution containing 0.2 μg/μl of 2-methyl-3-heptanone was spiked in each sample vial. Then, vials were placed into a CombiPal autosampler (Leap Technologies, Inc.; For Lauderdale, FL, United States) connected to a GC–MS system (Agilent Technologies, Inc.) where they were incubated at 40°C for 5 min. Afterwards, a SPME fiber (1.5 cm, 50/30 μm DVB/Carboxen™/PDMS, StableFlex™) was inserted to the headspace of vials and extracted volatile compounds for 30 min at 40°C.

The extracted volatile compounds were released into the GC–MS system using hot spitless injection at 260°C for 4 min followed by 20 min post injection fiber conditioning in the inlet and injected to the Stabilwax® GC column (30 m × 0.25 mm id × 0.25 μm film thickness, Restek; Bellenfonte, PA, USA) for separation of volatile compounds with helium as the carrier gas at a 1 ml/min constant flow rate. The oven temperature of GC was arranged from 40°C to 225°C at 4°C/min with initial and final holding times of 5 and 30 min, respectively. The capillary direct interface temperature, ionization energy, mass range, electron multiplier voltage and scan rate conditions of the mass selective detector were 230°C, 70 eV, m/z35 to 500, Autotune +200 V and 50 scans/s, respectively [adapted from (43)].

With the help of NIST 14 library and Leco Chroma TOF software (version 4.51.6), volatile compounds were identified and the peak area for hexanal were found for each sample. To determine the hexanal concentration in each sample, Eq. (8) was used:

[image: image]

Where PAhexanal and PAIS are peak area of hexanal and internal standard solution, respectively; Wsample is the mass of sample (250 μg) and WIS is the mass of internal standard spiked in each sample (0.2 μg/μl × 5 μl = 1 μg); concentration of IS was 0.2 μg/μl; 1,000 was the factor for unit conversion from μg/μl to ppm (mg/L) and Rf was the response factor for hexanal, which was obtained from previously plotted calibration curves for peak area ratio (hexanal:IS) versus mass ratio (hexanal:IS), and it was considered equal to 1.



2.11. In-vitro protein digestibility and protein digestibility corrected amino acid score

The amino acid (AA) concentrations of LFSF1 and its SPCs, except tryptophan and cysteine, at larger scale trials were determined using reverse phase HPLC with UV. Briefly, ground samples were hydrolyzed to single amino acids. After mixed with internal standards, the samples are dried in glass tubes in a vacuum concentrator and subjected to vapor phase hydrolysis using 6 N HCl at 150°C for 1.5 h under argon atmosphere in the presence of 2% phenol. Then, they are subsequently reconstituted in 0.4 N Borate Buffer to increase their pH to 10 and transferred to an autosampler (Agilent G1367E) for automated derivatization and loading. The derivatized amino acids were separated by reverse-phase HPLC (Agilent 1,260) and detected by UV absorbance (primaries at 338/390 nm and secondaries at 266/324 nm) with a variable wavelength detector (G1365D) using an in-line fluorescence detector (G1321B) and quantitated. The AA composition of the samples was expressed as g AA/100 g protein. Cysteine analyses were obtained following the AOAC Official Methods 982.30 E(b) (44), while tryptophan content was measured based on an enzymatic protocol described in Sessa, et al. (45) followed by a colorimetric determination described in Holz (46).

Digestion of LFSF1 or SPC samples for calculating the PDCAAS was carried out by following the protocol provided in the protein digestibility assay kit (K-PDCAAS, Megazyme Ltd.; Bray, Ireland). This assay is based on the simulated gastric and intestinal digestion of samples. After digestion, larger proteins are precipitated using TCA followed by centrifugation. Free amino acids are reacted with ninhydrin and respective purple development was followed at 570 nm in a plate reader and absorbances were compared against L-glycine as the standard for quantification. Furthermore, the amount of essential amino acid (EAA) for each of the samples (g/100 g protein) was calculated using the total protein (%) content as shown in Eq. (9):
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The first limiting EAA in each sample was identified from the ratio of EAA (mg/g protein), also known as amino acid score (AAS), using the FAO/WHO recommended profile for pre-school children using Eq. (10). The EAA with the lowest ratio is the limiting amino acid. Finally, the in vitro PDCAAS values of LFSF1 and its SPCs were calculated by multiplying the in vitro digestibility by the limiting amino acid ratio.
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2.12. Statistical analysis

For each sample, the above measurements were carried out in triplicates, except nitrogen, ash, fiber and amino acid profile analysis, which was done in duplicates. The collected data presented in the tables and figures are the mean values ± standard deviations (SD). Data were analyzed by using Microsoft Excel (Microsoft, WA, United States) and OriginPro 2021 (OriginLab Corporation, MA, United States), and it was subjected to One-way Analysis of Variance (ANOVA), except for the comparison for in-vitro protein digestibility and PDCAAS results of LFSF1 and its SPC for which paired Student’s t-test was employed. The Fisher’s Least Significant Difference test was used to compare means. Statistical significance was established at an alpha of 0.05.




3. Results


3.1. Protein and oil contents, oxidation level, and phytic acid concentration of SPC produced at the bench scale

The average total protein content of raw materials (DSF, DTSF, LFSF1, and LFSF2) and SPCs produced from them at the bench-scale trials applying different mixing parameters are given in Table 1. The starting materials, DFS, DTSF, LFSF1, and LFSF2, had total protein contents of 51.1 ± 2.0, 50.4 ± 0.7, 42.1 ± 2.3, and 41.8 ± 0.4% d.b., respectively. One of the major goals of the proposed production method was to create a low-cost, less resource-demanding alternative technique to produce SPC. As indicated in Table 1, increasing the mixing time or temperature does not impact the total protein content of SPCs produced (p > 0.05). Additionally, as shown in Figure 1, the average SPC production yields did not change in any of the samples with increasing mixing time and temperature (p > 0.05). Therefore, among the three combinations for the mixing process parameter tested, the least energy-demanding combination (30 min and 22°C) was selected, and SPCs produced by using these parameters were further investigated for other compositional properties.



TABLE 1 Total protein contents of DSF, DTFS, LFSF1, and LFSF-2 raw materials and their SPCs produced at the bench scale.
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FIGURE 1
 Average yields of SPC as prepared from defatted soy flour (DSF), defatted toasted soy flour (DTSF), low-fat soy flour 1 (LFSF1), and low-fat soy flour 2 (LFSF2) after different mixing times and temperatures. Bars represent means ± SD. Different superscript letters within each type of material group represent statistical differences (One-Way ANOVA and Fisher’s LSD test; p < 0.05).


According to the obtained data, regardless of the processing parameters applied, the total protein content of SPC produced from DSF was not different than that of the starting material (p > 0.05). The SPC made from LFSF, however, had higher total protein content than their raw materials (p < 0.05; Figure 2). As shown in Figure 2, the total protein contents of SPCs made from DTFS, LFSF1 and LFSF2 samples were higher than that of their starting materials and reached up to 63.7% d.b. in SPC produced from LFSF1.
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FIGURE 2
 Total protein (left) and oil content (right) of raw materials and their soy protein concentrates (SPC) produced at lab scale (30 min, 22°C). Symbol (*) represents a statistical difference between the raw material and its SPC (Fisher’s LSD test; p < 0.05).


The oil contents of DSF, DTSF, LFSF1, and LFSF2 were 3.23 ± 0.12% d.b., 3.11 ± 0.09% d.b., 8.60 ± 0.18% d.b., and 12.94 ± 0.46% d.b., respectively (Figure 2). The oil contents of SPCs obtained from LFSF1 and LFSF2 were 4.06 ± 0.18% d.b. and 6.98 ± 0.33% d.b., respectively, being 52.79 and 46.04% lower than their raw materials, respectively. To understand the impact of the alternative SPC production technique on the lipid oxidation degree of samples, the TBARS analysis was conducted on raw materials and their SPCs as it is a simple test indicating secondary oxidation of fatty acids due to their autoxidation into aldehydes and ketones (41). As shown in Figure 3, MDA concentrations across all samples decreased by more than 90% after the SPC production process (p < 0.05).
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FIGURE 3
 Thiobarbituric acid reactive substances (TBARS) measured as malondialdehyde equivalents (left) and total phytate content (right) of raw materials and their soy protein concentrates (SPCs) (30 min, 22°C) produced at the bench scale. Symbol (*) represents statistical difference between the raw material and its SPC (Fisher’s LSD test; p < 0.05).


Despite their initial content, phytic acid in raw materials was reduced after SPC preparation. As shown in Figure 3, the preparation of SPC resulted in more than a 55% reduction in phytate. In raw materials, LFSF1 (2.06 ± 0.05% d.b.) and LFSF2 (2.08 ± 0.05% d.b.) samples had significantly lower phytate contents than DSF (2.35 ± 0.02% d.b.). After toasting, DTSF showed a lower phytate concentration than the DSF sample (Figure 3).



3.2. Proximate composition of SPC produced at the large scale

Three batches of SPC (SPC-1, SPC-2, SPC-3) were produced from LFSF1 with a final moisture content ranging between 8.6–9.8%. The SPC production yield and protein recoveries of the three batches were above 69.4 and 88.30%, respectively. The production yields were lower than the bench-scale production of SPC from LFSF1 (75.86%) indicating that more protein and non-protein compounds were lost in the large-scale trials (Table 2).



TABLE 2 SPC yield, protein recovery, and proximate composition of LFSF1 and three batches of its SPC at the large-scale production trials (30 min, 22°C).
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The proximate compositions of LFSF1 and resulting SPCs are shown in Table 2. Each SPC batch was produced following the same protocol, using the same equipment and materials. It should be noted that protein, oil, crude fiber, and ash contents of the three SPC batches were not different from each other (p > 0.05). As observed in bench-scale trials, the total protein content of SPC (61.25–61.68% d.b.) was higher than that of the raw material (48.2 ± 0.09% d.b., p < 0.05). It is noteworthy that the total protein content of LFSF1 measured by the Bradford assay (42.13 ± 2.32% d.b.) was lower than the one calculated after the measurement with the CHN analyzer. One reason for this difference might be that the sonication process applied to break apart protein in the Bradford assay was not sufficient to disperse all proteins in the sample, which might underestimate the total protein content of the sample. The crude fiber of LFSF1 was also measured as 5.71 ± 0.87% d.b., which was in line with the value in the certificate of analysis (6.26% d.b.) provided by the manufacturer. In line with the bench-scale results, the oil content decreased by more than 39% after the preparation of SPC in all three batches (p < 0.05). Similar to the oil content, ash and total carbohydrate amounts in produced SPCs were lower than the LFSF1.



3.3. Lipid oxidation level of SPC produced at the large scale

The peroxide value in LFSF1 was 12.03 ± 0.97 mEq/kg oil (Table 3), which is acceptable according to the CODEX (47), established for cold-pressed and virgin oil at 15 mEq/kg oil. Upon processing into SPCs, the peroxide value was significantly reduced (p < 0.05). Similar trends were observed in MDA and hexanal evaluations, which were used to examine the presence of secondary lipid oxidation products. The initial MDA and hexanal concentrations of LFSF1 were measured as 18.33 ± 0.15 μg MDA equivalent/g sample and 1.00 ± 0.007 μg/g sample, respectively. In SPCs, both MDA and hexanal concentrations were lower than that of the LFSF1 (p < 0.05), showing a 64.8 and 34% reduction, respectively. The three batches of SPCs had similar values for the three oxidation parameters (Table 3).



TABLE 3 Peroxide value, malondialdehyde, and hexanal concentration of LFSF1 raw material and three batches of its SPCs at the large-scale production trials (30 min 22°C).
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3.4. In-vitro protein digestibility of SPC produced with low resource processing method

The amino acid composition of LFSF1, three SPCs produced from it and casein (the control) is presented in Table 4. Glutamic acid/glutamine was found in the highest concentration in both LFSF1 and SPCs. As expected, the digestibility of casein control was found as 100% (Table 5). The protein digestibility of LFSF1 was estimated at 91.1%. This value was increased significantly after processing into SPCs (p < 0.05). The three batches of SPCs produced from LFSF1 had an average in vitro protein digestibility of 95.1 ± 0.05%.



TABLE 4 Amino acid composition of LFSF1 and its SPC at the large-scale production trials.
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TABLE 5 Protein digestibility corrected amino acid score (PDCAAS) for LFSF1 and its SPCs at the large-scale production trials.
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As shown in Table 5, the PDCAAS of LFSF1 was calculated as 0.89 and three batches of SPC produced from it also had a mean PDCAAS value of 0.88 ± 0.01 after the low-resource method was implemented (p < 0.05). Although the protein digestibility of SPCs was higher than that of LFSF1 because the limiting amino acid score was relatively lower in SPC, the PDCAAS values remained unchanged after processing.




4. Discussion


4.1. Evaluation of the effect of alternative method on protein, oil, phytic acid concentration, and oxidation level of SPC produced at the bench scale

The application of the low-resource, water-washing method on LFSF resulted in SPC having higher total protein content and lower oil, phytate, and oxidation levels. The increment in the total protein content after the processing is due to the removal of soluble and dispersible solids and oil into the water phase during the mixing process. Peng et al. (31) also observed that after the ethanol/water washing process of soy protein concentrate production, regardless of the type of solvent used, the total protein content in SPCs was enriched after the washing process and it was attributed to the removal of sugars and oil from the raw material during the mixing stage.

Moreover, the extrusion-expelling process applied to LFSF and toasting of DTFS also had an impact on the total protein content of their SPCs by causing heat-induced denaturation of proteins, which is less dispersible in the water phase and most remained in the precipitate during the low-resource processing, leading to increased total protein content in resulting SPCs. The level of heat denaturation has been correlated with the protein dispersibility index (PDI), which is an important parameter for protein functionality and an indirect indicator for the extensivity of heat treatment applied to materials. As the intensity of heat treatment increases, protein denaturation increases along with a decrease of the PDI (48). PDI is also correlated with protein solubility. Therefore, high-temperature treatments such as those applied during the production of LFSF and DTFS, reduce their PDIs and their solubilities. As a result, a larger amount of the protein fraction is unable to disperse in the water, increasing protein yield extracted after this alternative, low-resource SPC production method.

The increase in the total protein content can also be attributed to the partial dispersion of oil from the materials to the mixing solution. Peng et al. (31) prepared SPCs from cold-pressed soy meal by an aqueous ethanol washing method and investigated the effect of water/ethanol ratios on the overall composition and the functionality of resulting SPCs. They mixed cold pressed soy meal with ethanol/water solutions (1:10 w/v) prepared at different concentrations (0 to 100%) at 25°C for 30 min and centrifuged at 20,000 × g for 30 min. Their results indicated that when water was used as a solvent alone, the oil content decreased by about 2%. This reduction was lower than what was found in the present study, yet still lower than the original material. The observed difference in oil reduction upon processing might be due to the difference in raw material and actual process between the two studies. It has been reported that dry extrusion applied during an extrusion-expelling combined process disrupts the integrity of the cellular structure of soybean cotyledon, which facilitates oil release from subcellar structures. This extrusion process turns the soybean material into a more homogenous matrix at a semifluid state and the oil becomes readily available to press out at the screw-pressing step (49).

Reduction in phytic acid content can be explained by the high solubility of phytate in water (50). It is known that phytic acid is heat labile (51). Thus, the difference in phytate contents between DSF and the other three raw materials might be due to high temperatures applied during extrusion expelling and toasting processes. Clydesdale and Camire (52) also demonstrated that phytic acid content of defatted soy flour significantly reduced after toasting at 77°C for 1 h and boiling for 1-h applications. Many authors have also shown that extrusion can significantly decrease phytate concentrations in other cereals and legumes including lentils, beans, peas, corn, finger millet, rice, and wheat (53). This reduction could be explained by the degradation of this antinutrient by high temperature, shear forces and pressure levels applied during the extrusion process that leads to hydrolysis of inositol hexaphosphate (IP6) to lower molecular weight forms (54).

The water-washing process improved the oxidative stability of SPC prepared at the bench scale. One explanation for the reduction of MDA concentration might be that most oxidized oil might be removed from the samples with the water mixing process and secondary oxidation products like aldehydes are partially polar, diffusing easily into the aqueous fraction. However, as observed in the study of Papastergiadis et al., (41), due to the interference of other compounds found with 2-thiobarbituric acid (TBA), the TBARS test overestimates the content of MDA in some foods, like soybeans, corn, dry nuts and cheese. Therefore, to better evaluate the effect of alternative SPC production technique on the lipid oxidation degree of samples, other oxidative stability parameters should be tested. For that purpose, SPCs produced at a larger scale were evaluated not only for their MDA concentrations but also their peroxide values and hexanal concentrations as indicated below.



4.2. Evaluation of the low-resource SPC method on large-scale production trials

The large-scale trials confirmed the bench-scale findings in which applying the alternative water washing method, resulted in SPCs with higher protein (from 48.2% d.b. up to 61.7% d.b.) and fiber (from 5.71% d.b up to 10.8% d.b.) contents. At the same time, the contents of oil, total carbohydrates, ash, and phytate were lower than the starting material. Interestingly, this process resulted in a protein of higher digestibility and a material with improved oxidative stability (as indicated by reduced values of several oxidation markers).

The use of water without pH modification is currently not applied to recover proteins as in SPC. The type of solvent used in the washing process and starting material might lead to obtain lower yields and protein recoveries with the proposed washing method compared to previous studies. In the study of Wang et al. (55), higher recoveries of soy protein concentrates were obtained when it was produced from extruded-expelled soybean meals by using acid and alcohol wash methods (over 78% yield and more than 95% protein recovery). Peng et al. (31) also observed that using water alone as a solvent in the washing process resulted in the lowest yield (around 45%) and protein (approximately 50%) recovery, increasing the concentration of ethanol in the solvent up to 80% increased the yield and protein recovery to almost 81 and 90%, respectively. As indicated by Luthria et al., (56), particle size, the pre-treatment method applied to raw materials, the solid–liquid ratio during the solvent-washing process, and the solid–liquid separation method also have an impact on SPC production and protein yields. The yield recoveries found in this study for total SPC and protein, though lower than using alcohol, are technically feasible under the current processing conditions in SSA.

Crude fiber was also increased in SPC. Crude fiber is the insoluble part of dietary fiber in plant foods that remains after sequential extraction with diluted acid and alkaline solvents (57). Soaking or washing legumes or flour can lead to the release of some water-soluble compounds, including soluble fibers like pectin and some hemicellulose, but insoluble fiber remains in the material. Soybean meal produced from extrusion expelling (~8% oil) typically contains about 6% crude fiber. After the application of the proposed washing technique, the crude fiber contents were estimated at 10%. Wang et al. (55) used an alcohol-washing method for the preparation of SPC and reported an increase of crude fiber in SPCs made from white flakes (from 3.94 to 4.39%) and extruded expelled soybean meals (from 4.06 to 5.36%).

Soy protein concentrates typically have less than 1% lipid on a moisture-free basis when they are made from dehulled, defatted, solvent-extracted soybean meal and processed by the acid or alcohol wash methods (58). As we and others have shown, soybean meal obtained after the extrusion and expelling processes still contains a considerable amount of oil. Nelson et al. (17) reported that up to 59% of the oil in whole soybeans could be removed by the extrusion expelling process, leaving a soy cake with 6–9% oil. Similarly, Wijeratne et al. (49) reported that the amount of oil in low-fat soy cake after extruding expelling processing ranges between 6 to 9%. Despite its cost, it is possible to capture this oil washed away using a multiphase decanter centrifuge. The results showed that with the proposed alternative washing method, up to 42.5% of the oil remaining in a typical extruded expelled soy flour can be removed.

Ash and carbohydrate contents in SPC were lowered (from 5.9 to 4.2%) after the application of this processing method. The ash content of LFSF1 was similar to the total ash content (5.96%) of press cake obtained after extrusion expelling of whole soybeans (17). Ash is the inorganic residue that comprises of minerals left after either the combustion or complete acid-facilitated oxidation in a food material (59). Generally, soy protein concentrates contain an ash content between 3.8 and 6.2% d.b. (60). According to CODEX (61) for soy protein products, the yield of ash shall not exceed 8% on a dry weight basis. Total carbohydrate reduction in SPC is due to the partial release of water-soluble carbohydrates, such as some oligosaccharides and simple sugars, during the washing process (62). Carbohydrate content was similar to that reported by Nelson et al. (17), who calculated the total carbohydrate content of soy cake produced from extrusion expelling as 37.38% d.b. According to USDA’s Food Composition Database, soy protein concentrate produced by acid wash or alcohol extraction has around 27% total carbohydrate on a dry matter basis (63, 64). Wang et al. (65) also reported that soy protein concentrates produced from two different extruded expelled soybean cakes by using the alcohol washing method had lower total carbohydrate contents (15.78 and 17.02%) than their starting materials (23.26 and 24.01%).

The oxidation makers, MDA, hexanal, and peroxide value, which accumulated after the extrusion and expelling process were almost halved in SPC after water washing. MDA is a terminal product of lipid oxidation process and is a useful marker for the quantification of lipid peroxidation in foods. However, as mentioned earlier, the TBARS assay overestimates MDA concentration in some foods due to other interferences in the sample. It has been shown that hexanal is one of the important volatile compounds found in soybean and soybean products contributing to the beany flavor originating from lipid oxidation of polyunsaturated fatty acids (66, 67). Lei and Boatright (68) reported that among all the volatiles they detected in the headspace samples of SPC slurries (35 g SPC in 500 ml water), hexanal displayed the highest peak. Therefore, in addition to the MDA concentrations, the hexanal content of LFSF1 and its SPCs were also determined to obtain more information on their lipid oxidation status. Previous studies have shown that soybean lacking lipoxygenase enzymes or soy products prepared from lipoxygenase-free soybeans had less beany flavor and contained less hexanal and other volatile compounds than regular soybeans. Therefore, it has been postulated that one of the major contributors to the formation of hexanal and other carbonyl compounds in soy products was the activity of the lipoxygenase enzyme (LOX). Several studies have shown that heat treatments are effective in inactivating LOX isoenzymes in soybeans (69–72). Crowe et al. (73) examined the effect of the extrusion/expelling process on the soybean lipoxygenases and found all three isoenzymes were 100% inactivated in partially defatted soy flours extruded at 117°C and higher barrel temperatures. The extrusion/expelling process applied in the production of LFSF1 might have caused the inactivation of LOX and led to the formation of less hexanal in the sample. With the proposed water washing method, the hexanal and other secondary products of lipid oxidation, like MDA, might be further removed by releasing into the mixing water along with the oil removed from the sample. Altogether the evidence presented shows that the water-washing method can enhance the oxidative stability of SPC.

Protein digestibility increased by 4 percentage points in SPC, which influences its final protein quality. Both LFSF1 and its SPCs can be considered complete proteins, whose amino acid profile was close to the reference profile as established by the FAO/WHO, except for leucine which was the limiting amino acid. As shown by others, soybeans are high in glutamic acid (74, 75). The amino acid score (AAS), which is the ratio of the amino acid content in 1 g of a target protein to that of a reference protein or requirement, of leucine of all samples ranged from 0.92 to 0.98 (Table 5). Despite ample evidence suggests sulfur-containing amino acids, more specifically methionine, are the dominating limiting amino acids in legumes, other branched-chain amino acids, including leucine, have also been reported as limiting in previous studies (76–80). The variations in essential amino acid composition and limiting amino acids of cereals and legumes might be due to differences in crops’ genetic background, the total protein content of the original cultivar., the processing methods applied, as well as the nature of amino acid biosynthesis pathways (81–83).

Processing modifies protein digestibility, and similarly, protein digestibility modifies protein quality, especially in vegetable proteins (84). Protein digestibility of LFSF1 was higher than previously reported [71.8% in (85) and 75.3% in (86)]. The extrusion expelling process applied in the production of LFSF1 material might lead to higher digestibility values than the results reported in previous studies due to the elimination of its antinutrients. According to Hettiarachchy and Kalapathy (23), the protein digestibility of full-fat soy flour and defatted soy flour are in the range of 75–92% and 84–90%, respectively. Thus, the values in this study are not at all unexpected. Soybeans contain a variety of potential antinutrients including phytates, saponins, protease inhibitors, isoflavones, lectins, oligosaccharides, and tannins. These antinutritional factors have a detrimental effect on the nutritional value, utilization, and digestibility of soybean protein (23, 87). A wide range of processing methods can improve the digestibility of proteins in legumes by reducing or eliminating these antinutritional factors (88–90). A high-temperature application during the extrusion process can effectively reduce antinutritional factors in legumes and their nutritional quality can be improved (53). For instance, Fasina et al., (91) indicated that trypsin inhibitor and lectin concentrations in soybean meal reduced from 34 and 2.25 mg/g meal to 5.52 and 0 mg/g, respectively, after extrusion expelling processing. Similarly, Marsman (92) observed that the trypsin inhibitor activity in untreated soybean meal became almost zero after extrusion at above 110°C resulting in an increase in the digestibility of the material by almost 80%.

While our results on protein digestibility were comparable to those reported for SPC by (77) (96.97%), altogether these were higher than those presented by Mohamed, et al. (93) and Obulesu and Bhagya (94), where the in vitro protein digestibility of SPC were 84 and 88%, respectively. This might be due to a difference in the raw material that was used to prepare SPC and the processing method applied. Obulesu and Bhagya (94) indicated that the SPC was produced by thermal processing of the defatted soy flakes followed by aqueous leaching and drying processes and the digestibility of the initial soy flour material used was 80%. The increase in the protein digestibility in the present study can be explained by the reduction in the phytic acid content. According to several authors, phytates can inhibit the activity of enzymes that are required for protein digestion (pepsin, trypsin, chymotrypsin) in the stomach and small intestine (95, 96), therefore their reduction can facilitate improvement of protein digestibility (88).

The PDCAAS values were lower than the results presented for soybeans and soy products (0.92–1.00) in previous studies (77, 97, 98). The reduction in the amino acid scores of limiting amino acid can be explained by the decrease in the concentration of leucine in the material after wash. As shown in Table 4, the concentrations for most amino acids were lower in SPC compared to the initial material. A large proportion of the protein was dispersed and lost during the wash, which might have influenced the final amino acid profile. A decrease in amino acid concentration after heat treatments was reported in previous studies, and this decrease was linked to the participation of amino acids in Maillard reactions (99–101). Drying temperatures after washing might have affected the amino acid profile as well (102), however, this was not empirically tested in this study.




5. Conclusion

The present report describes a simple process to produce SPC. It consisted of two major steps: (1) to extrude and expel soybeans into soy cake and grind the cake into low-fat soy flour, and (2) to produce SPC from the flour by extracting it with water and removing soluble components like phytic acid and soluble carbohydrates. Therefore, the process is characterized as low-resource, simple, and inexpensive. The low-resource method resulted in an SPC with higher total protein content, higher protein digestibility, higher crude fiber, and higher oxidative stability, while significantly decreasing phytic acid content. Compared to low-fat soy cake (flour), this high protein ingredient is significantly improved in many aspects and can be used to fortify basic staple dishes in the SSA region and address protein gaps in growing children, thus committing to SDG 2 targets. Further work includes investigation of the effect of low-fat soy cake handling on SPC quality and incorporation of SPC in various types of local foods and consumer acceptance.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

KL developed the proposed alternative processing method. EG, KL, KN and JA conceptualized the study. EG was primarily responsible for the design, execution, data collection, and analysis. JA critically assisted with all aspects of design, execution, and analysis. EG, AD, and JA drafted and revised the first draft. All the authors critically reviewed and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded in part by the United States Agency for International Development (USAID) Feed the Future Innovation Lab for Soybean Value Chain Research, grant number AID-OAA-L-140000-1. This work was supported in part by funds from the Office of International Programs, College of Agricultural, Consumer and Environmental Sciences, University of Illinois at Urbana-Champaign.



Acknowledgments

This article was made possible by the generous support of the American people through USAID. The contents are the responsibility of the authors and do not necessarily reflect the views of USAID or the United States government.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. de Onis, M, and Branca, F. Childhood stunting: a global perspective. Matern Child Nutr. (2016) 12:12–26. doi: 10.1111/mcn.12231 

 2. Vaivada, T, Akseer, N, Akseer, S, Somaskandan, A, Stefopulos, M, and Bhutta, ZA. Stunting in childhood: an overview of global burden, trends, determinants, and drivers of decline. Am J Clin Nutr. (2020) 112:777S–91S. doi: 10.1093/ajcn/nqaa159 

 3. UNICEF United Nations Children’s Fund, World Health Organization (WHO), International Bank for Reconstruction and Development/The World Bank (2021). Levels and trends in child malnutrition: Key findings of the 2021 edition of the joint child malnutrition estimates. Geneva: World Health Organization. Licence: CC BY-NC-SA 3.0 IGO.


 4. Quamme, SH, and Iversen, PO. Prevalence of child stunting in sub-Saharan Africa and its risk factors. Clin Nut Open Sci. (2022) 42:49–61. doi: 10.1016/j.nutos.2022.01.009


 5. Akombi, B, Agho, K, Hall, J, Wali, N, Renzaho, A, and Merom, D. Stunting, wasting and underweight in sub-Saharan Africa: a systematic review. Int J Environ Res Public Health. (2017) 14:863. doi: 10.3390/ijerph14080863 

 6. Zainuddin, A, Gregg, E, Bhutta, Z, Black, R, and Ezzati, M. Height and body-mass index trajectories of school-aged children and adolescents from 1985 to 2019 in 200 countries and territories: a pooled analysis of 2181 population-based studies with 65 million participants. Lancet. (2020) 396:1511–24. doi: 10.1016/S0140-6736(20)31859-6


 7. Dewey, KG, and Begum, K. Long-term consequences of stunting in early life. Matern Child Nutr. (2011) 7:5–18.


 8. Schönfeldt, HC, and Hall, NG. Dietary protein quality and malnutrition in Africa. Br J Nutr. (2012) 108:S69–76. doi: 10.1017/S0007114512002553


 9. Kar, BR, Rao, SL, and Chandramouli, BA. Cognitive development in children with chronic protein energy malnutrition. Behav Brain Funct. (2008) 4:31. doi: 10.1186/1744-9081-4-31 

 10. Dimaria, S, Schwartz, H, Icard-Vernière, C, Picq, C, Zagre, N, and Mouquet-Rivier, C. Adequacy of some locally produced complementary foods marketed in Benin, Burkina Faso, Ghana, and Senegal. Nutrients. (2018) 10:785. doi: 10.3390/nu10060785 

 11. Pachón, H, Simondon, KB, Fall, ST, Menon, P, Ruel, MT, Hotz, C , et al. Constraints on the delivery of animal-source foods to infants and young children: case studies from five countries. Food Nutr Bull. (2007) 28:215–29. doi: 10.1177/156482650702800211 

 12. Steinfeld, H. Economic constraints on production and consumption of animal source foods for nutrition in developing countries. J Nutr. (2003) 133:4054S–61S. doi: 10.1093/jn/133.11.4054s 

 13. Bundy, D, Silva, N, Horton, S, Jamison, D, and Patton, G. Re-imagining school feeding: A high-return investment in human capital and local economies. Washington, DC: The World Bank (2018).


 14. Hassan, S. M. in. Soybean Bio-Active Compounds. eds. eds. : HA El-Shem : Rijeka, Croatia: Intech Open (2013) 453–473.


 15. Amagloh, FK, Hardacre, A, Mutukumira, AN, Weber, JL, Brough, L, and Coad, J. A household-level sweet potato-based infant food to complement vitamin A supplementation initiatives. Matern Child Nutr. (2012) 8:512–21. doi: 10.1111/j.1740-8709.2011.00343.x 

 16. Liu, K. Soybeans as functional food and ingredients. Champaign, IL: AOCS Press (2004).


 17. Nelson, AI, Wijeratne, WB, Yeh, SW, Wei, TM, and Wei, LS. Dry extrusion as an aid to mechanical expelling of oil from soybeans. J Am Oil Chem Soc. (1987) 64:1341–7. doi: 10.1007/bf02540794


 18. Agrochart (2022). Oilseeds - sub-Saharan Africa production. AgroChart. Available at: Https://www.agrochart.com/en/usda/section/38/oilseeds/region/7/sub-saharan-africa/attribute/4/production/ [Accessed September 26, 2022].


 19. USDA FAS United States Department of Agriculture Foreign Agriculture Service (USDA FAS)Esterhuizen, D. (2021). Oilseeds and products annual (No. SF2021-0022). Available at: https://apps.fas.usda.gov/newgainapi/api/Report/downloadreportbyfilename?Filename=Oilseeds%20and%20Products%20Annual_Pretoria_South%20Africa%20-%20Republic%20of_04-01-2021.pdf


 20. Lusas, EW, and Rhee, KC. Soy protein processing and utilization In: DR Erickson, editor. Practical handbook of soybean processing and utilization (pp. 117–160) : Urbana, IL: AOCS Press (1995).


 21. Dixit, AK, Antony, JIK, Navin, K, Sharma, NK, Rakesh, K, and Tiwari, RK. Soybean constituents and their functional benefits In: VK Tiwari and B Mishra, editors. Opportunity, challenge, and scope of natural products in medicinal chemistry. 5th ed: Kerala, India: Research Signpost (2011).


 22. Riaz, MN. Uses and benefits of soy fiber. Cereal Foods World. (2001) 46:98–100.


 23. Hettiarachchy, N, and Kalapathy, U. Soybean protein products In: K Liu, editor. Soybeans: Chemistry, technology, and utilization (pp. 379–407) : New York, NY: Springer Publishing (1997).


 24. Campbell, MF, Krautt, CW, Yackel, WC, and Yang, HS. Soy protein concentrate In: AM Altschul and HL Wilcke, editors. New Protein Foods: Seed Storage Proteins, vol. 5: Orlando, Florida: Academic Press (1985). 301–35.


 25. Nwokolo, E. Soybean (Glycine max (L.) Merr.) In: J Smartt and E Nwokolo, editors. Food and feed from legumes and oilseeds. 1st ed: London, UK: Amsterdam University Press (1996). 90–103.


 26. Messina, M., Duncan, A., Messina, V., Lynch, H., Kiel, J., and Erdman, J.W. Jr. (2022). The health effects of soy: a reference guide for health professionals. Front Nutr 11:970364. doi: 10.3389/fnut.2022.970364.


 27. Giampietro, PG, Bruno, G, Furcolo, G, Casati, A, Brunetti, E, Spadoni, GL , et al. Soy protein formulas in children: no hormonal effects in long-term feeding. J Pediatr Endocrinol Metab. (2004) 17:191–6. doi: 10.1515/jpem.2004.17.2.191 

 28. Liu, K. (2020). Innovations in plant protein technology: Developing low-cost soy protein concentrates for expanding soy protein utilization [online presentation]. Soybean 360: Agro Processing in Sub-Saharan Africa, Urbana, IL, USA. Available at: https://www.youtube.com/watch?v=cva3bjnmnhc&ab_channel=aocsamericanoilchemists%27society


 29. Mujoo, R, Trinh, DT, and Ng, PK. Characterization of storage proteins in different soybean varieties and their relationship to tofu yield and texture. Food Chem. (2003) 82:265–73. doi: 10.1016/s0308-8146(02)00547-2


 30. Sussulini, A, Garcia, JS, Mesko, MF, Moraes, DP, Flores, RMM, Pérez, CA , et al. Evaluation of soybean seed protein extraction focusing on metalloprotein analysis. Microchim Acta. (2006) 158:173–80. doi: 10.1007/s00604-006-0678-7


 31. Peng, Y, Kyriakopoulou, K, Ndiaye, M, Bianeis, M, Keppler, JK, and van der Goot, AJ. Characteristics of soy protein prepared using an aqueous ethanol washing process. Foods. (2021) 10:2222. doi: 10.3390/foods10092222 

 32. Penchalaraju, M, and John Don Bosco, S. Legume protein concentrates from green gram, cowpea, and horse gram. J Food Process Preserv. (2022) 46:e16477. doi: 10.1111/jfpp.16477


 33. Yue, X, Xu, Z, Prinyawiwatkul, W, Losso, J, King, J, and Godber, J. Comparison of soybean oils, gum, and defatted soy flour extract in stabilizing menhaden oil during heating. J Food Sci. (2007) 73:C19–23. doi: 10.1111/j.1750-3841.2008.00586.x 

 34. Folch, J, Lees, M, and Stanley, GS. A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem. (1957) 226:497–509. doi: 10.1016/s0021-9258(18)64849-5 

 35. Wu, Y, and Wang, T. Total and polar lipids in soybean protein meals. J Am Oil Chem Soc. (2003) 80:983–5. doi: 10.1007/s11746-003-0807-9


 36. American Oil Chemists’ Society (AOCS) (2017a). Crude fiber in feed by filter bag technique (AOCS standard procedure Ba 6a-05)


 37. American Oil Chemists’ Society (AOCS) (2017b). Ash in oilseed cake and meals (AOCS official method Ba 5a-49).


 38. Food and Agriculture Organization of the United Nations (FAO). Methods of food analysis In:. Food energy - methods of analysis and conversion factors - report of a technical workshop FAO food and nutrition paper. 77th ed: Rome, Italy: FAO (2003). 1.


 39. Mckie, VA, and McCleary, BV. A novel and rapid colorimetric method for measuring total phosphorus and phytic acid in foods and animal feeds. J AOAC Int. (2016) 99:738–43. doi: 10.5740/jaoacint.16-0029 

 40. American Oil Chemists’ Society (AOCS) (2003). Peroxide value—Acetic acid-chloroform method (AOCS surplus method Cd 8–53).


 41. Papastergiadis, A, Mubiru, E, van Langenhove, H, and de Meulenaer, B. Malondialdehyde measurement in oxidized foods: evaluation of the spectrophotometric thiobarbituric acid reactive substances (TBARS) test in various foods. J Agric Food Chem. (2012) 60:9589–94. doi: 10.1021/jf302451c 

 42. Khrisanapant, P, Kebede, B, Leong, SY, and Oey, I. A comprehensive characterisation of volatile and fatty acid profiles of legume seeds. Foods. (2019) 8:651. doi: 10.3390/foods8120651 

 43. Kulapichitr, F, Borompichaichartkul, C, Suppavorasatit, I, and Cadwallader, KR. Impact of drying process on chemical composition and key aroma components of Arabica coffee. Food Chem. (2019) 291:49–58. doi: 10.1016/j.foodchem.2019.03.152 

 44. AOAC (2006). Official method 982.30 E (a, b, c), chp, 45.3.05. Association of Official Analytical Chemists, Arlington, VA.


 45. Sessa, DJ, Abbey, KJ, and Rackis, JJ. Tryptophan in soybean meal and soybean whey proteins. Am Assoc Cereal Chem. (1971) 48, 321–327.


 46. Holz, VF. Automatische bestimmung von tryptophan in proteinen und proteinhaltigen pflanzenprodukten mit dimethylaminozimtaldehyd. Landwirtsch Forsch. (1972) 27:96–109.


 47. CODEX (1999). Codex standard for named vegetable oils (CODEX-STAN 210–1999).


 48. Heywood, AA, Myers, DJ, Bailey, TB, and Johnson, LA. Functional properties of low-fat soy flour produced by an extrusion-expelling system. J Am Oil Chem Soc. (2002) 79:1249. doi: 10.1007/s11746-002-0635-y


 49. Wijeratne, WB, Wang, T, and Johnson, LA In: NT Dunford and HB Dunford, editors. Extrusion-based oilseed processing methods : Urbana, IL: AOCS Press (2004).


 50. Saah, BF, Tene, ST, Boungo, GT, and Klang, JM. Optimization of the reduction of phytates and trypsin inhibitors of soybeans (glycine max L.): effect of soaking and cooking. Int J Food Nut Sci. (2020) 7:70–76.


 51. Samtiya, M, Aluko, RE, and Dhewa, T. Plant food anti-nutritional factors and their reduction strategies: an overview. Food Prod Proc Nut. (2020) 2:1–14.


 52. Clydesdale, FM, and Camire, AL. Effect of pH and heat on the binding of iron, calcium, magnesium, and zinc and the loss of phytic acid in soy flour. J Food Sci. (1983) 48:1272–4. doi: 10.1111/j.1365-2621.1983.tb09209.x


 53. Nikmaram, N, Leong, SY, Koubaa, M, Zhu, Z, Barba, FJ, Greiner, R , et al. Effect of extrusion on the anti-nutritional factors of food products: An overview. Food Control. (2017) 79:62–73. doi: 10.1016/j.foodcont.2017.03.027


 54. Alonso, R, Aguirre, A, and Marzo, F. Effects of extrusion and traditional processing methods on antinutrients and in vitro digestibility of protein and starch in faba and kidney beans. Food Chem. (2000) 68:159–65. doi: 10.1016/s0308-8146(99)00169-7


 55. Wang, H, Johnson, LA, and Wang, T. Preparation of soy protein concentrate and isolate from extruded-expelled soybean meals. J Am Oil Chem Soc. (2004) 81:713–7. doi: 10.1007/s11746-004-966-8


 56. Luthria, DL, Maria John, KM, Marupaka, R, and Natarajan, S. Recent update on methodologies for extraction and analysis of soybean seed proteins. J Sci Food Agric. (2018) 98:5572–80. doi: 10.1002/jsfa.9235 

 57. Phillips, KM, Haytowitz, DB, and Pehrsson, PR. Implications of two different methods for analyzing total dietary fiber in foods for food composition databases. J Food Compos Anal. (2019a) 84:103253. doi: 10.1016/j.jfca.2019.103253


 58. Berk, Z. Chapter 4 edible soybean flours and grits In:. Technology of Production of edible flours and protein products from soybean, vol. 97: Rome, Italy: Food and Agriculture Organization of the United Nations (1992). 1–178.


 59. Ismail, BP. Ash content determination In: SS Nielsen, editor. Food analysis laboratory manual. 3rd ed: New York, NY: Springer (2017). 117–9.


 60. García, MC, Torre, M, Marina, ML, Laborda, F, and Rodriquez, AR. Composition and characterization of soyabean and related products. Crit Rev Food Sci Nutr. (1997) 37:361–91. doi: 10.1080/10408399709527779 

 61. CODEX (1989). Codex general standard for soy protein products (CODEX STAN 175–1989).


 62. Ratnayake, WS, and Naguleswaran, S. Utilizing side streams of pulse protein processing: a review. Legume Sci. (2021) 4:e120. doi: 10.1002/leg3.120


 63. USDA (2019). Soy protein concentrate, produced by acid wash. Food Data Central. Available at: https://fdc.nal.usda.gov/fdc-app.html#/food-details/174301/nutrients (Accessed March 25, 2023)


 64. USDA (2019). Soy protein concentrate, produced by alcohol extraction. Food Data Central. Available at: https://fdc.nal.usda.gov/fdc-app.html#/food-details/172447/nutrients (Accessed March 25, 2023)


 65. Wang, T, Myers, DJ, and Heywood, AA. Characterization and utilization of soy flour produced from extrusion-expelling processing. Inform. (2002) 13:708–13.


 66. Boatright, WL, and Lei, Q. Compounds contributing to the “beany” odor of aqueous solutions of soy protein isolates. J Food Sci. (1999) 64:667–70. doi: 10.1111/j.1365-2621.1999.tb15107.x


 67. Kobayashi, A, Tsuda, Y, Hirata, N, Kubota, K, and Kitamura, K. Aroma constituents of soybean [Glycine max (L.) Merril] milk lacking lipoxygenase isoenzymes. J Agric Food Chem. (1995) 43:2449–52. doi: 10.1021/jf00057a025


 68. Lei, Q, and Boatright, W. Compounds contributing to the odor of aqueous slurries of soy protein concentrate. J Food Sci. (2001) 66:1306–10. doi: 10.1111/j.1365-2621.2001.tb15206.x


 69. Gulkirpik, E, Toc, M, Atuna, RA, Amagloh, FK, and Andrade Laborde, JE. Evaluation of oxidative stability of full fat soybean flour in storage and sensory quality of Tuo Zaafi-enriched with soy flour as influenced by traditional processing methods. Foods. (2021) 10:2192. doi: 10.3390/foods10092192 

 70. Guzman, GJ, Murphy, PA, and Johnson, LA. Properties of soybean-corn mixtures processed by low-cost extrusion. J Food Sci. (1989) 54:1590–3. doi: 10.1111/j.1365-2621.1989.tb05166.x


 71. Park, SK, Prabakaran, M, An, Y, Kwon, C, Kim, S, Yang, Y , et al. Impact of storage stability on soybean (Glycine max, L.) flour stored in different conditions and package materials. Kor J Crop Sci. (2018) 63:338–59. doi: 10.7740/kjcs.2018.63.4.338


 72. Zhu, S, Riaz, MN, and Lusas, EW. Effect of different extrusion temperatures and moisture content on lipoxygenase inactivation and protein solubility in soybeans. J Agric Food Chem. (1996) 44:3315–8. doi: 10.1021/jf960065e


 73. Crowe, TW, Johnson, LA, and Wang, T. Characterization of extruded-expelled soybean flours. J Am Oil Chem Soc. (2001) 78:775–9. doi: 10.1007/s11746-001-0341-9


 74. de Borja Reis, AF, Tamagno, S, Moro Rosso, LH, Ortez, OA, Naeve, S, and Ciampitti, IA. Historical trend on seed amino acid concentration does not follow protein changes in soybeans. Sci Rep. (2020) 10:17707. doi: 10.1038/s41598-020-74734-1 

 75. Zarkadas, CG, Yu, Z, Voldeng, HD, and Minero-Amador, A. Assessment of the protein quality of a new high-protein soybean cultivar by amino acid analysis. J Agric Food Chem. (1993) 41:616–23. doi: 10.1021/jf00028a021


 76. Gorissen, S, Crombag, J, Senden, J, Waterval, W, Bierau, J, Verdijk, LB , et al. Protein content and amino acid composition of commercially available plant-based protein isolates. Amino Acids. (2018) 50:1685–95. doi: 10.1007/s00726-018-2640-5 

 77. Hughes, GJ, Ryan, DJ, Mukherjea, R, and Schasteen, CS. Protein digestibility-corrected amino acid scores (PDCAAS) for soy protein isolates and concentrate: criteria for evaluation. J Agric Food Chem. (2011) 59:12707–12. doi: 10.1021/jf203220v 

 78. Laurena, AC, Rodriguez, FM, Sabino, NG, Zamora, AF, and Mendoza, EMT. Amino acid composition, relative nutritive value and in vitro protein digestibility of several Philippine indigenous legumes. Plant Foods Hum Nutr. (1991) 41:59–68. doi: 10.1007/bf02196383 

 79. Löest, C, Lambert, B, Trater, A, and Titgemeyer, EC. Branched-chain amino acids for growing cattle limit-fed diets based on soybean hulls. Kansas Agric Exp Station Res Rep. (2001) 1:77–9. doi: 10.4148/2378-5977.1759


 80. Omosebi, MO, Osundahunsi, OF, and Fagbemi, TN. Effect of extrusion on protein quality, antinutritional factors, and digestibility of complementary diet from quality protein maize and soybean protein concentrate. J Food Biochem. (2018) 42:e12508. doi: 10.1111/jfbc.12508


 81. del Valle, FR. Nutritional qualities of soya protein as affected by processing. J Am Oil Chem Soc. (1981) 58, 58:419–29. doi: 10.1007/bf02582392


 82. Erbersdobler, HF, Barth, CA, and Jahreis, G. Legumes in human nutrition: nutrient content and protein quality of pulses. Ernahrungs-Umschau. (2017) 64:140–4. doi: 10.4455/eu.2017.038


 83. Le, DT, Chu, HD, and Le, NQ. Improving nutritional quality of plant proteins through genetic engineering. Curr Genomics. (2016) 17:220–9. doi: 10.2174/1389202917666160202215934 

 84. Gu, J, Bk, A, Wu, H, Lu, P, Nawaz, MA, Barrow, CJ , et al. Impact of processing and storage on protein digestibility and bioavailability of legumes. Food Rev Int. (2022)4:1–28. doi: 10.1080/87559129.2022.2039690


 85. Han, IH, Swanson, BG, and Baik, BK. Protein digestibility of selected legumes treated with ultrasound and high hydrostatic pressure during soaking. Cereal Chem J. (2007) 84:518–21. doi: 10.1094/cchem-84-5-0518


 86. Guzmán-Ortiz, FA, Hernández-Sánchez, H, Yee-Madeira, H, San Martín-Martínez, E, Robles-Ramírez, MDC, Rojas-López, M , et al. Physico-chemical, nutritional and infrared spectroscopy evaluation of an optimized soybean/corn flour extrudate. J Food Sci Technol. (2014) 52:4066–77. doi: 10.1007/s13197-014-1485-5 

 87. Liener, IE. Implications of antinutritional components in soybean foods. Crit Rev Food Sci Nutr. (1994) 34:31–67. doi: 10.1080/10408399409527649 

 88. Abbas, Y, and Ahmad, A. Impact of processing on nutritional and antinutritional factors of legumes: a review. Ann Food Sci Tech. (2018) 19:199–215.


 89. Liener, IE. Effects of processing on antinutritional factors in legumes: the soybean case. Arch Latinoam Nutr. (1996) 44:48S–54S. 

 90. Sharma, A. A review on traditional technology and safety challenges with regard to antinutrients in legume foods. J Food Sci Technol. (2020) 58:2863–83. doi: 10.1007/s13197-020-04883-8 

 91. Fasina, Y, Classen, H, Garlich, J, Swaisgood, H, and Clare, D. Investigating the possibility of monitoring lectin levels in commercial soybean meals intended for poultry feeding using steam-heated soybean meal as a model. Poult Sci. (2003) 82:648–56. doi: 10.1093/ps/82.4.648 

 92. Marsman, G. J. P. (1998). Chemical, physical and nutritional changes in soybean meal as a result of toasting and extrusion cooking. Available at: https://edepot.wur.nl/199861 (Accessed March 25, 2023)


 93. Mohamed, TK, Zhu, K, Issoufou, A, Fatmata, T, and Zhou, H. Functionality, in vitro digestibility and physicochemical properties of two varieties of defatted foxtail millet protein concentrates. Int J Mol Sci. (2009) 10:5224–38. doi: 10.3390/ijms10125224


 94. Obulesu, M, and Bhagya, S. Biochemical, functional and nutritional characteristics of soy protein concentrate prepared by thermal processing. J Food Sci Technol. (2006) 43:161–6.


 95. Cabrera-Orozco, A, Jimenez-Martinez, C, and Davila-Ortiz, G. Soybean: non-nutritional factors and their biological functionality. Soybean - Bio-Active Comp. (2013). doi: 10.5772/52598


 96. Kies, AK, de Jonge, LH, Kemme, PA, and Jongbloed, AW. Interaction between protein, phytate, and microbial Phytase. In vitro studies. J Agric Food Chem. (2006) 54:1753–8. doi: 10.1021/jf0518554 

 97. Qin, P, Wang, T, and Luo, Y. A review on plant-based proteins from soybean: health benefits and soy product development. J Agric Food Res. (2022) 7:100265. doi: 10.1016/j.jafr.2021.100265


 98. Rizzo, G, and Baroni, L. Soy, soy foods and their role in vegetarian diets. Nutrients. (2018) 10:43. doi: 10.3390/nu10010043 

 99. Dutson, TR, and Orcutt, MW. Chemical changes in proteins produced by thermal processing. J Chem Educ. (1984) 61:303. doi: 10.1021/ed061p303


 100. Guiné, RPF. The drying of foods and its effect on the physical-chemical, sensorial and nutritional properties. ETP Int J Food Eng. (2018) 4:93–100. doi: 10.18178/ijfe.4.2.93-100


 101. Kaldy, MS, Hanna, MR, and Smoliak, S. Influence of drying methods on protein content and amino acid composition of three forage legumes. Can J Plant Sci. (1979) 59:707–12. doi: 10.4141/cjps79-110


 102. Lokuruka, MNI. Effects of processing on soybean nutrients and potential impact on consumer health: an overview. Afr J Food Agric Nutr Dev. (2011) 11:5000–17. doi: 10.4314/ajfand.v11i4.69170










 


	
	
TYPE Original Research
PUBLISHED 16 May 2023
DOI 10.3389/fnut.2023.1075800






Association between diagnostic criteria for severe acute malnutrition and hospital mortality in children aged 6–59 months in the eastern Democratic Republic of Congo: the Lwiro cohort study

Gaylord Ngaboyeka1,2,3*, Ghislain Bisimwa1,3, Anouk Neven2,4, Pacifique Mwene-Batu1,5,6, Richard Kambale5, Petit Passy Kingwayi2, Christian Chiribagula1, Oreste Battisti5,7, Michèle Dramaix2 and Philippe Donnen2


1Ecole Régionale de Santé Publique, Université Catholique de Bukavu, Bukavu, Democratic Republic of Congo

2Ecole de Santé Publique, Université Libre de Bruxelles, Brussels, Belgium

3Nutritional Department, Centre de Recherche en Sciences Naturelles, Lwiro, Democratic Republic of Congo

4Competence Center for Methodology and Statistics, Luxembourg Institute of Health, Strassen, Luxembourg

5Hôpital Provincial General de Reference de Bukavu, Université Catholique de Bukavu, Bukavu, Democratic Republic of Congo

6Faculté de Médecine, Université de Kaziba, Kaziba, Democratic Republic of Congo

7Département de sciences cliniques, Faculté de médecine, Université de Liège, Liège, Belgium

[image: image2]

OPEN ACCESS

EDITED BY
 Harsharn Gill, RMIT University, Australia

REVIEWED BY
 Leonardo Palombi, University of Rome Tor Vergata, Italy
 Ishag Adam, Qassim University, Saudi Arabia

*CORRESPONDENCE
 Gaylord Ngaboyeka, amaningaboyekagaylord@gmail.com 

RECEIVED 26 October 2022
 ACCEPTED 17 April 2023
 PUBLISHED 16 May 2023

CITATION
 Ngaboyeka G, Bisimwa G, Neven A, Mwene-Batu P, Kambale R, Kingwayi PP, Chiribagula C, Battisti O, Dramaix M and Donnen P and (2023) Association between diagnostic criteria for severe acute malnutrition and hospital mortality in children aged 6–59 months in the eastern Democratic Republic of Congo: the Lwiro cohort study. Front. Nutr. 10:1075800. doi: 10.3389/fnut.2023.1075800

COPYRIGHT
 © 2023 Ngaboyeka, Bisimwa, Neven, Mwene-Batu, Kambale, Kingwayi, Chiribagula, Battisti, Dramaix and Donnen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Background: Few studies have assessed the relationship between weight-for-height (WHZ) and mid-upper arm circumference (MUAC) with hospital mortality considering confounders. The particularity of MUAC for age (MUACZ) is less documented.

Objective: This study aims to investigate this relationship in a region endemic for severe acute malnutrition (SAM).

Methods: This is a retrospective cohort based on a database of children admitted from 1987 to 2008 in South Kivu, eastern DRC. Our outcome was hospital mortality. To estimate the strength of the association between mortality and nutritional indices, the relative risk (RR) with its 95% confidence interval (95% CI) was calculated. In addition to univariate analyses, we constructed multivariate models from binomial regression.

Results: A total of 9,969 children aged 6 to 59 months were selected with a median age of 23 months. 40.9% had SAM (according to the criteria WHZ < -3 and/or MUAC<115 mm and/or the presence of nutritional edema) including 30.2% with nutritional edema and 35.2% had both SAM and chronic malnutrition. The overall hospital mortality was 8.0% and was higher at the beginning of data collection (17.9% in 1987). In univariate analyses, children with a WHZ < -3 had a risk almost 3 times higher of dying than children without SAM. WHZ was more associated with in-hospital mortality than MUAC or MUACZ. Multivariate models confirmed the univariate results. The risk of death was also increased by the presence of edema.

Conclusion: In our study, WHZ was the indicator more associated with hospital death compared with MUAC or MUACZ. As such, we recommend that all criteria shall continue to be used for admission to therapeutic SAM programs. Efforts should be encouraged to find simple tools allowing the community to accurately measure WHZ and MUACZ.
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 MUAC, WHZ, MUACZ, hospital mortality, South Kivu, DRC, severe acute malnutrition


Introduction

Acute malnutrition (AM) considerably increases the risk of morbidity and mortality in children under 5 years of age. Worldwide, 13% of deaths among these children are attributed to AM, with severe acute malnutrition (SAM) contributing to three-fifths of these deaths (1). A child with SAM has an approximately nine times greater risk of dying compared to a well-nourished child (2). It has been shown that if malnourished children are properly identified and treated, the majority of these deaths could be prevented (3). According to the World Health Organization (WHO), the identification and management of SAM is a public health priority.

Nowadays, the WHO recommends admitting children from 6 to 59 months to SAM management programs when they meet at least one of the following three criteria: (i) a Z-score weight for height (WHZ) < −3 relative to 2006 WHO growth standards; (ii) an Mid upper arm circumference (MUAC) < 115 mm; (iii) the presence of nutritional edema (4). Although WHZ and MUAC are recommended as independent indicators for SAM, many studies have shown that they have poor concordance (5–8).

The use of MUAC has been increasingly promoted and applied in humanitarian crisis contexts because of its simpler measurement and low cost. Indeed, screening for SAM using MUAC has been shown to be feasible by community members after a short training in remote areas where height/length boards and weighting scales are not available (8, 9). Some authors even support the exclusive use of MUAC on the basis that MUAC would be a better predictor of mortality than WHZ (8–16).

However, various studies have shown that less than 50% of the children with SAM meet both criteria (12, 17). MUAC and WHZ often identify different children and the criterion that identifies the majority of children with SAM varies considerably from country to country (12, 17).

This discrepancy in diagnosis can be partly explained by the fact that MUAC does not take age into account. MUAC for age (MUACZ) may have greater diagnostic concordance with WHZ than MUAC because of its adjustment for age. Preliminary data from Somalia do not support this hypothesis and showed that MUACZ and WHZ have low diagnostic concordance despite a similar prevalence of children with SAM (18). However, large-scale data assessing the ability of MUACZ to identify cases and predict SAM-related mortality are still scarce.

Recent analyses found that the mortality risk increases exponentially with decreasing anthropometric status measured by WHZ or MUAC and that a low WHZ has an as high or even higher risk of mortality than a low MUAC (2, 19). In addition, children with both a deficit in MUAC and WHZ have a higher mortality risk than children with a single anthropometric deficit (17, 20). According to Schwinger et al. (19) the two criteria may be the sign of different metabolic changes and therefore combining the pathological processes may potentially result in a cumulative risk of death.

As the degree of overlap between MUAC and WHZ varies greatly by context, Grellety et al. (12) recommended that both criteria continue to be used for admission to SAM programs. The two diagnostic parameters are complementary as they select different children. Failing to assess both criteria for SAM, whenever possible, would underestimate the SAM prevalence and exclude children from programs using only the opposite indicator.

In the Democratic Republic of Congo (DRC), malnutrition still remains one of the major public health problems, with a prevalence of 43% of chronic malnutrition (CM) (21). In South Kivu, a province located in the eastern DRC, malnutrition has been endemic since the 1960s (13). One in two children under the age of 5 is affected by CM and 7.9% suffers from AM with predominance of kwashiorkor (21, 22).

Data from community surveys suggest that in the DRC MUAC is the diagnostic criterion that identifies more children suffering from SAM than the WHZ criterion (12, 23–26). These studies also highlight the discordance between MUAC and WHZ in the diagnosis of SAM and the differential mortality risks for both indicators (23–26). However, all these articles are based on secondary data from nutritional surveys. The latter are often conducted in emergency contexts where the focus is mainly on MUAC. Studies evaluating the different diagnostic SAM criteria based on data collected in a medical structure specialized in the management of malnutrition in the DRC are rare. In addition, many of the published analyses assessing the survival of malnourished children have not been adjusted for important confounding factors.

The Pediatric Hospital of Lwiro (HPL) is one of the first structures that were involved in the management of malnutrition in the DRC. A team of researchers supported by the “Centre Scientifique et Médical de l’Université Libre de Bruxelles pour ses Activités de Coopération” (CEMUBAC) developed a SAM treatment model in the 1980s and has computerized the data since 1986. The electronic records contain socio-demographic, anthropometric, clinical and biological data collected from patients hospitalized between1987 and 2008, from admission to discharge from hospital.

The objective of the present study is to investigate the associations between the diagnostic indicators of SAM (WHZ, MUAC and MUACZ) and the hospital mortality of children under 5 years old treated for SAM at HPL. In our analyses, we have taken into account a number of confounding factors that may influence the survival of children, namely the presence or absence of infectious complications, that of CM and of nutritional edema.



Materials and methods


Study type and population

This is a retrospective cohort study based on the database of children admitted between 1987 and 2008 at the HPL for the management of SAM, in the province of South Kivu, in the DRC.

The subjects included in the present analysis were children aged 6–59 months in whom the anthropometric parameters at admission (weight, height and arm circumference), the presence of nutritional edema and of infectious disease, as well as the survival status at hospital discharge had been collected. Children with missing data for at least one of these variables have been excluded. As such, it has to be noted that children who left during hospitalization or were transferred to another facility were excluded from the study, whenever the survival status at discharge could not be retrieved. We also excluded subjects with values outside the limits defined by the WHO for z-scores and anthropometric parameters (23). The WHO has set the following reliability thresholds: For weight, the lower and upper limits are 3 kg and 31 kg, respectively. For height, subjects with a height < 54 cm or > 124 cm were excluded. For arm circumference, subjects with a MUAC < 75 mm or > 230 mm were excluded. For the height-for-age (HAZ) index, this concerns the subjects with a HAZ < –6 or > 6 and for the WHZ index, the subjects with a WHZ < –5 or > 5.

In the original HPL database from 1987 to 2008, a total of 17,873 children were recorded. Out of these children, 11,187 were aged between 6 and 59 months and had complete data for the study variables of interest. Of these, 1,218 (10.9%) additional children were excluded because at least one of their anthropometric parameters exceeded the thresholds defined by WHO, leaving 9,969 children for our analyses (Figure 1).

[image: Figure 1]

FIGURE 1
 Flow chart of subjects selected for the study.




Study environment

The study was conducted at the Centre de Recherche en Science Naturelle (CRSN) of Lwiro, in the health zones (HZ) of Katana and Miti-Murhesa, in South Kivu. The HZs of Miti-Murhesa and Katana are located 33 and 40 km from the city of Bukavu (capital of the province of South Kivu), respectively.

The CRSN was created in 1947 and organizes its activities in four research departments: biology, geophysics, nutrition and documentation. The nutrition department has a pediatric hospital (HPL) and several integrated health centers monitoring the health and nutrition status of children in the community.

The HPL, with a capacity of 70 beds, is located 50 km from the city of Bukavu. In the 1970s, it operated as a nutritional rehabilitation center that only admitted children suffering of SAM. Since the 1980s, it has been considered a referral hospital for all pediatric pathologies. Research activities were also carried out there. It had between 5 and 7 doctors. Consultations were provided by a general practitioner under the supervision of a pediatrician (27, 28, 41). Nutritional therapy has changed over the years, with three distinct periods. During the first period (1987–1993), treatment was based on MASOSO gruel, which is a blend of corn, soy and sorghum. A key feature in the second period (1994–1996) was the administration of locally produced high-energy milk (HEM), which was a mixture of milk, oil and sugar and had an energy density close to 900 kcal/liter. During the third period (August 1996–December 2008), HEM was replaced by the therapeutic milk F-75 (in the 1st phase of treatment) and F-100 (in the 2nd phase) (27, 28, 41).



Study variables

The main outcome of interest was the survival status at discharge of the hospitalized child, a dichotomous variable (survivor or deceased). Hospital mortality includes death from any cause during hospitalization.

The independent variables were age (months), sex, weight (kg), height (cm), MUAC (mm), the presence or absence of nutritional edema in the hands and/or feet and/or face and the presence or absence of infection. The definition criteria and the categorization of variables are described below.

It should be noted that the nutrition diagnosis made at that time was based on the weight-for-height percentiles (WPP) of the local growth curve established by DeMaeyer in 1959 and not published (24), the presence of nutritional edema and the serum albumin level. The criteria used for diagnosis of SAM at HPL at that time differ from those currently used by the WHO.

We thus reassessed the nutritional status based on the current WHO curves (25). The anthropometric indicators (MUAC, WHZ, MUACZ, HAZ and WAZ) were each classified into three categories according to the threshold of the WHO anthropometric indicators: (1) normal, (2) moderate acute malnutrition (MAM) and (3) SAM. Children without edema whose MUAC was < 115 mm and/or WHZ Z-score < −3 and/or MUACZ Z-score < −3 were defined as having SAM.

For the MUAC and WHZ criteria, we classified children in SAM by MUAC only, by WHZ only and by both MUAC and WHZ. We have also proposed this classification for children with the MUACZ and WHZ criteria.

Children with edema were automatically classified as SAM, regardless of anthropometric indicators.

Kwashiorkor was defined by the presence of nutritional edema in the hands and/or feet and/or face and marasmus was based on a MUAC < 115 mm and/or a WHZ Z-score < −3 without nutritional edema. The mixed form was defined by the presence of nutritional edema with either a MUAC < 115 mm or a Z-score WHZ < −3 or both. In the absence of SAM, MAM was defined by a WHZ Z-score between −3 and − 2 and/or a MUAC between 115 and 125 mm. Finally, CM was defined by a Z-score HAZ < –2 (23).

These nutritional classifications were the ones used for the rest of the analysis.

The infectious diagnosis was based on clinical and biological assessments. The performed examinations included inflammatory assessment, direct examination of the stool, coproculture, blood culture, cytobacteriological examination of the urine, chest X-ray, lumbar puncture, analysis of the cerebrospinal fluid and thick smear.

The child age variable was categorized into three classes (6–11 months, 12–23 months, and 24–59 months).



Ethical standards

Ethical approval was granted by the Ethics Committee of the Catholic University of Bukavu (approval number: UCB/CIE/NC/022/2016). The principle of confidentiality was respected.



Statistical analyses

Data were analyzed with Stata.14. Frequencies and proportions were used to summarize categorical variables, the median with the interquartile range or the mean with the standard deviation were used for the description of quantitative variables depending on the shape of their distribution.

To estimate the strength of the association between the hospital mortality and the nutritional indicators, unadjusted relative risk ratios (RR) with their 95% confidence interval (95% CI) have been computed. The “normal” category has been used as reference. i.e., for MUAC the category with values ≥125 mm and for MUACZ and WHZ the category with values ≥ − 2 Z-score. We also reported analyses stratified by age category and presence or absence of nutritional edema.

To take into account confounding factors, adjusted relative risk ratios were calculated using multiple variable binomial regression. To deal with the collinearity between the MUAC and MUACZ indicators, two separate models were constructed. In the first model, we performed an adjustment of MUAC and WHZ indicators with age, sex, CM, presence or absence of nutritional edema and infectious diagnosis. In the second model, we performed the same adjustment by replacing MUAC with MUACZ. The chosen significance threshold was 5% (p < 0.05).




Results


General characteristics of the studied population

The children included in our study had a median age of 23 months, with almost half of them having between 24 and 59 months. In this cohort, just over half are male. In total, 30.2% of our subjects had nutritional edema and the infectious diagnosis was positive for over 80% of the children (Table 1). Of the 9,969 children admitted to the HPL during the study period, 11.5% had SAM based on WHZ only. Using MUAC only for SAM diagnosis, 14.9% suffered from SAM. Using MUACZ alone, the proportion of SAM was 21.8%. Combining WHZ and MUAC criteria for diagnosis, 36% of the children with SAM had both WHZ < –3 and MUAC < 115. When stratified by nutritional edema, 38% of SAM children with edema had a deficit in both indicators and 35% in SAM children without edema. Seventy percent of the children suffered from CM (including 48.9% suffering from the severe form). 39.1% were severely underweight (Table 1). The infectious diagnosis was made in 82.7% of children and the most frequent infections were malaria, gastroenteritis, pneumonia, and sepsis (Table 1).



TABLE 1 General characteristics of children aged 6–59 months hospitalized between 1987 and 2008 at the Lwiro Pediatric Hospital (HPL) n = 9,969.
[image: Table1]



Malnutrition classification (based on who growth charts)

Based on current WHO reference curves, 40.9% of children had SAM (as criteria: nutritional edema and/or MUAC and/or WHZ). More than a third suffered from SAM and CM at the same time. Underweight concerned 62.5% of the children (Table 2).



TABLE 2 Malnutrition classification (based on WHO growth charts) of children admitted to Lwiro Pediatric Hospital (HPL).
[image: Table2]



Hospital mortality and its evolution over the years

Over the 22 years of data collection, the average percentage of intra-hospital deaths was 8.0%. Figure 2 displays the evolution of the hospital mortality over time. At the beginning of the period mortality was highest (with 17.9% in 1987). One can observe a downward trend in mortality over time. It was 12.6% between the years 1987–1993, 8.5% between the years 1994–1996 and 5.9% between the years 1997–2008. This reduction was most probably linked to the improvement of care over the years, the improvement of diagnostic methods and the implementation of the community approach to the integrated management of acute malnutrition (PCIMA) (29–32). Efforts to improve the country’s health policies and system with the support of international partners in terms of technical and financial support could also be a factor that influenced this mortality decline over time (29, 33).

[image: Figure 2]

FIGURE 2
 Evolution of hospital mortality over the years in children hospitalized at the Lwiro Pediatric Hospital, 1987–2008, Eastern DR Congo: Lwiro Cohort.




Hospital mortality according to nutritional diagnostic criteria and characteristics (the univariate analysis)

The risk of death (compared to the “normal” category) was 2.8 times higher for children with a WHZ < –3, 2.2 times higher for SAM diagnosed by MUAC alone and 2.1 times higher for MUACZ < – 3 (Table 3); the 95% CI were largely overlapping. The risk of death was also elevated in the presence of edema and for children suffering from CM. Stratifying by age, it can be observed that the risk of death for MUAC < 115 mm or MUACZ < –3 was highest for children aged 6 to 11 months and tended to decrease with age. The risk of death for a WHZ < –3 was higher compared to the MUAC and MUACZ criteria but similar regardless of the age categories (Appendix Table 1).



TABLE 3 Hospital mortality according to nutritional diagnostic criteria and characteristics of children admitted to the HPL 1987–2008.
[image: Table3]



Hospital mortality according to different combinations between the criteria (WHZ, MUAC, and MUACZ)

Figure 3 shows the hospital mortality relative risk ratios for the different MUAC-WHZ and MUACZ-WHZ combinations. In the entire cohort, the risk of mortality was almost 3 times higher for children having a deficit in both criteria MUAC and WHZ or MUACZ and WHZ, respectively compared to the “normal” category. It can also be observed that the risk tended to be higher in the categories with a WHZ < − 3 than for a MUAC < 115 mm. No notable differences in the risks were observed when MUAC was replaced by MUACZ.

[image: Figure 3]

FIGURE 3
 Hospital mortality according to different combinations between the weight-for-height (WHZ) and mid-upper arm circumference (MUAC) criteria on the left panel and WHZ and MUACZ on the right panel of children admitted to the HPL between 1987 and 2008.


Regardless of the MUAC-WHZ combination, the mortality risk was systematically higher in children with edema compared to children without edema (Appendix Table 2). On the other hand, the relative risks were similar for children with and without nutritional edema. Among the children with edema, we could find a higher RR for the category “WHZ < – 3 and MUAC > = 125.” However, we cannot conclude that there was a significant difference with the other categories since the 95% confidence intervals overlap. The same observation was made when MUAC was replaced by MUACZ (Appendix Tables 2 and 3).

The reader can also find in the appendix the analyses for the combined criteria stratified by age (Appendix Tables 4 and 5).



Hospital mortality according to nutritional diagnostic criteria and characteristics (the multivariate analysis)

The multivariate analysis (Table 4) for the WHZ and MUAC indicators showed that WHZ was most associated with mortality after adjustment for confounding factors. Indeed, children with SAM by the WHZ criterion have almost 2.4 times the risk of dying (95% CI: 1.9–2.9) compared to children without SAM. On the other hand, there was no significant association between the MUAC criterion and hospital mortality after adjustment for age, sex, presence or absence of edema, chronic malnutrition, infectious diagnosis and years of follow-up. Considering the model including MUACZ instead of MUAC, the adjusted relative risks remained similar for WHZ. Children with SAM by the MUACZ criterion were 1.2 times more likely to die than children with normal MUACZ, the difference being statistically significant. In the two adjusted models, the presence of edema increased the risk of hospital mortality by almost 2. After stratification by follow-up period (periods with changes in nutritional management), our results showed that WHZ was the criterion most associated with death compared with MUAC for all these periods. During the first two periods, the presence of edema increased the risk of death more than 4 times (Appendix Table 6).



TABLE 4 Association of nutritional indices with hospital mortality after adjustment for age, sex, presence or absence of nutritional edema, chronic malnutrition, infection and years of follow-up (binomial regression).
[image: Table4]




Discussion

The purpose of this study was to explore the association between the WHZ, MUAC and MUACZ indicators and hospital mortality in Eastern DRC, using a database of children treated for SAM between 1988 and 2008.

Our data showed that separately, WHZ, MUAC and MUACZ are all three associated with in-hospital death. By combining the WHZ and MUAC indicators, the risk of death was highest when the child presented deficits of these two criteria concurrently. Furthermore, our univariate analysis suggested that the risk tended to be higher for children with a WHZ deficiency than for children with a low MUAC. Multivariate analysis with adjustment for age, sex, presence or absence of nutritional edema, chronic malnutrition and infection confirmed the univariate results: Children with a WHZ < – 3 were 2.5 times (95% CI: 2.0–3.1) more likely to die than children without SAM, while the association of mortality with MUAC was no longer significant after adjustment.

Our results are similar to those found by Emmanuel Grellety et al. (17), who also showed that low WHZ was more strongly associated with death than low MUAC and that the risk was increased for concurrent deficits of WHZ and MUAC. Numerous other studies have confirmed that a low WHZ alone increases significantly the risk of death (2, 34–38).

According to Katz et al. (39), the mortality risk is much higher for low WHZ in older children than in younger ones. We did not observe this difference when stratifying by age. Our results are consistent with those found by Emmanuel Grellety and Michael Golden on data from 18 African countries. Indeed, they observed that the mortality rate was higher in children with the WHZ criterion than those with the MUAC criterion for both younger and older children except for marasmus children in East Africa (17).

However, our data are not in line with the work performed by other researchers (7, 11, 14, 20) who showed that children with low WHZ were relatively healthy with a lower risk of death compared to those with low MUAC. This discordance may be partly explained by the fact that most of these studies used community data, without taking into account other confounding factors that can influence the death of malnourished children. These factors may include the presence of infections due to the defective state of immunity induced by undernutrition, CM and the presence of nutritional edema. In our study, we adjusted the risk of death for SAM diagnostic criteria by these confounding factors. Another element that can be highlighted is that in areas with a high prevalence of chronic malnutrition, children diagnosed with WHZ will be relatively few in number because most of these children will be in harmony with their weight given that they already have a short stature (chronic malnutrition). Therefore, MUAC alone will tend to recruit more SAM children. Finally, the MUAC deficit does not have the same biological explanation as the WHZ because the MUAC indicator only provides information on fat and muscle wasting whereas the WHZ provides information on all soft tissues.

In our study, we observed that a low MUACZ increased the risk of death. In the adjusted analysis, we observed that the risk of death remained significantly higher with low MUACZ as compared to children without that deficit but was lower than the risk associated with a low WHZ. Studies are rare that focus on the link between MUACZ and mortality. This would be because MUACZ is not widely used in many countries. Studies to shed light on this are to be encouraged.

We agree with other researcher that the use of MUAC is relatively simple, inexpensive, and therefore facilitates community screening for SAM. However, its sole use would lead to the non-identification of a significant proportion of children suffering from SAM who do not have a low MUAC but rather a low MUACZ and/or a low WHZ. Given that the objective of community management programs for SAM is to recruit as many affected children as possible and to reduce SAM-related mortality, the use of all anthropometric criteria (WHZ, MUAC, MUACZ) should be encouraged. It is therefore necessary to develop sufficiently simple tools allowing to measure WHZ and/or MUACZ in the community, so that children with WHZ < –3 and MUACZ < –3 can also be included in care programs. With modern technology, the use of smart phones connected to scanning rooms would give accurate measurements of height, head circumference and MUAC (7, 12, 15, 16). With these advances, we hope to have techniques available in the future that make the assessment of WHZ and MUACZ simple to use in community settings. While waiting for these scientific advances, intensive care units for SAM must take into account all diagnostic criteria for admission to therapeutic SAM programs, whenever possible. We also encourage studies aimed at defining a threshold of MUAC which could potentially identify all SAM children by MUACZ and WHZ in the community and also a clinical score in relation to the clinical signs providing information on nutrient deficiencies and thus allow easy identification in the community of all SAM children and triage for management in a medical structure where all criteria can be easily used. Specific nutrient deficiencies have not been studied for children followed for SAM because we did not have information on their dosage. Nutrient deficiencies will be very important to know to better care for children and also reduce the risk of mortality.

Another finding observed is that the overall hospital mortality was 8.0% during the study period and was highest at the start of collection. This could be the results of the efforts made over the years, from the evolution of screening over the management of malnutrition.

Finally, children with nutritional edema are suffering from SAM according to the WHO definitions. The latter are at approximately twice the risk of death in our study compared to children without edema. This is explained by the fact that SAM reduces the immune system and thus exposes to severe infections and many other acute complications.

In our study, we found that more than 80% of children followed at the HPL had an infection. Although the HPL worked as a nutritional center, it also took care of other children’s illnesses given the need of the population and the accessibility to the center, which could explain the high prevalence of infections in our dataset. A second explanation for this proportion of infections would be SAM itself with the drop-in immunity it induces, thus explaining exposure to infections.

Despite our results, some limitations should be mentioned. First, information about the psychomotor development of each child from birth is not known. Moreover, the notion of relapse episodes of malnutrition for each child given the endemic context of AM in the study region, the duration of hospitalization and the secondary causes of AM are not known. These items could be potential confounding factors, as they are linked to the survival of children in hospitalization. Moreover, certain records were excluded at the beginning of the study because the subjects had incomplete data, left during hospitalization or were transferred to another facility. These children for whom we have no information could have left the hospital and died elsewhere of various causes, including cases of relapses, but also cases of many other complications. Consequently, we do not know how the data on these subjects would have influenced our results, but the number is small, we do not expect the results to change significantly. Another limitation is the absence of HIV serology in our analysis due to its association with malnutrition and mortality. Nevertheless, two recent studies in our environment, including one on the cohort of adults with a history of SAM, show a low prevalence of HIV in the malnourished. In view of this, we believe that this would not have substantially influenced our main conclusions (28, 39). Finally, the absence of information on the duration of hospitalization of each child did not allow us to perform a Cox regression analysis which is a standard method to study time-to-event endpoints.

Despite these limitations, our study is one of the few research projects that investigates the association between hospital mortality and different anthropometric indicators in such a large cohort of children (nearly 10,000 children) followed in a tertiary level structure, while taking into account certain clinical aspects.

In conclusion, our work has shown that WHZ alone is more strongly associated with hospital mortality than MUAC or MUACZ alone after adjustment for age, sex, the presence of nutritional edema, infection, and chronic malnutrition. The presence of nutritional edema also increases the risk of death in our environment and presents an additive effect of death to the other indicators of SAM. As such, we think that all criteria shall be used for admission to therapeutic SAM programs. Efforts should be encouraged to find simple tools allowing the community to accurately measure WHZ and MUACZ, so that children with WHZ < –3 and/or MUACZ < – 3 can also be included in prevention programs. As for example, Buonomo et al. who show in their study that the assessment of weight velocity Z-scores, coupled with the already validated malnutrition indices, can support frontline health workers in early prediction of child malnutrition (40).
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Insects are a significant source of food for millions of people worldwide. Since ancient times, insects in medicine have been contributing to the treatment of diseases in humans and animals. Compared to conventional animal farming, the production of insects for food and feed generates significantly less greenhouse gas emissions and uses considerably less land. Edible insects provide many ecosystem services, including pollination, environmental health monitoring, and the decomposition of organic waste materials. Some wild edible insects are pests of cash crops. Thus, harvesting and consuming edible insect pests as food and utilizing them for therapeutic purposes could be a significant progress in the biological control of insect pests. Our review discusses the contribution of edible insects to food and nutritional security. It highlights therapeutic uses of insects and recommends ways to ensure a sustainable insect diet. We stress that the design and implementation of guidelines for producing, harvesting, processing, and consuming edible insects must be prioritized to ensure safe and sustainable use.
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1. Introduction

The global population is rising exponentially, and so is the societal difficulty of meeting nutritional needs, which drives up the worldwide demand for meat (1). As a result, dietary diversity, biofortification, supplementation, and commercial food fortification, are all approaches that are beneficial in combating malnutrition (2–5). Thousands of insect species are consumed annually, mostly in developing nations (6). About 2.5 billion people worldwide rely on insects as a supplementary food source (7). Over the past decade, edible insects have gained popularity as healthy and environmentally friendly substitutes for traditional meat and dairy products. The global edible insect industry will be worth over $3 billion by 2030 (8). However, the consumption of insects is still unusual in most western populations if not considered a taboo (9–11). Many nations in Asia, Africa, Europe, and Latin America consume whole, easily recognizable edible insects as a typical snack or even as their primary source of protein (12). These insects are often prepared by being boiled, dried, toasted, or fried before being used in cooking (13).

Edible insects can solve many environmental and health issues, including climate change, hunger, and environmental degradation caused by agro-industrial production (14). The growing population of the world, along with the resulting shifts in demographics regarding lifestyle, dietary preference, and income, and the resulting expectation of increased access to a wide variety of lifestyle options has led to a heightened awareness of the global sustainability challenges humanity faces today (15). Sustainable development and commercialization require multi-disciplinary research into edible species and documentation of the species’ preparation process and therapeutic characteristics (16).

Though consuming edible insects for food and using them for treating animal and human diseases have received greater attention, there needs to be more information on other benefits associated with production, marketing and harvesting. For instance, the African coconut beetle Oryctes monoceros (Olivier), Asiatic rhinoceros beetles Oryctes rhinoceros (Linnaeus), and African palm weevil Rhychophorus phoenicis (L.) attack and kill economically important crops, such as palms, banana, and pineapple (17–20). However, many people in Sub-Saharan Africa consume the same insects because of their nutritional properties (21, 22).

This review discusses wild edible insects as agricultural pests of cash crops and how harvesting these insect pests could contribute to their management. Moreover, our review examines edible insects as a long-term solution to global food security by considering their nutritional properties, ecosystem services, and environmental impacts. We highlight the potential of wild edible insects as reservoirs for pathogens harmful to plants, animals, and humans. Furthermore, we discuss some edible insects with therapeutic properties for treating diseases. We highlight options for designing and implementing guidelines for using insects as food and the need to prioritize harvesting and consumption to ensure safe and sustainable use.



2. Methodology

In this review, we sourced articles from these databases: Semantic Scholar1, Google Scholar2, Scopus3, Science Direct4, and SciELO5. The review started from January 2022 to December 2022. Articles published in indexed scientific journals and books were considered without limitations on the year of publication. We selected only articles published in English. To be more specific in our search, the keywords used, included “edible insects,” “the bioactivity of edible insects,” “edible insects and climate change,” “pathogens of edible insects,” “insects in medicine,” “nutritional benefits of insects,” “insects as food and feed,” “ecological benefits of edible insects,” “edible insect pests,” and “edible insects as vectors of diseases in plants, animals and crops.” A detailed representation of the search of articles for the review is illustrated in Figure 1.

[image: Figure 1]

FIGURE 1
 A schematic diagram showing the methodology followed during the review.




3. Food and nutritional benefits of edible insects

Food security measures the availability and accessibility to safe, nutritious, and sufficient food. One billion people rely on livestock for their livelihood, and 70% of the 880 million rural poor who earn less than USD $1.00 a day rely on livestock at least in part for their income and food security (23). Nevertheless, the prevalence of undernourishment has increased by 1.5% points in recent years, representing a midpoint of about 720 to 811 million people suffering from hunger in the first year of the COVID-19 pandemic (24). The rise was estimated to be 446 million in Africa, 57 million in Asia, and 14 million in Latin America and the Caribbean (23–25). Substantial dietary changes are required to achieve global food security goals. Edible insects could serve as an alternative source of nutrients and are currently considered as significant food sources.

About 5.5 million insect species are available worldwide, of which approximately 1 million have been described (26). Of this number, approximately 2,100 species are edible (27). Among these edible insects are beetles, caterpillars, ants, bees, wasps, grasshoppers, true bugs, dragonflies, termites, and cockroaches (27). In Africa, for instance, the most critical edible insect orders include Lepidoptera (30.93%), Orthoptera (22.80%), Coleoptera (19.70%), Heteroptera (9.32%), Blattodea (7.40%), Hymenoptera (6.78%), Diptera (1.06%), Dictyoptera (0.85%), Odonata (0.64%), and Ephemenoptera (0.42%), with Odonata and Ephemeroptera forming relatively lower percentages (28).

Generally, it is difficult to determine the nutritional profile of edible insects due to the considerable differences encountered across species, country, insect feed composition, insect rearing mode, and developmental stage of insects, all of which may affect the nutritional profile. However, proteins, lipids, chitin, minerals, and vitamins form significant components of nutrients in edible insects. Protein represents the major component of nutrient composition in edible insects, followed by lipids (29). In terms of dry matter, the protein content of edible insects ranges between 35.3 and 61.3% for Blattodea (termites) and Orthoptera (crickets, grasshoppers, locusts), respectively (30). The latter exhibits the lowest lipid content of about 13.41% dry matter, whereas beetles, termites, and fly larvae depict high contents of approximately 33.40% dry matter. The former includes palmitic, stearic, palmitoleic, oleic, linoleic, α-linolenic and γ-linolenic acids. Chitin, the main polysaccharide component of the insect exoskeleton, protects insects from harsh environmental conditions. Furthermore, even though edible insects are generally rich in copper, iron, magnesium, manganese, phosphorous, selenium, and zinc, little is known about the nutritional profile of vitamins and minerals (31). The potential contribution of insects to food and nutritional security is crucial worldwide. However, much more knowledge is essential for the quantitative nutritional assessment of insects, especially vitamins and minerals. The nutritional profile of insects used as animal feed also needs more research.



4. Medicinal benefits of edible insects

In many cultures worldwide, traditional medicine has used insects for a long time to treat stomach aches, respiratory issues, and wound healing. However, most of the research on the functional significance of edible insects has been on their ability to act as antioxidants in cell models or in vitro (32). Additionally, there is scant research on how edible insects affect platelet aggregation, anti-inflammation, lipid modulation, and glucose metabolism (33–35). However, there has been a recent uptick in research on the potential health benefits of edible insects from a theoretical and practical standpoint (32). Recent advances have investigated the biological activities of common insect orders, such as Blattodea, Coleoptera, Diptera, and Hemiptera (Table 1).



TABLE 1 Common edible insects, isolated compounds and biological activity.
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Numerous therapeutic qualities, such as antioxidant and anti-platelet aggregation action, have been examined in vitro in various edible insects (32). The expression of anti-tryptic and chymotryptic activity, as well as the inhibition of pancreatic lipase, and dipeptidyl peptidase-4 activity, have all been studied in vitro (32). Moreover, a recent study showed that flour from Tenebrio molitor (Linnaeus) affected the growth of Lactobacillus and Bifidobacterium by improving short-chain fatty acid production and viability in nutritive stress conditions (54).

There have been parallel efforts in cellular and ex vivo models. Human umbellar vein endothelial cells (HUVECs) exhibited lower levels of thrombin, plasminogen activator inhibitor, and factor Xa after exposure to indole alkaloids derived from Protaetia brevitaris seulensis (Kolbe) (55). The ethanolic extract from Gryllus bimaculatus (De Geer), Oxya chinensis sinuosa (Mishchenko), and Protaetia brevitaris seulensis reduced intracellular lipid accumulation and triacylglycerol in liver hepatocellular carcinoma (HepG2) (55). Lipid accumulation was also reduced in L-02 cells, a human fetal hepatocyte line, by polyunsaturated fatty acids and α-linolenic acid from Bombyx mori (L.) (35). Again, tetrahydroquinolines isolated from Allomyrna dichotoma caused a reduction in vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 levels, as well as adherence of monocytes to HUVECs monolayers and migration of human neutrophils (56).

Moreover, there have been investigations into the effects of edible insects through animal models. For instance, Zebrafish Danio rerio (F. Hamilton) fed with Hermetia illucens (L.) showed a significant increase in growth rate (57). Tetrahydroquinolines from Allomyrina dichotoma (L.) administered to septic C57BL/6 mice increased their survival rate (56). Also, wheat noodles enriched with B. mori powder significantly reduced post-prandial blood glucose, glucose peak, and area under the curve of glucose and glucose index (58).



5. Contribution of edible insects to climate change mitigation

Rapid global climate change continues to threaten the existence of humanity on earth (59). Nevertheless, the production of livestock is solely responsible for more than 14.5% of all greenhouse gas (GHG) emissions (CO2, CH4, and NO2), 64% of the world’s NH4 emissions, water pollution, and biodiversity loss (7). Livestock, a significant driver of environmental degradation, calls for an alternative protein source, such as consuming edible insects known for their low contribution to GHG (60). For example, the emissions of greenhouse gases per kilogram of mass and NH3 of three edible insects T. molitor, A. domesticus, and Locusta migratoria (L.) were lower than pigs and far lower than cattle (61). Also, the global warming potential per kg of Protaetia brevitarsis seulensis production (15.93 kgCO2eq) was lower than the conventional meat sources, such as chicken (18–36 kgCO2eq), pork (21–53 kgCO2eq), and beef (75–170 kgCO2eq) (62). Furthermore, the methane output of cockroaches and beetle larvae was more than 20 times lower than that of cattle and was similar to or slightly lower than that of pigs (62). Using the lifecycle assessment (LCA) method, GHG emission from producing 1 kg of mealworm was far lower than that of chicken, pork, or beef (63). Also, the LCA for black soldier fly production was more sustainable than that of fresh chicken meat (64).



6. Contribution of edible insects to ecosystem services

Edible insects provide direct and indirect ecosystem services like cultural, provision, maintenance, and regulation as per the definition by the Millennium Ecosystem Services (65). One of the ecological services that insects may give is the decomposition of organic waste. Insects are frequently employed to break down agricultural and culinary waste when raising insects in large numbers for food. The black soldier fly, Mealworms, houseflies, and crickets are the most effective bio converters (7, 66, 67). These insects can simultaneously make valuable commodities, like biomass from insects, cosmetics, lubricants, medicines, biofuels, surfactants and fertilizers (68). These insects also render regulatory services through the control of crop pests and pollination (Table 2).



TABLE 2 Examples of insects’ species and the ecosystem services they render.
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6.1. Pollination

Globally, insects are relied on extensively for pollination in agriculture. This ecosystem service is of great economic value. The Apidae family of bees is considered the most significant edible insect pollinators. Honey bees are also noted to increase the yield of about 96% of crops, with recent literature indicating that wild bees might be even better pollinators than honey bees (82). The study further indicated that, in the United States, bee pollination services are valued at 3.07 billion US dollars. Therefore, the limitation on pollination by bees poses a significant risk to yield stability and food security (82). Butterflies and moths are also important pollinators of crops. Agrius convolvuli (L.), a Hawk moth, is a critical papaya pollinator in Kenya and Southeast Asia (64).




7. Decomposition

Edible insects like ants and termites are vital in soil formation and the cycling of nutrients through the decomposition of organic matter. The direct consumption of organic matter and the indirect effects of insect activities, such as creating larval tunnels in woody materials, result in their decomposition in the tropical forest, thereby increasing soil fertility. An example is the palm weevil which deposits its eggs on the trunk or directly on the inner tissues of falling trees. The emergent larvae then accelerate the decomposition of the logs by burrowing through and feeding on the inner tissues. Twenty-nine percent of deadwood’s carbon flux emanates from insects’ net effects, making it impossible to rule out the functional importance of edible insects in decomposition (83).


7.1. Reduction of food waste

The loss and wastage of food threaten the sustainability of our food system. Millions of tonnes of food waste are generated annually, with research confirming up to 50% waste along the food supply chain (84). Insect-based bioconversions through a novel approach could be an immediate approach to reducing food waste (85). Edible insects can convert low-value food waste such as brewery grains, potato peels, and expired food into biomass and frass for other purposes (84). Using food waste to rear insects is an alternative means to close the gap in the food value chain. Edible insects reared on food waste enter the food chain, with their residues serving as a nutrient source for crop production (86).



7.2. Food chain/web

Insects are considered rich in essential nutrients and have recently attracted attention as food and feed for terrestrial livestock or fish (87). Edible insects like H. illucens can transform lost nutrients into the food chain as protein-rich human food, animal feed, and even fertilizer (88). Although these edible insects render such tremendous ecosystem services, the fact that they are part of the food chain cannot be ignored. Therefore, they can be harvested and consumed cautiously without overexploiting them beyond their regeneration capacity.




8. Economic benefits

Even though edible insects are for human consumption, it is critical to note that the food industry has historically been a significant driver of economic growth and employment creation, making insect farming a promising strategy for alleviating poverty. Insects can be a source of income for even the lowest sections of society because they are easy to harvest, cultivate, rear, and process (89–92). The market for edible insects is expected to expand from $400 million to 1.2 billion in 5 years (2018–2023) (93). More specifically, in the Asia Pacific, the market is likely to exceed $270 million by 2024 (94).

In Africa, lepidoptera is the most consumed order of insects (95). They provide proteins, fats, and essential micronutrients. In South Africa, Uganda, and Nigeria, rearing and selling caterpillars generate income in rural areas (95). In East Africa, insect rearing is rapidly growing and becoming a sustainable option as opposed to the current farming options, which demand arable water and land (96). The authors further indicated the ongoing trends in insect farming, the important insect species, the nutrients derived from insects, and the marketing and regulatory frameworks associated (96). They highlighted how insect farming had created microenterprises in East African countries, including Kenya, Uganda, and Tanzania (96). Insect rearing can reduce poverty as it demands labor. In Africa, after palms have been cut down in a labor-intensive process to extract sap, the cut trunks are revisited to extract the larvae of the palm weevil, R. phoenicis (7).

As a result of insect farming practices, new employment opportunities have emerged. Producing powders from insects can generate jobs and financial gain (97). The European Union has recently permitted the use of processed insects as feed for fish (97). Several species of insects can be farmed: Musca domestica (L.), Alphitobius diaperinus (Panzer), H. illucens, Gryllodes sigillatus (Walker), Gryllus assimilisit (Fabr.), T. molitor (L.), A. domesticus (L.) (97). Due to rising food prices, the European Union plans to encourage insect rearing and expand the number of insects that can legally be added to fish food. Some African countries, including Uganda and Kenya, feed their poultry with insects (97). If other African countries followed suit, the outcome for the continent would be sustainable development within the animal farming sector.

A recent study showed how insects create socioeconomic changes, mitigate societal challenges, create healthier food, and reduce animal waste production and consumption (98). In Thailand, insect rearing has been revolutionized by disseminating knowledge and improving rearing methods as opposed to the previous practice of collecting insects in the wild (98). Globally, insect rearing has the potential to help humanity achieve the seventeen Sustainable Development Goals (SDGs) proposed by the United Nations. Some of the goals, include zero hunger, good health and well-being. The increasing popularity of eating insects suggests that they could be further promoted as a healthy and sustainable food option.



9. Edible insects as pests of crops

Some insect pests are simultaneously considered a vital source of micro-nutrient and protein and thus are consumed by humans. The most common insect pests considered edible include species belonging to the order Coleoptera, Lepidoptera, Hemiptera, and Orthoptera (Table 3) (99, 102). The most well-known edible insect pests are Schistocerca gregaria (Forsskål), L. migratoria, Locusta napardalina (Walker), Zonocerus variegatus (L.) and Nomadacris septemfasciata (Audinet-Serville) (102). These insect pests can cause significant yield losses to host crops exposing bare ground to soil erosion and impacting ~10% of humans (102). In addition, yam, banana, cassava, cocoa, citrus, cowpea, maize, and soybeans are all targets of these polyphagous feeders. Because of their high nutritional value, locusts are collected and used as food and feed in 65 countries, primarily in Africa and Asia, during outbreaks (53). Oryctes rhinoceros, O. monoceros, O. boas, and R. phoenicis are considered an economically important pest of Elaei guineensis, Phoenix dactylifera, Raphia spp. and Cocos nucifera. The larvae of Orycte boas destroy the crops and cause low yields. Moreover, R. phoenicis are voracious feeders, and with their hard mouth parts, they penetrate and damage the plant tissues, causing the leaves to die (106). The larvae of these pests are considered edible insects mainly in Africa (107). The fall army worm Spodoptera frugiperda (Smith) and S. exempta can destroy entire crops by feeding on the early stages of the maize plant. The larvae of the pest are consumed in Zambia (102). Although insect pests are considered a significant constraint of crop production, edible insect pests have an exceptionally high potential to contribute to a more sustainable and socially equitable global food security. Also, consuming these insects could be an environmentally friendly strategy for biological control.



TABLE 3 Common insect pests used as food.
[image: Table3]



10. Edible insects as a reservoir of diseases

Insects as food and feed have recently attracted tremendous attention due to their high-quality nutrient contents, ability to upcycle low-grade organic substrates into high-quality insect biomass, and reduction in environmental footprint (94). Despite the rapidly expanding insect farming industry, there has been a significant focus on the potential for disease outbreaks in insect colonies and their spread to humans, animals, and plants.

Insect-borne pathogens threaten the health of humans, animals, and insects as they can cause disease or even death and eventually collapse an entire insect colony (108). A recent study characterized bacterial communities associated with A. domesticus and G. assimilis and compared populations associated with the surface and whole body of crickets to uncover potentially beneficial and pathogenic microorganisms. Findings from the study support the use of probiotics composed of microorganisms already present in the human digestive system (109). In contrast, some potentially dangerous microorganisms were in the samples.

A recent study by Gałęcki and Sokół (110) identified parasites colonizing mealworms, house crickets, cockroaches, and migrating locusts in Central Europe household farms and pet stores (Table 4). The study revealed parasites in 244 out of 300 examined insect farms. Interestingly, 206 of the cases had parasites that were pathogenic for insects only; 106 had parasites pathogenic for animals; and in 91 cases, parasites were pathogenic for humans (6). However, in humans, before being consumed, edible insects must first undergo one of four common processes: boiling, drying, toasting, or frying (103), which can kill pathogens associated with the edible insect.



TABLE 4 List of diseases/pathogens transmitted by edible insects.
[image: Table4]

Often, organic side streams are used in rearing Black Soldier Fly (BSF) larvae which are a potential source of food-safety-related microbes (112, 115, 116). In plants, Dzepe et al. (113) identified phytopathogenic fungi (see Table 4) in the leaves of lettuce Lactuca sativa when grown in frass-exposed soil. The presence of pathogens in a rearing substrate could be problematic when the resulting residues are used as fertilizers since phytopathogenic fungi can negatively impact crop yield (117). Thus, pathogen contamination of rearing substrates could pose multiple risks when the insects are reared for food and feed and the residue for soil enrichment. Interestingly, BSF larvae can reduce pathogen abundance in substrates during rearing. This pathogen inhibitory effect has been observed for different food-safety-related bacteria, including Escherichia coli and Salmonella species (115, 118). Kuznetsova et al. (116) found a complete elimination of mycelial fungi from feed substrates when BSF larvae were reared on food substrates.

So far, adult BSF has not been reported as a disease vector. However, van Huis (7) warns against a possible susceptibility to infections following the sector’s rapid growth. Adult House fly (HF) is a nuisance to humans, animals, and vectors of about a hundred pathogens, including bacteria, protozoans, helminths, and viruses (7). Although insect-borne pathogenic viruses are largely host-specific (119), their effects can be felt in humans and other animals that are exposed to disease-ridden material. For instance, adult HF can potentially act as a vector of the orf virus Ecthyma contagiosum (Poxviridae), which causes ecthyma in sheep and goats and humans exposed to disease-infected animals (120). Like BSF, HF larvae can reduce the microbial load in manure (14). Furthermore, bacterial endospores have been identified in yellow mealworms and house crickets. A high endospore count of 5.0 log (c.f.u. g − 1) was recorded in cricket samples (121). The study hinted at a possible food safety risk since this endospore count surpassed the lower threshold for Bacillus cereus in edible insects. However, no legal microbiological criteria existed specifically for edible insects (121). Therefore, edible insects can sufficiently contribute to diversifying and securing global food and feed. However, the potential of this mini-livestock to harbor and transmit diseases cannot be neglected as they can pose both direct and indirect health risks to humans, animals, and plants.



11. Environmental impacts of edible insect production

Safe food and water supply, unpolluted air, safe use of chemicals, sound agricultural practices, and preservation of natural resources are all attributes of a healthy environment and align very well with the United Nations Sustainable Development Goals (SDGs), especially SDGs 6, 12–15 (122). Providing food for everyone now and more so in the future is one of the most significant challenges directly involving SDGs 1 and 2 (98). Our existing food systems are heavily involved in many environmental issues, such as greenhouse gas emissions, eutrophication of freshwater resources, and biodiversity loss (123).

Farming insects for food and feed has recently received considerable attention as a sustainable alternative to conventional food production models, providing food for humans and animals with minimal environmental footprint (Table 5) (97). To understand the comparative advantage of insect farming over conventional livestock farming, Skrivervik (124) re-echoed the criticism meted out on meat production due to its negative impact on the ecosystem. For instance, farming livestock takes up considerable agricultural land, and the emission of nitrous oxide is concerning, thus making livestock production highly eco-degrading (124). Insects have a smaller feed conversion ratio than cattle and require less space to farm. House crickets are known to be about four times more efficient feed converters than pigs and over 12 times better than cattle (124). Almost (in most cases 100%) all of the insect body is consumed, compared to lower than 50% for cattle, which may translate to less food wastage in favor of insects (124). Furthermore, producing insects in areas with near-optimal environmental conditions, such as the tropics, could benefit energy use reduction. Insects are poikilothermic and adjust their body temperature to that of their surroundings, hence less demand for external energy inputs.



TABLE 5 Advantages of insect farming over livestock farming.
[image: Table5]

Among several factors considered in assessing environmental impact is methane release, which results from the fermentation of Methano-bacteriaceae in the gut, food conversion, and reproduction rate, all typical in beef cattle, poultry, and pigs. This far, cockroaches, termites, and beetles are known to release methane, and less so for other edible insects. For instance, the yellow mealworm is not known to produce methane and thus retains a low global warming potential relative to other livestock products (125). Greenhouse gas emissions from mealworms, house crickets, black soldier flies, and houseflies; feed conversion efficiency, organic waste reduction, and; fishmeal replacement by insect meal in animal feed are all topics that have been examined in the context of conventional livestock production (61).

Despite the several benefits of insect farming, the fast-growing and innovative sector is not without negative effects. Quang Tran et al. (126) suggests a trade-off in using insect meal from BSF, HF, mealworm, and (Z. variegatus) as an aquafeed. In their analysis, Quang Tran et al. (126) showed that the inclusion of insect meals in aquafeeds led to higher values of global warming potential, and water and energy use than those obtained in diets without insects. They, however, attribute this impact to the insufficiency of production technology and scalability. Nikkhah et al. (62) also found positive impacts of farming Protaetia, brevitarsis seulensis larvae, noting beneficial environmental effects on land use, mineral extraction, and aquatic and terrestrial ecotoxicity when insects were reared on bio-waste. However, several reports found negative environmental effects of insect farming associated with global warming (62, 125).

Edible insect farming can contribute to a sustainable food and feed system, given that some insect species can thrive on low-grade organic streams. However, the safety of derived food and feed cannot be guaranteed without careful monitoring and implementation of preventive measures while closely checking the effects of technological advancements (61).

Edible insect farming has the potential to benefit humanity and the environment; however, farming should be critically reviewed so as not to damage the environment. Farmed insects are numerous, and the order with the highest number of edible insects belongs to Coleoptera (127). There are currently twelve living orders of aquatic insects, six of which are considered edible. Unfortunately, these insects are not being harvested sustainably and are exposed to overexploitation and extinction (127). Dragonflies, for example, are edible aquatic insects, and their over-exploitation and extinction can affect the environment due to an ecosystem balance. It is important to emphasize how farming insects help improve conservation directly and indirectly. Dragonflies feed on mosquitoes, and the former is considered the natural enemy of the latter. The balance between these natural enemies and the pests enhances the environmental health and sustainability of ecosystems and guarantees that there is food at the different trophic levels of the food chain.

The United Nations has reported the urgency of reducing greenhouse gases to combat climate change and improve environmental health (98). Livestock production accounts for about 14.5% of all greenhouse gas emissions (128). Insects raised from human waste can help clean waterways, one of many ways to improve environmental health (98). Several greenhouse gases are currently contributing to the damage of ozone layer. Even though some insects, such as cockroaches, termites, and beetles, release methane into the atmosphere, insect rearing can reduce climate change as it is more environmentally friendly source of protein (98). Even though pig, poultry, and beef products are currently the preferred source of animal proteins, insect rearing has a better impact on the environment regarding reproductive rate, food conversion efficiency, and methane production. The yellow mealworm, T. molitor, is considered environmentally benign due to its high reproductive rate and lack of methane production (125).

Many studies have shown that raising insects positively affects the planet (97). Their requirements for arable land and water are relatively low compared to fish or poultry farming (97). In addition, insect rearing has a low environmental cost for producing greenhouse gases such as carbon dioxide (97). Furthermore, insects’ nutritional quality is relatively high compared to the trade-off regarding the effect on the environment. Proteins and minerals like calcium, iron, and zinc are a few nutrients that can be obtained from eating insects. Finally, just as beekeeping has been promoted over several centuries to increase honey production and environmental conservation (129), there is a need for sustainable rearing of edible insects.



12. Implication of harvesting wild edible insects on their conservation

Over-exploitation of insects significantly contributes to the decline of many edible insect species, threatening wild insects (73). Usually, insects are sourced through wild harvesting, farming, and semi-domestication of the wild species. However, literature shows that about 92% of these insect species are harvested from the wild (28). Wild harvest of edible insects by humans brings about direct competition with other predators, eventually undermining their population viability. Quite many edible insect species are hosts or prey to other organisms. Hence, overexploitation of edible insects from the different trophic levels beyond regeneration capacity may adversely affect the population of other organisms and, consequently, the provision of some essential ecosystem services (130). Over a decade of research has revealed that the population of widely consumed Mopane worm (Imbrasia belina) keeps declining in South Africa and Zimbabwe due to increased commercialization and overexploitation (131). The global trade in insect species continues to grow due to the need to feed a world population approaching 8 billion people (132). During periods of meat protein shortage, insects constitute nearly a third of their protein intake, which threatens the edible insect species population since it often exceeds their regeneration capacity. Also, the collection practices have become less selective and sustainable (133). A decline in the population of some edible insect predators or parasitoids has been reported in western and northern Europe and New Zealand (134).



13. Conclusion and future perspectives

Using insects as food and feed has a long history since ancient times and continues to provide food for millions of people worldwide. Edible insects contain essential nutrients, such as carbohydrates, proteins, vitamins, and minerals, which have antimicrobial properties. Apart from these benefits, edible insects require a smaller space for production than livestock, which need more extensive land to produce the same amount of energy. Edible insects provide many ecosystem services, such as decomposition, pollination, reduction of food waste and support of food chain or web, and monitoring of environmental health. Utilizing insects as food and feed, we can alter beef, fish, and poultry consumption and the life cycle assessment, thereby reducing greenhouse gas emissions, ammonia emissions, and carbon footprints. Several activities associated with edible insect production and marking generate jobs, and income, thereby ensuring poverty reduction and zero hunger, especially in developing countries. Edible insects can potentially improve our global food security significantly, but they also have several challenges that need addressing. Some wild edible insects harbour pathogens of plants, animals, and humans. For instance, migratory locusts are consumed by amphibians, reptiles, and humans, mainly in parts of Africa and Asia. Nosema spp. and Gregarine spp., which cause severe losses to bee colonies worldwide, are the common parasites of Locusts. Acheta domesticus harbors Nosema spp., Gregarine spp., and Steinernema spp. (135). Though A. domesticus are often consumed in powdery form or protein extracts, the insect can also be consumed directly (136, 137). Recent scientific research demonstrates that the bacteria levels and anti-nutrient components in edible insects are reduced using preservation procedures, primarily thermal treatments, employed in cooking or processing (135). Specifically, these methods suggest proper preparation by boiling, drying, toasting, or frying edible insects to ensure a safe diet. Rearing edible insect pests of horticultural and forest crops like termites, locusts, and grasshoppers requires an appropriate procedure to avoid possible introduction outside the farming facility. Moreover, with proper rules and policies, these alternative protein sources may offer a solution to problems of availability and accessibility of conventional proteins sources. Furthermore, the problem of overexploitation of edible insect resources can be curbed by laying rules to control their consumption and, more importantly, by educating people on the need to move from wild harvesting to farming and semi-domesticating wild species. In farming/rearing edible insects, there would be a need to encourage the use of food leftovers to save production costs and solve the problem of loss and wastage of food.
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Background: Iron deficiency and underweight are common nutritional problems among young Japanese women, many of whom show unhealthy dietary patterns owing to a desire for thinness. We conducted a cross-sectional analysis of the relationship between iron status, nutritional status, and dietary intake among young Japanese women with underweight to identify dietary risk factors for iron deficiency.

Methods: Of the 159 young women (18–29 years of age) enrolled, 77 underweight and 37 normal-weight women were included in the study. They were further categorized into four groups based on quartiles of hemoglobin levels among all participants. Dietary nutrient intake was ascertained using a brief self-administered diet history questionnaire. Blood level of hemoglobin and nutritional biomarkers such as total protein, albumin, insulin-like growth factor-1 (IGF-1), and essential amino acids were measured.

Results: In underweight, the multiple comparison test showed that dietary intakes of fat, saturated fatty acid, and monosaturated fatty acid were significantly higher and carbohydrate intake was significantly lower in the group with the lowest hemoglobin level, whereas intakes of iron were the same across groups. Multivariate regression coefficients suggested that replacing fat with protein or carbohydrates increased hemoglobin levels under isocaloric conditions. Additionally, significant positive correlations were observed between hemoglobin levels and nutritional biomarkers.

Conclusion: Dietary iron intake did not change across different hemoglobin groups among Japanese underweight women. However, our results suggested that an imbalanced dietary macronutrient induces anabolic status and hemoglobin synthesis deterioration among them. Especially, a higher fat intake may be a risk factor for lower hemoglobin.

KEYWORDS
 iron deficiency, nutrients, underweight women, hemoglobin, dietary habit


1. Introduction

Iron deficiency, which is one of the major causes of anemia, is globally one of the most common health and nutrition concerns. Women and children are prone to anemia, particularly in developing countries, because of poor nutritional status (1). The incidence of anemia is relatively high in young Japanese women, with the prevalence of anemia and iron deficiency without anemia reported to be 17% (2, 3) and 33–47% (4, 5), respectively. Iron deficiency causes dizziness, shortness of breath, headache, reduced performance, and cognitive dysfunction (6–10).

In Japan, a survey showed that 21% of the women in their 10s and 20s are underweight, while <10% of them are obese (11). The percentage of underweight women in Japan is prominently higher than those of other developed countries. Underweight can related to bone loss, low muscle mass, and iron deficiency. Being underweight has been identified as a risk factor for iron deficiency among women and children in Indonesia (12), India (13), and Bangladesh (14) because of poor nutritional status. Previous research evaluating the dietary habits of Japanese women showed that though the underweight women with a desire for thinness consume less cereal and rice, they eat more pastries, including candies and chocolates, than normal-weight women (15). This type of undesirable dietary habits can lead to health issues, including iron deficiency. Iron replacement is the standard treatment for iron deficiency anemia; however, high iron intake induces gastrointestinal side effects, and compliance and intolerance to oral iron preparations limit its efficacy. Hence, it is crucial to prevent or improve iron deficiency by adopting proper dietary behaviors.

There have been conflicting data in the nutritional studies among Japanese with iron deficiency. A study (16) showed that the dietary iron intake is lower in iron deficiency than normal; however, other studies (17, 18) found that dietary iron intake did not change between the two groups. Thus, other factors including nutrients other than iron may be involved in the prevalence of iron deficiency in Japanese women. Some nutritional studies have indicated that dietary intakes of energy, protein (19, 20), and vitamin A (21, 22) are related to the prevalence of iron deficiency. In addition, some nutrients have been shown to reinforce iron absorption and its biological functions. For example, vitamin B12 and folic acid are required for erythropoiesis (23); vitamin C increases non-heme iron absorption and modulates the transferrin-iron uptake pathway (24); and sufficient intake of energy and protein are necessary for effective erythropoiesis (25, 26).

To identify dietary risk factors for iron deficiency other than dietary iron, we conducted an exploratory analysis of cross-sectional study for investigating the relationship between blood iron status, dietary nutrients, and nutritional status in young Japanese underweight women aged 18–29 years.



2. Materials and methods


2.1. Participants

A total of 159 women, healthy, young, and aged 18–29 years were enrolled, of which 101 were underweight with body mass index (BMI) between 15.4 and 18.5 kg/m2, and 58 were normal-weight with BMI between 18.5 and 26.0 kg/m2 through two outsourcing companies (Clinical Trial, Tokyo, Japan, and SOUKEN, Tokyo, Japan), from November 2018 to December 2019, as previously reported in our study (27). BMI criteria was based on the definition of World Health Organization (WHO). Although in the previous study, 3 participants with BMI of <16 kg/m2, and 2 participants with BMI ≥23 kg/m2 were excluded, we included them in this study. Among underweight women, we excluded 3 and 21 participants because they took iron supplements and had irregular menstruation or amenorrhea, respectively. Among the normal-weight women, 4 and 17 participants were excluded due to iron supplementation and irregular menstruation, respectively. Finally, 77 underweight and 37 normal-weight women were included (Supplementary Figure S1). The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Institutional Review Boards of Juntendo University (No. 2018139) and Ajinomoto Co., Inc. (No. 2018–022).



2.2. Dietary assessment

Nutrient dietary intake was determined using a brief self-administered diet history questionnaire (BDHQ) (28, 29). The BDHQ is a four-page fixed-portion questionnaire estimating the dietary intake of 46 food and beverage items in the previous month. The dietary intake for energy and selected nutrients, including protein, fat, fatty acids, iron, zinc, vitamin C, vitamin A, vitamin 12, and folic acid were estimated using an ad hoc computer algorithm for the BDHQ. Nutrient intake of participants was calculated from November 2018 to December 2019.



2.3. Blood analysis

Blood samples were collected from all participants after overnight fasting, and the levels of hemoglobin (Hb) and hematocrit (Ht) were measured. Plasma and serum samples were collected for the analysis of serum iron, total iron binding capacity (TIBC), ferritin, total protein (TP), albumin (ALB), and insulin growth factor (IGF-1). Measurement of these parameters were performed by SRL, Inc. (Tokyo, Japan). Plasma amino acids were measured using high-performance liquid chromatography-electrospray ionization-mass spectrometry by precolumn derivatization with Agilent 1,100 series (Agilent Technologies, Waldbrunn, Germany), as described in Shimbo et al. (30). All measurements were performed from November 2018 to December 2019.



2.4. Statistical analysis

Data on age, height, weight, BMI, Hb, Ht, serum iron, and TIBC were expressed as mean ± SD, and ferritin was expressed as median ± interquartile range (IQR). Mann–Whitney U test was applied to compare the values between underweight and normal-weight. The participants were categorized into four groups based on the quartiles of Hb levels among all participants, including underweight and normal-weight women (Q1, Q2, Q3, and Q4, respectively). The Hb levels of four group were 8.9–12.3, 12.4–12.8, 12.0–13.4, and 13.5–14.4 g/dL among underweight, and 10.3–12.3, 12.4–12.8, 12.9–13.3, and 13.5–15.0 g/dL among normal-weight. Dietary nutrients intake, TP, ALB, IGF-1, and essential amino acids (EAA) in each group are expressed as median ± IQR. Energy-adjusted data with a residual method were used as dietary nutrients intake. The percentage of energy from each macronutrient was calculated as carbohydrate, protein, and fat containing 4, 4, and 9 kcal per gram, respectively. Mann–Whitney U test with Holm correction was conducted to compare the dietary nutrients intake across four groups. Pearson’s correlation coefficients, t-values, and p-values were determined to investigate the linearity relationships between blood levels of hemoglobin and nutritional biomarkers.

Substitution analysis (31) was conducted to evaluate the association between intake of macronutrients and Hb levels. Substitution analysis emulates feeding studies which are used to identify the differences in the intake of the specified macronutrients that contribute to energy intake which may be accompanied by variations in the intake of other macronutrients. For example, the effect on Hb level by substituting fat for protein while holding the total consumption of fat, protein, and carbohydrate can be estimated either by leaving only protein out of the multivariable model including consumption of fat, carbohydrate, and the total energy intake (“leave-one-out” model). The coefficients from these models can be interpreted as the estimated effect of replacing a specific percentage of protein with the same percentage of fat. The Hb levels was applied in the models as outcome variable. In addition, the intake of each macronutrient with energy adjustment (g/day) and energy intake (kcal/day) was applied as explanatory variables in the crude models, and the models were further adjusted for age and BMI, which are considered as influence factors on hemoglobin levels. In addition, the ridge regression method, which is used in other nutritional studies (32, 33) to reduce multicollinearity, was applied in the models. The R package ridge was used for this, and the ridge parameter was selected automatically using the proposed method (34).

For supplementary tables, Fisher’s exact test was used to compare the prevalence of anemia between the groups. Dietary nutrients intake (not energy adjusted) between two groups of underweight and normal-weight were compared by Mann–Whitney U test. Mann–Whitney U test with Holm correction was conducted to compare the blood levels of nutritional biomarkers (TP, ALB, IGF-1 and EAA) across four groups. All statistical analyses were performed using R version 4.0.2, and statistical significance was set at p < 0.05.




3. Results

Participants’ characteristics are presented in Table 1. The weight, BMI, and Hb of underweight women were significantly lower than those of normal-weight women. Blood Ht, ferritin, serum iron, and TIBC were similar between the two groups. World Health Organization defines anemia in non-pregnant women as Hb <12.0 g/dL; as shown in Supplementary Table S1, anemia prevalence was not changed between two groups.



TABLE 1 General characteristics of the participants by BMI categories.
[image: Table1]

After categorized by the quartiles of Hb levels which is the key indicator for iron status, nutritional dietary intake among normal-weight women did not differ across the four groups (data not shown); hence, the prevalence of iron deficiency did not depend on dietary factors in normal-weight. On the other hands, as presented in Table 2, intake of fat (g/day), percentage energy from fat (%Energy), saturated fatty acid (g/day), and monounsaturated fatty acids (g/day) were significantly higher in Q1 than Q2 (p = 0.006, p = 0.001, p = 0.021 and p = 0.007, respectively) among underweight women. Conversely, intake of carbohydrate (g/day) and percentage energy from carbohydrate (%Energy) was significantly lower in Q1 than Q2 (p = 0.016 and p = 0.002, respectively). From the dietary assessment by the BDHQ, we found that lower carbohydrate intake derived from lower intakes of cereal, and higher intake of fat was mainly due to higher intake of fats/oils, meats, and dairy products. Dietary intake of iron, vitamins and folic acid was not different across the four groups in underweight women.



TABLE 2 Comparison of the intake of calories and nutrients between the four groups of underweight women.
[image: Table2]

To examine the effect of dietary macronutrient proportion on Hb level in the isocaloric context, we constructed a multivariate model including intake of two macronutrients and energy intake as explanatory variables, excluding one macronutrient. As presented in Table 3, the coefficients for fat were significantly negative in both models with protein excluded (p-value for crude and adjusted models; p = 0.025 and p = 0.045), and with carbohydrate excluded (p-value for crude and adjusted models; p = 0.012 and p = 0.016). In contrast, no significant effect was observed on Hb levels in the model with the fat excluded.



TABLE 3 Linear regression analysis of macronutrient intake with respect to Hb level of underweight women (n = 77).
[image: Table3]

Supplementary Table S2 shows difference in levels of nutritional biomarkers between the four groups of underweight women, whereas, Table 4 shows the association between blood levels of nutritional biomarkers and Hb levels. As shown in Supplementary Table S2, blood levels of TP and ALB were significantly lower in Q1 and Q2 than Q4. Additionally, the levels of IGF-1 were significantly lower in Q1 than Q4. Table 4 shows that all nutritional biomarkers were positively correlated with Hb levels with weak to mild correlation coefficients with r = 0.26 to 0.47 (p < 0.001, p < 0.001, p < 0.001, and p = 0.024 for TP, ALB, IGF-1, and EAA respectively).



TABLE 4 Correlation between nutritional biomarker levels and hemoglobin levels among underweight women (n = 77).
[image: Table4]



4. Discussion

We found that increased fat intake may be a dietary risk factor for low Hb levels, particularly in underweight women. This is the first study investigating the relationship between macronutrient intakes and Hb levels in young Japanese women. In our study, the energy intake of underweight women was 65% of dietary reference intake (DRI) in Japan (2,000 kcal/day). However, the fat intake in underweight women was as high as that in normal-weight women (Supplementary Table S3). Interestingly, median intake of fat was highest in the group with the lowest Hb level (Q1) across the four groups, and was also higher than DRI (20–30% Energy) in underweight women. Our BDHQ data suggested that higher fat intake was mainly due to a higher consumption of fats/oils, meats and dairy products. In addition, median intake of carbohydrate in Q1 was the lowest across the four groups, mainly due to lower cereal consumption. From these results, it was observed that participants in the Q1 group of underweight, which has the highest risk of iron deficiency anemia, had the most unhealthy dietary habits. Among Q2, Q3, and Q4, the groups showed normal hemoglobin levels of >12.4 g/dL, and the dietary nutrients intake were not significantly different. Multivariate analysis showed that increasing the fat proportion adversely affected the Hb levels. This result implies that Hb levels may not improve even when energy intake is supplemented with fat. Although further analyses are needed to understand the causal relationship between fat intake and iron status, some studies have shown a significant association between them. A high-fat diet was shown to suppress iron absorption (35) and lead to abnormalities in iron metabolism in rodents (36). Furthermore, increasing the dietary percentage energy from carbohydrate to fat was shown to improve dietary protein usage (37), and this may influence Hb synthesis because amino acids are required for intra-erythroblast protein synthesis (38). As for the intake of iron and vitamins, which is known to affect iron bioavailability, their intake levels were the same between the different Hb groups.

We found that blood levels of Hb and nutritional biomarkers (TP, albumin, IGF-1, and EAA) were positively correlated. Interestingly, among these biomarkers, IGF-1 which is a growth hormone with anabolic functions was significantly lower in underweight than in normal-weight (median values of 156.0 ± 48.0 ng/mL and 191.1 ± 48.3 ng/mL for underweight and normal-weight, respectively; p < 0.001 by the Mann–Whitney U test). This result suggested that the anabolic functions in underweight women are in declining trend. In developing countries, where energy and protein intake restriction is commonly observed, deficiency of dietary protein may induce low levels of serum IGF-1 (39). Similarly in developed countries, dietary protein level has been reported to be positively correlated with serum IGF-1 level (40, 41). However, in our study, dietary protein level was not reflected in serum IGF-1 levels among Japanese underweight women; thus, the anabolic function of dietary protein may be reduced among them. In young Japanese women who desire to be thin, their calorie intake is restricted similar to that commonly observed in developing countries, but their dietary pattern is characteristic of lowered carbohydrate intake and higher fat intake. This imbalanced diet particularly observed in Q1 group may be one of the factors responsible for reduced anabolic status, and further suppression of Hb synthesis. On the other hand, unlike nutritional biomarkers, dietary intake of fat or carbohydrate did not change between the groups of Q2, Q3, and Q4. There must be other factors besides dietary nutrient involved in anabolic status and Hb synthesis, and further research is needed to elucidate the mechanisms of it.

Our study demonstrated the potential association between dietary macronutrient balance, anabolic status, and Hb level (Supplementary Figure S2). However, this study had certain limitations. First, analysis should focus on iron deficiency anemia and iron deficiency without anemia (defined as low ferritin levels), but we could not carry out this because of limited number of participants. This study was the exploratory cross-sectional study, and proper sample size for analysis was not considered. Further studies with larger cohort with proper sample size are needed for verifying our results and analyzing the relationship between serum ferritin and dietary nutrient intake. Second, dietary data were obtained using BDHQ. As actual dietary habits were unobserved, the results should be interpreted with caution, although the validity of the BDHQ appears reasonable. Third, we could not identify the food that varied significantly between the different Hb groups. Further analysis of food intake is required to propose appropriate dietary habits to prevent iron deficiency. Forth, iron deficiency is influenced not only by nutritional status, but also by inflammation or exercise status. To understand the proper dietary behaviors to prevent iron deficiency according to individual situation, it is necessary to analyze including these risk factors.

In conclusion, dietary levels of iron did not change across different Hb groups among Japanese underweight women. “On the other hand, an increased proportion of energy intake from fat may be one of the risk factors for lower anabolic status. Furthermore, our study suggested that improving anabolic status may be crucial for maintaining high Hb levels”. Further studies are necessary to explore in more detail the dietary factors and foods that control iron deficiency, especially in young Japanese women.
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Food systems are the primary cause of biodiversity loss globally. Biodiversity and specifically, the role that wild, forest and neglected and underutilised species (NUS) foods might play in diet quality is gaining increased attention. The narrow focus on producing affordable staples for dietary energy has contributed to largely homogenous and unhealthy diets. To date, evidence to quantify the nutritional contribution of these biodiverse foods is limited. A scoping review was conducted to document the methods used to quantify the contribution of wild, forest and NUS foods. We found 37 relevant articles from 22 different countries, mainly from Africa (45%), the Americas (19%), and Asia (10%). There were 114 different classifications used for the foods, 73% of these were specifically related to wild or forest foods. Most dietary assessments were completed using a single day qualitative or quantitative 24 h open recall (n = 23), or a food frequency questionnaire (n = 12). There were 18 different diet related indicators used, mainly nutrient adequacy (n = 9) and dietary diversity scores (n = 9). Often, no specific nutritionally validated diet metric was used. There were 16 studies that presented results (semi) quantitatively to measure the contribution of wild, forest or NUS foods to dietary intakes. Of these, 38% were aggregated together with broader classifications of ‘traditional’ or ‘local’ foods, without definitions provided meaning it was not possible to determine if or to what extend wild, forest of NUS foods were included (or not). In almost all studies there was insufficient detail on the magnitude of the associations between wild, forest or NUS foods and dietary energy or nutrient intakes or the (qualitative) diet recall methodologies that were used inhibited the quantification of the contribution of these foods to diets. A set of six recommendations are put forward to strengthen the evidence on the contribution of wild, NUS, and forest foods to human diets.
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Introduction

Humanity is off course in meeting global nutrition and non-communicable disease targets by 2030. Despite global efforts, 811 million people are undernourished, one in three people food insecure, 22% of children under 5 stunted, 1.3 billion people suffering from micronutrient deficiencies, and over 40% of adults now overweight or obese (1). Additionally, none of the Aichi Biodiversity Targets have been fully met (2), with biodiversity for food and agriculture declining (3).

The total number of estimated edible plants range from a conservative 7,039 edible species (4) in a broad taxonomic sense to <30,000 (5) yet less than 200 species make a significant contribution to commercial food production, and just nine species account for two thirds of total global crop production (3, 6). The result is an increasingly homogenous global food system reliant on only four crops (rice, potatoes, wheat, and maize) to provide over half of the worlds dietary energy (3, 7). The narrow focus on producing affordable staples for dietary energy, rather than on a diversity of foods to supply micronutrients has contributed to largely non-diverse and unhealthy diets. The effects extend beyond malnutrition and contribute to degrading ecosystems across the world.

Currently, our food system is depleting natural resources, contributing to greenhouse gas emissions and is the primary cause of biodiversity loss globally (8, 9). Despite increasing recognition of the crucial role of biodiversity in maintaining human and planetary health, biodiversity is declining faster than at any time in human history (9). Biodiversity is currently eroding at extremely high rates, with one million plants and animals now threatened with extinction and 10 million hectares of forests are lost every year (10) putting our global ecosystem and resilience at risk. Yet, paradoxically, biodiversity is the lifeline of ecosystems, human and planetary health, and one that supports both environmental and household resilience – economic, food security, and nutrition.

In the context of diets and food, biodiversity is often referring to wild (uncultivated foods gathered or hunted from the natural environment), neglected and underutilised species and sub-species (NUS), and forest foods. Wild foods are food products obtained from non-domesticated species (3) and many wild foods are simultaneously neglected and underutilised species and forests foods. These biodiverse foods are still important sources of food for many rural populations (11), and of particular importance for sustaining Indigenous people’s dietary needs (12). The FAO (3) reports that wild foods contribute to food security via direct consumption – regularly or as an emergency measure in times of scarcity, by being sold to provide income that is reinvested in food purchases or other household needs, and for cultural and recreational use. Harvesting wild food is well-established as an important coping strategy to deal with food insecurity in rural households (13–16). However, wild foods fulfil more than just safety-net functions, and their consumption is often shaped by other factors such as seasonal availability, trade-offs in time, culture and recreation (17).

Food composition data show the often superior nutrient content of many neglected and underutilised species (18). Studies have demonstrated that wild and NUS foods can make significant contributions of micronutrients (e.g., iron), protein and fibre and thus help to attain nutritional security in resource poor settings (17, 19–21). Moreover, forest and tree sourced foods are widely consumed globally and can make substantial contributions to meeting daily fruit, vegetable, meat, fish and micronutrient intake recommendations (22, 23). In addition, NUS are also known to contain substantial amounts of bioactive compounds such as flavonoids that contribute to overall health (19). However nutrient composition can vary greatly across sub-species and varieties, and across geographies due to biophysical differences, which can make the nutritional contribution of these foods even more difficult given very few data are available on biodiverse food nutrient composition.

Compared to major staple food crops, NUS, and wild foods can be more resistant to biotic and abiotic stresses providing more reliable yields under poor soils and adverse climatic conditions (19, 20), thus are considered climate resilient. They often grow spontaneously in marginal and harsh environments that are not suitable for cultivation of main staple food crops, and with minimal or no farm inputs.

Improved food and nutrition security relies on the sustainable use of natural resources and agriculture within planetary boundaries (IPC 2022). Diverse diets that are high in fruit, vegetables, nuts, seeds, and fibre are needed for healthy diets that not only nourish bodies but protect from non-communicable diseases (24). This diet diversity is relevant to multiple dimensions of ‘diversity’ – diverse food groups (fruit, vegetables, meats) but also biologically regarding variation in species and varieties of food types both across and within food groups (rice, quinoa, buckwheat), i.e., food biodiversity (25).

Biodiversity and specifically, the role that plants, including wild, forest and NUS foods might play in diet quality is gaining increased attention (26). To date, however, the evidence to quantify the nutritional contribution of forest, wild, and NUS is patchy and overall limited. Large-scale dietary intake surveys often focus only on the most commonly consumed foods (e.g., food frequency questionnaires – FFQ) and rarely assess locally available food, let alone wild, forest and NUS foods as few individual or population-representative methods are designed to capture taxonomical detail on foods consumed (27–29). Furthermore, inconsistent recall periods and frequencies of data collection contribute to the difficulties in capturing wild, forest and NUS foods that are often highly seasonal and availability can change across geographies, even within a country or region. The complexity of capturing day-today variability has been shown even at the higher aggregated food group level (30), which has easier and more widely adopted methods for data collection.

There is a breadth of studies that document the depth of food biodiversity available in local food systems (31–33). During qualitative assessments communities report that these are resources utilised, yet often these do not appear in dietary intake assessments or national food-based dietary guidelines. Diverse methods for dietary intake assessments exist, and more recently, tools to motivate the scientific community to generate, collect, compile and disseminate more data on biodiversity in foods (34) are available. However, existing dietary intake assessment tools (including lack of food composition tables), methods and skills are inadequate, time-and labour-intensive, expensive and unlikely to capture the diversity fully and systematically in diets.

The absence of global evidence and data on the contribution of wild, forest and NUS foods to diets worldwide, challenges the development of evidence-based policy recommendations that advocate for more biodiverse food systems for better nutrition and more sustainable food production. The present perspective draws on a scoping review of available literature aiming to (i) describe the dietary assessment methods used to capture the nutritional contribution of forest, tree, wild, and NUS, (ii) quantify the contribution of wild, forest and NUS foods to diets, and (iii) provide recommendations for researchers, development program managers and policy makers for the use of more accurate dietary assessments that adequately capture and demonstrate the importance of biodiverse foods to diet quality and nutrition.



Methods

A systematic process was followed for scoping reviews and papers were extracted from MEDLINE (through PubMed). Although a search of various databases is recommended to provide a comprehensive systematic review of published literature, we restricted our search to MEDLINE whilst utilising a broad syntax to provide a cross-section of how researchers have assessed nutritional contribution of neglected, forest and wild foods in dietary assessment, as basis for methodological considerations and recommendations. The objective of the literature review was to provide an obtain a cross-section of peer reviewed literature on the topic to inform a further reflection on dietary assessment methods. Although MEDLINE currently indexes most of the journals that publish research on nutrition and dietary intake, the present review is hence not an exhaustive review of the literature on the topic.

As there is no agreed botanical definition of what a “forest,” “tree,” “wild,” or “neglected” food is, a comprehensive free text search was used. The free text search extracted all relevant papers with any of these words in the publicly available fields (e.g., title, abstract, authors, affiliations, and keywords). There were no restrictions regarding the date of publication in the search syntax. Table 1 describes the components of the search syntax and SI1 details the exact syntax and number of unique titles retrieved. Two searches were conducted, one to generate results on the contribution from forests or trees, and the other specifically on wild or neglected foods. The results of these were initially reviewed individually and were then combined after mapping. The database was searched on 8/3/2021 and data were extracted on this date. The scoping review was conducted using the relevant PRISMA extension (35).



TABLE 1 Search syntax of the scoping review.
[image: Table1]

All retrieved titles were imported in Mendeley and screened for eligibility based on their titles (DFC). When in doubt, the titles were kept for further screening. Abstracts of retained titles were assessed by two researchers (DF and JB). Finally, full-text papers were examined, and relevant information was extracted and mapped using a pre-established data extraction template (DFC & JB) (SI2). Full text papers were excluded from the review if they reported on nutrition or health outcomes not directly related to diet quality or micronutrient status measurements (e.g., cancer or anthropometrics). After data were mapped and extracted, another researcher reviewed these for the final inclusion assessment (JR). To understand how papers characterised “forest,” “tree,” “wild,” or “neglected” foods, a search was conducted on how these foods were characterised and referred to, specifically in methodology and results sections. A word cloud online tool was used to compute and visualise the frequency of the terms used to classify foods [Free Word Cloud (36)].



Results

In total, 2,349 papers were retrieved (SI3). After title and abstract screening, 115 full text papers were identified as meeting the search criteria. After screening the full texts, 42 papers were included for data mapping. Five papers were excluded at this stage as they were duplicated in both syntax search results, finally resulting in 37 papers that were included in the scoping study (Figure 1).
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FIGURE 1
 Flow chart.


There was a clear geographic bias, from the 37 studies included, there were 22 different country populations represented. Of this, 45% of papers were from African countries compared to 19% from the Americas, 10% from Asia, 7% from Europe and only one paper from the Pacific. Of these, all but eight papers were from rural areas of low-and middle income-countries (Table 2).



TABLE 2 Summary of studies examining the nutritional contribution of food biodiversity.
[image: Table2]

All studies collected primary data. In total, there were six different study designs used. Most studies (n = 27) were cross-sectional, with few longitudinal or in-depth case studies (four and two respectively). There were five intervention studies and only one provided sufficient information on observed effect coefficients. Women of reproductive age and children were most commonly the target population (57%). All other studies focused on household consumption generally and even when data were collected for men and women, the utilisation of foods was presented at an aggregated household level. No studies captured the consumption of all household members to allow for gender-disaggregated or intra-household analysis.

Sample sizes varied greatly from 13–55,000, and most studies had sample sizes between 200–600 respondents. In three cases no sample size was specified. Studies rarely presented justifications on sample size numbers or the relevance of the study power to be able to measure effects or relationships on diet quality.

There were 114 different terms used to classify the foods reported in the methodology and results sections of papers, 73% of these were specifically related to wild, NUS or forest foods in some way. Foods were most frequently classified based on their nutritional function food group (greens, vegetables, fruits etc.) (9%), followed by wild (6%), and traditional (5%) (Figure 2). Foods that were identified in some way related to as wild and forest (e.g., semi-wild, forest, store-bought, and cultivated) were mainly not accompanied by a definition – with 31 classifications undefined. In one case, traditional food also included medicines or teas, as well as generally meals/recipes instead of individual foods, and other where it included both cultivated and uncultivated foods. Despite including the term ‘neglected’ in the search, no papers in the scoping study included the foods that were defined or classified as such.

[image: Figure 2]

FIGURE 2
 Word cloud representing the frequency of different food classification terms used to categorise wild, NUS, and forest foods.


Most (n = 23) dietary assessments were completed using a qualitative or quantitative open 24 h recall (24HR) for a single day only, the next most used methodology was a food frequency questionnaire (FFQ) (n = 12) (Table 2). Most commonly, a FFQ was used for a 7 day period (n = 10), and FFQs for other recall periods varied from 3 days to 1 year. FFQs referred to a large variation in the number of pre-determined foods included in lists from 36 up to 190 foods. In most cases, the number of foods was not disclosed. It was very common that authors referred to their diet recall methods as ‘adapted’, however details were often not provided on how and in which way they were adapted (43%). Most studies utilised only one dietary intake assessment method (71%), and mainly used a single recall, with only five studies conducting repeated dietary recalls on non-consecutive days and two across different seasons.

Non-standardised, non-validated, or non-articulated (meaning, insufficient detail provided about the recall) methods were used in 11 studies. Information regarding seasons during data collection were inconsistently reported, with only 30% of papers clearly articulating a seasonal period as rainy, dry, post-harvest, summer, winter, etc. Others simply mentioned the months or periods when the recall, or even more commonly the study overall, was conducted. In most cases, the relevance or impact of the season was not put within context of the results.

There were 18 different diet related indicators used (SI4) and all studies used more than one metric. The most used indicators were nutrient adequacy and dietary diversity scores (nine studies each), followed by food variety score and frequency of consumption (seven studies each) and mean nutrient intake (six studies). Food security and anaemia were two outcome measures that were slightly outside the scope of the study but were nonetheless included. There was a combination of both validated and unvalidated/standardised metrics used. Often, no specific nutritionally validated dietary quality metric was used and instead frequency, prevalence, or average consumption of a food or food group was reported (43%).

In over half the studies (57%), diet related results did not specifically report any reference to wild, forest or neglected foods – but rather an overall description diet quality or aggregated frequency of consumption of foods (e.g., traditional). In some cases, consumption was assumed from production yields or frequencies, or simply reporting of a food’s ‘use’ (n = 2). Specifically, regarding wild, forest and neglected foods in the diets, the most used metric was frequency of their use and prevalence of their consumption (generally).

In most cases, diet recall results presented only reflected frequency or presence of the food in the diet without contextualising what this meant in terms of contribution to diet quality and nutrition. There were 16 studies that presented results (semi) quantitatively to measure the contribution of wild, forest or neglected foods to diet outcomes (SI5). Of these, 38% were aggregated together with broader classifications of ‘traditional’, or ‘local’ foods which were either defined as including both cultivated and wild or were simply undefined which meant it was not possible to quantify the dietary contribution of wild, forest and NUS foods either individually or collectively in a meaningful way (SI6).



Discussion

The studies identified in this scoping exercise reported that wild, forest and neglected foods are consumed in certain contexts and quantities, yet most failed to present dietary outcome measures reporting based on these food classifications. In almost all studies there was also insufficient information on observed effect coefficients, or the diet recall methodologies used that inhibited the quantification of the contribution of these foods to diet quality.

There were just seven studies (39, 46–48, 61, 64, 69) that were regarded as utilising validated and gold-standard methodologies for measuring and reporting quantifiable contributions of wild, forest or NUS foods to diet quality. These studies utilised more than one dietary intake method (usually a combination of a quantified 24 h recall and a food frequency questionnaire) and repeat recalls on non-consecutive days. These methods require specific nutrition related expertise and can be both financially and time prohibited for many researchers.

As such, it was not surprising that generally, studies did not quantify the contribution of forest, wild or neglected foods to diets or use indicators validated or calibrated to measure different aspects of diet quality. Often, general measures of diet quality were presented (such as diet diversity) without specifically contextualising wild or forest food contribution to these measures. There is a need for novel measures of diet quality and diversity that better capture food biodiversity, and allow for better visibility of wild, forest and NUS foods (73). These would need to be detailed enough to collect detailed descriptive information about the foods consumed that allow for taxonomical identification of foods. Currently, doing so requires significant financial resources to allow for the training of their botanists/agronomists with the botanical knowledge to collect dietary recall data of sufficient quality, or for the training of nutritionist with sufficient skills to understand and document details of foods needed to make taxonomical identifications. There are various novel methodological and mixed-method innovations being tested that attempt to offset some of these costs such as digital photos, apps, citizen science that utilise mobile information communication technology that are being trialled to reduce enumerator burden for dietary recall studies (74). However, these are often not calibrated to capture biodiversity level information and/or are not yet widely validated.

Most often, data were qualitatively described without presenting quantitative data (e.g., frequency of consumption). When quantitative data were presented, there was a high variation in relative importance, and sample sizes were often too small, or it was difficult to evaluate their quantitative significance at a broader population level. In addition, the use of either highly aggregated and undefined food classifications (e.g., traditional) or only specific subcategories (e.g., wild leafy greens or a specific wild animal) were reported. When these terms were used, they were most often undefined. It is imperative that these foods are defined to ensure interpretation of results relative to food and landscape biodiversity. For example, (37) were the only authors that clearly defined forest foods ‘products used as food and food additives (edible nuts, mushrooms, grass-cutters, snails, fruits, herbs, spices and condiments, aromatic plants, game)‘, and wild foods were defined by just two authors as those that were uncultivated and/or spontaneous growing (39, 61).

In addition, there was notably a lack of global representation in the studies. Just under half of studies specific to the sub-Saharan African, rural context and only one study in the Pacific. Given that people’s food environments are extremely context specific, and even more so for populations that rely on the natural environment to source wild, forest and NUS foods, there is a clear need for more studies across a wider diversity of geographical and socioeconomic contexts to be able to estimate the quantified contribution on average across a global context. Increasing global representation in the evidence will require a multi-pronged approach, one that includes sensitisation of young nutrition and food system researchers, as well as to those responsible for large scale and national nutrition surveys to the importance of collecting sufficient food biodiversity in population-based surveys. More courses on food biodiversity are needed in nutrition qualifications, as is the integration of nutrition and dietary assessment method courses in rural develop, agronomic and sustainability focused qualifications. Donors need to be responsive to the geographical blackholes within the evidence gaps, and responsive to researchers calling for more flexible funding options and criteria that also, similarly, have geographic criteria that often skews the evidence base available. These limitations made it difficult to measure or ascertain what the specific contribution of biodiverse foods had on diets collectively.

Dietary intake is inherently difficult to measure, and any single method cannot assess dietary patterns or exposure perfectly. In our assessment, we provide evidence that insufficient level of detail is provided to describe the methods used to collect dietary intake information that would enable the reader to replicate the study with the same method or evaluate how effectively they were designed to capture biodiverse foods. The lack of detail provided by studies on the recall methodologies used is concerning given the well documented challenges related to dietary assessment of forest, wild and NUS (25, 34). These challenges include intra-person variability of intakes (which relates to the issue of optimal versus feasible number of days for dietary data collection), facilitated approaches and tools to facilitate the capture of the diversity of (episodic) wild and NUS consumption, nutrient composition, yield and retention factors and seasonal availability.

Methods used, when detailed, were mainly a single 24HR recall (either qualitative or quantitative 24HR recall method and/or FFQ), focused only on the most commonly consumed foods (e.g., FFQ) and had inconsistent recall periods and frequencies of collection. Existing recall assessments are designed as such to be efficient and capture the ‘main foods’ that contribute most to dietary energy intake at a national, regional or even global level. However, these types of tools are not necessarily appropriate for rural populations that rely on highly seasonal wild, forest and NUS species in their diets, especially as a common reporting bias for 24 h recalls is underreporting in general (75). When applied in these contexts without sufficient methodological adaption there are difficulties in capturing wild, forest and NUS foods that are often highly seasonal. Thus, capturing their contribution to the diet and nutrition is reliant on the ‘when’ dietary assessments are conducted, and the skill of enumerators to facilitate articulation of their consumption (i.e., probing).

Very few studies repeated the dietary recall on a non-consecutive day or in another season of the same year which is important to capture seasonal variability of diets. Previous research has indicated that episodically collected and consumed forest foods are unlikely to be recalled (due to memory lapses), whereas bush meat hunting, where legal, is likely to be more memorable than opportunistic collection of fruit and vegetables (39). To minimise measurement error several approaches can be used including using specific visual probes for wild foods, including photobooks that help identify taxonomically different local food biodiversity, including at the sub-species level (e.g., varieties or cultivars) (62, 66, 70). Such approaches may be particularly useful during the lean seasons when these foods might contribute substantially to nutrient intakes.

These 24HR methods also have inherent limitations when used to study the contribution of wild and NUS to diets across seasons (40). To illustrate, methods are mainly focused on short-term intake, but long-term dietary exposure is especially of interest when investigating non-habitual or seasonal consumption. Single 24HR administered in a sufficiently large sample can adequately provide data to estimate population mean intakes, but fails to correctly depict the fraction of the population with usual intakes at the tails of the distribution (70). Seasonal, weekly scheduling and cultural effects on dietary intakes can be accounted for by administering the survey over a longer period of time and including randomly selected days, preferably representative of all seasons of the year (71). Repeated measurement not only requires a lot of resources (e.g., time, funds, enumerators) but survey repetition can also influence a respondents’ diet, due to responder fatigue or learned social approval bias.

Standardised quantitative 24HR methodologies use an open recall rather than a fixed listed method that is used in FFQs (76). Open recalls offer more opportunity for probing and are flexible to accommodate high level of respondent specificity. This can collect information such as a local name of the sub-species information that can identify important micronutrient profile differences (e.g., white vs. orange sweet potato), as well as description of the part of the plant or animal (e.g., sweet potato leaves vs. tuber) consumed. Additionally, the instruments can be easily adapted to include specific probing questions to identify the source of foods to allow for disaggregation on food flows, as well as identify how the landscape is utilised within a local food system and how this influences the food environment.

Most importantly, the 24HR provides an opportunity to generate evidence between locally available biodiversity and the role of biodiverse wild, NUS and forest foods in the diet which are often otherwise missed, if sufficient detail is collected to identify the specific species or variety of food. The following methods and tools can increase reliability of the food biodiversity identified in the dietary intake assessment: using food names in indigenous and local languages; recall tools that are flexible to capture foods with names not on FFQ list (for example) and/or data capture tools and methods that can capture photos (e.g., tablet with camera) of consumed foods for taxonomy identification by a botanist.

Compared to 24HR, FFQs have the added benefit of capturing the relative importance of foods in a diet and have the potential for capturing under-consumed or infrequently consumed foods. However, to do so, the food lists need to be prepared to include these foods. Given that we found most studies that included a FFQ did not specify the number of foods included on the list, and some had as few as 36 foods, it is unlikely that the studies were adequate to truly capture all forest, wild and NUS foods available in the landscape. A short FFQ may underestimate the true inter-person variation in dietary intake, but a very long and detailed one can be time and resource consuming and the burden on the responder may jeopardise data quality. Whilst neither the FFQ or 24HR provide nil methodological trade-offs, the combined application of both 24HR and FFQ can increase the precision of usual dietary intakes (77).

Only a few papers analysed in this study explicitly captured forest or wild food during dietary recalls. However, results were often not presented relating to their consumption relative to diet quality or nutritional contribution to diets. For example, a specific wild or forest food would be reported as a percentage of wild foods consumed, without reference to the contribution of wild foods compared to all foods consumed. This made it difficult to ascertain the nutritional or even relative contribution of these foods to the diet.

As mentioned above, the inconsistent use of food classification terms is problematic. Conflict remains given the lack of standard definitions for the main search terms of interest (wild, forest, neglected, non-wood forest products). In addition, these foods can overlap given their context. For example, a forest food could be cultivated (agroforestry) or managed (e.g., “forest farming”‘), a wild food could also be a forest food (or not) and similarly, a neglected food is very subjective and relative to the context including cultivated foods (78). Despite including the term neglected in the search, no papers in the scoping study included the foods that were defined or classified as such. Likely, this is due to it being combined with ‘wild’ using the ‘OR’ function in the syntax. In addition, ‘neglected’ as a term used within the context of NUS specifically refers to neglected by (mainly) agriculture research, but often is widely used by communities. As such, it also makes sense as to why the use of this term did not result in papers relevant to our nutritionally focused study. It is recommended that future scoping studies use more targeted and specific search terms that capture the types of neglected foods relevant to nutrition, including using the full term ‘neglected and underutilised species’, as well as ‘traditional’, ‘indigenous’ and ‘local’.

Often, dietary recall methods used collected data that could potentially be analysed and reported in a manner to report specifically on the nutritional contribution of forest, wild or neglected foods, however authors did not do so. This could be due to authors not prioritising or understanding the value of presenting dietary intake data as such. Reporting by large, aggregated food groups does not give biodiverse food products the visibility of their relative importance in the diet. There is a need for easy-to-use, validated diet recall methods and diet quality indicators that allow for the disaggregation of food sources to facilitate better understanding of food flows and how local food systems function.

Despite the increasing global attention to biodiverse foods, large-scale dietary intake surveys rarely assess the source of foods, let alone wild, forest and NUS foods. The few methods designed to capture taxonomical detail on foods consumed are rarely used as they are often time consuming, costly and require a certain expertise to implement (34). The large variation in published estimates on the availability of wild foods from 7,039 (79), 10,000 (80) to 30,000 (6) only highlights the lack of clarity around the role of wild, neglected and forest foods in food systems. There is a common trend in studies evaluating biodiversity and nutrition calling for better, validated and easy-to-use dietary intake assessments that capture this information (25, 81) and this study only further adds to the evidence as to the reasons why innovative and novel assessment methods are needed. Widley used methods must evolve beyond capturing the ‘most consumed foods’ – given that ‘most’ is subjective across context – and they need to also document the source of foods consumed. This would easily allow researchers and nutrition practitioners to be able to collect the granularity in dietary assessment data that can allow for better documentation, and assessment of biodiverse foods.

It was unclear to what extent these studies included nutritionist, however given the lack of robust dietary intake assessment reporting it is likely that formally trained nutritionists were not included. Facilitating more interdisciplinary teams in carrying out research that crosses the agriculture-forestry-nutrition nexus could be a helpful solution in tackling some of the problems highlighted in this paper.

The question remains, how can we as nutrition researchers effectively guide policy makers on which foods to increase in production, conservation and food system interventions if we simply do not know to what extent all foods are contributing to diets? Development of effective land-use policies and nutrition interventions must be based on more complete food systems accounting (82). We now have sufficient evidence to know there is an urgent need to support biodiversity in our ecosystems for resilience and sustainability – the same is true for food biodiversity and healthy diets. It’s time for nutrition and dietary intake researchers to contribute to the body of growing evidence and enable policymakers to make meaningful changes to support our global food system to make meaningful contributions to the Sustainable Development Goal 2: Zero Hunger. Based on the evidence generated from this review, the following recommendations are put forward to strengthen the evidence on the contribution of wild, NUS and forest foods to human diets and nutrition:

1. Move beyond ‘common foods only’ approach. Dietary intake assessments must document the vast number of food items known and consumed by local populations (including ethnobotanical and/or taxonomic assessments), before attempting to quantify their dietary contribution with contemporary intake assessments.

2. The dietary assessment method should be selected according to the research objective (e.g., identify qualitatively if wild, NUS, and forest foods are present in a diet vs. frequency and quantity of wild, NUS and forest consumption and resulting nutritional contribution to diets) and available resources (methods that are not resource and time consuming will probably be more widely used).

3. There is a need to develop and validate a suite of mixed-method diet recall approaches when assessing the importance of wild and NUS to diets, including using a hybrid or combination of 24HR and FFQ.

4. Dietary assessment methods need to be sufficiently detailed in scientific literature, including the foods used in those methods that use food lists in annexes or Supplementary material.

5. Advocacy is needed across the nutrition community on the importance of collecting, analysing and reporting dietary intake data in a manner that can reflect the contribution of wild, NUS and forest foods. This will help to empirically demonstrate their role which is needed to provide evidence-based policy recommendations that advocate for more biodiverse food systems for better nutrition.

6. There is a need for a global consultation to agree on standard terminologies to be used in dietary recall methods related to food sources and biodiversity related to NUS, forest, wild, local and traditional foods to promote better evidence generation.

Finally, the assessment of neglected forest and wild foods in diets will inform a careful consideration around the sustainable use of local foods in dietary guidelines. Various wild and underutilised species are current being overexploited and at risk of distinction or might introduce hazards related to zoonoses or food safety. Trade-offs on a sustainable use of food biodiversity, and the need to develop specific value chains, will need to be considered when developing guidance on the consumption of local food biodiversity in dietary guidelines.



Conclusion

The studies identified in this scoping exercise were able to qualify that wild, forest and neglected foods do play an important part of diets in certain contexts. However, in most cases there was insufficient data or information presented from the diet recall methods used that would allow for a quantitative measure of their contribution to diet quality. Most studies utilised dietary recall methods that were unlikely to fully capture all wild, forest or neglected foods, even when they attempted to do so. One can then conclude that the true contribution of wild foods is probably underestimated. To overcome this, it is recommended that studies provide sufficient detail on their diet recall methods to allow for this assessment and that a specific diet recall methodology tool be developed and validated that is specifically designed to capture the presence and relative importance of these foods in diets. Doing so will decrease the resource constraints associated with such detailed dietary assessments, increasing the availability of more granular dietary intake data to enable a better understanding of how biodiverse foods can contribute to diet quality to help inform environmental, nutrition, health, and sustainability policy. If successful, and we do develop a more robust understating around the true contribution of wild foods we will then be faced with the challenge on how to utilise this information to sustainably integrate these foods more meaningfully into our food systems, whilst simultaneously minimising risk of overexploitation.
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Background: Micronutrient deficiencies including vitamin A, vitamin D, and zinc are highly prevalent in children below 5 years of age in low and –middle-income countries. We aimed to evaluate the effectiveness of ready-to-use Lipid-based Nutrient Supplement—Medium Quantity (LNS-MQ) local name “Wawa-mum” on plasma micronutrient status, hemoglobin concentration and anthropometric measurements.

Methods: A community-based non-randomized trial was conducted in the Kurram district of Khyber Pakhtunkhwa from January 2018 to June 2019. A total of 110 children aged 6 to 23 months old were recruited and allocated to the intervention and control arm of the study. A total of 57 children in the intervention arm received a daily ration of 50 g of Wawa-mum, for one year. To assess the impact of the intervention on primary outcome measures, i.e., serum vitamin A, D concentration, plasma zinc, and hemoglobin concentration. Blood samples were collected at baseline and after one year following the intervention. The vitamins concentration in serum were assessed using Enzyme-Linked Immunosorbent Assay (ELISA) and plasma zinc by atomic absorption spectrometry. The hemoglobin concentration was measured by an automated hematology analyzer. A 24-h dietary recall interview was used to assess the nutrient intake adequacy. Multivariate Linear regression models were used to analyze the outcomes while controlling for potential confounders.

Results: In the intervention arm, children had on average 6.2 μg/dL (95% CI 3.0–9.3, value of p<0.001) increase in the serum vitamin A concentration, 8.1 ng/mL (95% CI 1.3–14.9, value of p 0.02) increase in serum vitamin D concentration and 49.0 μg/dL (95% CI 33.5–64.5, value of p<0.001) increase in the plasma zinc concentration, and 2.7 g/dL (95% CI 2.0–3.3, value of p<0.001) increase in hemoglobin concentration while adjusted for covariates. An addition, length-for-age z-score (LAZ), weight-for-length z-score (WLZ), weight-for-age z-score (WAZ), and prevalence of undernutrition including stunting, wasting, and underweight were calculated as a secondary outcome to investigate the impact of micronutrients on growth parameters, that has been improved significantly after receiving the Wawa-mum.

Conclusion: Wawa-mum (LNS-MQ) is an effective intervention to improve the micronutrient status, hemoglobin concentration, and growth parameters in 6 to 23 months children, which can be scaled up in the existing health system to address the alarming rates of under nutrition in Pakistan and other developing countries.

Clinical trial registration: https://doi.org/10.1186/ISRCTN94319790, ISRCTN94319790.

KEYWORDS
 stunting, malnutrition, SQ-LNS, vitamin A, vitamin D, zinc, growth, anemia


Introduction

Nutritional status has a strong influence on child development, due to the synergistic relationships between malnutrition and illnesses (1). Nutritional deficiencies are considered to be one of the leading causes of morbidity and mortality in children under five years of age (2). There are various contributing factors to childhood under nutrition in low-income countries which are insufficient dietary intake, poor mother and child health, food insecurity, poor hygiene, insufficient consumption of dairy products, plant-based legumes (rich in protein), exclusive breastfeeding coupled with improper complementary feeding, low levels of maternal education and knowledge of nutrition, economic and social background (3, 4). Irrespective of supplementation, routine complementary feeding only may not ensure dietary adequacy for young children in low- and middle-income nations (5).

Pakistan is one of the countries with a significant burden of under nutrition, particularly among children aged 6–59 months. In Pakistan, the national nutritional Survey (NNS-2018) reported 40% stunting, 17.7% wasting, and 28.9% underweight in children below 5 years of age. Rural areas were more prone to malnutrition than urban and boys were more affected than girls. In Khyber Pakhtunkhwa Newly Merged District (NMD-KP), the prevalence of stunting, wasting, and under-weight was reported by 48.3, 23.1, and 33.7%, respectively, due to multiple natural disasters, challenges of militancy and military operations, large-scale destruction and limited access to the development of economic activities and agriculture, which reflects the worst nutrition situation among the regions of Pakistan (6). Such circumstances has the greatest effect on the most vulnerable parts of the population in terms of under nutrition, especially children under five years of age, and pregnant and lactating women, appearing as one of the major concerns.

The deficiencies of vitamin A, D, and plasma zinc are common nutritional problems that have been observed in preschool children of developing countries, especially in Southeast Asia (7). Likewise, Pakistan is facing the same problem of micronutrient deficiencies. Vitamin A and vitamin D deficiencies among children under 5 years of age were reported 51.5 and 62.7%, respectively. Similarly, the prevalence of zinc and iron deficiency anemia was reported 18.6 and 28.6%, respectively, among preschool children (6).

An adequate nutritional status is essential for a strong immune system and optimal cognitive and physical growth in the early phase of childhood (8). Researchers highlighted a need for the development of low-cost, acceptable, and effective personalized diets, in terms of their ability to mitigate against stunting and wasting (9). Various supplementary or therapeutic foods had been used or trialed such as Corn-Soy Blend Plus Plus (Super Cereal Plus, the standard additional meal provided by WFP to children aged 6 to 23 months), BP-100™, and Plumpy’Nut™ which showed low acceptance and efficacy (10, 11). It was identified to develop a ready-to-use supplementary food (RUSF) that is more acceptable, locally produced, effective, and economical than previously evaluated items. Borg et al (9) conducted a trial on the effectiveness of locally produced fish-based, ready-to-use supplementary food (RUSF), Corn-Soy Blend++ (CSB++), and micronutrient powders (MNP) in declining z-scores for children under 2 years in Cambodia. All three supplements were identified as equally effective in improving the growth indicators. Moreover, fortified blended food like Corn-Soy Blend has some limitations of containing many anti-nutrients, having no milk content, low concentration of micronutrients, bulky in size, and more viscous in nature. Therefore, lipid-based nutrient supplements (LNSs) which have high nutrient content and more acceptable physical texture are considered comparatively more promising supplements to be used in this context (12).

Though the findings of the already conducted studies are promising to enhance the micronutrient concentration of children, further evidence is required to evaluate the impact of locally produced ready-to-use supplementary food at the community level, particularly among those with limited resources and fragmented health care delivery system. Further, evidence on the long-term effectiveness of Wawa-mum on plasma micronutrient concentrations (Zinc, vitamin A, and vitamin D) and its relationship with anemia status and growth indicators in children aged 6–23 months at the community level, particularly in a resource-limited setting like the Pakistani context, is scarce. Studies that have already been carried out in Pakistan have solely considered the impact of Wawa-mum on children’s anthropometric outcomes and anemia status excluding plasma zinc, vitamin A, and vitamin D. The purpose of this study was to explore the effect of lipid-based nutritional supplements on micronutrient status, hemoglobin concentration along with growth parameters in 6–23 months old children, in one of the most deprived areas of Pakistan. In addition, the impact of Wawa-mum on vitamin D concentration has been investigated that is rarely reported in the literature.



Methodology


Study design and participants

This study is a part of “Ready to Use Supplementary Foods (RUSF) to Prevent Stunting Among Children Under Five Years in Kurram Agency,” a community-based quasi-experimental trial, undertaken from January 2018 to December 2020 in the low-resource rural areas of the tribal district Kurram of Khyber Pakhtunkhwa, Pakistan.

In Pakistan, community health services at household levels are provided through Lady Health Workers Program. One Lady Health Worker (LHW) is responsible for 100–150 households in her covered (assigned) area. In the current study, each LHW-covered area was considered an independent cluster. Furthermore, the clusters were refined using the expanded program on immunization (EPI) maps. Intervention and control clusters were selected based on natural segregation especially prominent demarcation to avoid contamination of the intervention between the study groups.

A total of 80 matched clusters were included in the main trial, 40 each in the intervention and control arm. The overall sample size of the project was 7,200 study participants from all four groups (pregnant and lactating women, 6–23 months, and 24–59 months). Among the total participants, there were 1840 children between the ages of 6 and 23 months. In the current study, the impact of Wawa-mum supplementation was investigated in a sub-sample of 110 children aged 6–23 months The trial is registered with ISRCTN ISRCTN94319790 (13).

In the current study, the impact of Wawa-mum supplementation in a sub-sample of 6–18 months old children was investigated. We included those households that had at least one child between 6–18 months old at the time of enrollment in both intervention and control arms. Households with children 6–18 months were identified using the expanded program on routine immunization (EPI) maps in the respective areas. First, a line listing of the households in the clusters was done and then systematic random sampling was used to select households containing at least one 6–18 months age child. In a third step, one eligible participant from each household was included in the trial.



Sample size estimation

A 2-by-2 repeated measures design was adopted, with two groups of participants being measured at two different time points. The primary goal of the study was to compare the change over time in the intervention group to the change over time in the control group. Sample size were calculated for all study variables, including vitamin A, vitamin D, zinc, and hemoglobin. The maximum sample size was determined for hemoglobin; thus, the sample size estimation for this investigation was based on hemoglobin concentration. A total sample size of 94, i.e., 47 each in the intervention group and control group achieve 81% power to detect a difference in mean changes of 0.61 g/dL with SD of 1 at the first time point, an SD of 0.88 at the second time point, and correlation of 0.4 between measurement pairs. With a 20% attrition rate, the total sample size was extended to 110 children aged 6–23 months (57 in the intervention arm and 53 in the control arm). The significance level (alpha) for a two-sided, two-sample t-test was set at 0.05 (14). All these children participated in the trial after taking informed consent from their parents/guardians.



Inclusion and exclusion criteria

All 150 children aged 6–18 months enrolled in the study were screened for inclusion and exclusion criteria. These are apparently healthy children and not receiving other supplements. Whereas, children with severe malnutrition, i.e., (Mid Upper Arm Circumference < 11.5 cm) (MUAC), known congenital malformations identified at the baseline or severe developmental impairment such as cerebral palsy, and those with malabsorption/metabolic disorder, malignancy, with those children who were allergic to supplement ingredients, having persistent diarrhea, or who were unable to take Wawa-mum (e.g., cleft palate), and children have been regularly taking other supplements or having any known gastrointestinal tract disorders were excluded from the study (Figure 1).
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FIGURE 1
 Consort diagram.




Wawa-mum intervention, composition, dosage, distribution, and utilization

Lipid-Based Nutrient Supplement Medium quantity (LNS-MQ) local name “Wawa-mum” were used as supplementary food. The active ingredients include roasted chickpeas, vegetable oil (palm, rapeseed), dry skimmed milk, sugar, vitamins & minerals, emulsifier, and antioxidants. The daily ration of Wawa-mum was one sachet of 50 g supplied to children for a period of 12 months from July 2018 to June 2019. It provided a minimum of 255 kcal of energy and most of the micronutrients according to recommended dietary allowance (RDA) (Supplementary Table S1) (15). This Wawa-mum ration was provided by UN World Food Program. These supplements were delivered by LHWs on monthly basis as a food package from the near healthcare facility for the recruited study participants in their households. There were no adverse events related to the use of these supplements were reported in the overall study. Lady Health Workers (LHW) ensured the utilization of the Wawa-mum on regular visits to all the households of the study participants to record the supplement usage, and they collected empty sachets to monitor compliance. It was ensured that the supplement was given to the targeted child on a daily basis and they encouraged.

continued use of the supplement.



Data collection

At the baseline, demographic, socio-economic characteristics of the mothers/caregivers and dietary recall data, comorbidity, Infant and Young Child Feeding practices (IYCF) practices, vaccination status, anthropometric measurements, and blood samples of children were collected as per the standard protocol. The child’s weight and length were measured using digital weighing scales (SECA) and length measuring boards (SECA). Weight was measured in light clothing to the nearest 100 grams, while length was measured without shoes and cap to the nearest 0.1 cm, and mid-upper arm circumference (MUAC) was recorded to the nearest 1 mm (flexible UNICEF insertion tape) as per WHO standard protocol (16). Dietary intake was analyzed by trained field staff using a multiple-pass 24-h dietary recall questionnaire at two-time points, i.e., at the baseline and the end-line of the study (17). The aim of the dietary assessment was to determine the typical nutritional intake in the community only. The follow-up data were collected at the community level by a trained data collection team with the assistance of Lady Health Workers in their respective areas. At the end-line, anthropometric data, comorbid conditions of the child (diarrhea and acute respiratory diseases) in the last month, and blood samples were collected from each participant. No loss to follow-up was reported among the participant recruited for the biochemical sampling and the same participants were observed at the end-line of the trial.



Data quality control and quality assurance

To validate the study data, a verification team (not the data collectors) randomly visited a few of the households to double-check the data accuracy. A supervisor was assigned to each cluster to keep an eye on the data enumerators and collectors. The entire data collection process was quarterly monitored by the project manager, PI, and co-PI.



Biochemical analysis

Blood samples (non-fasting) were collected from each participant with venipuncture by a skilled phlebotomist in the community. For albumin, zinc, and vitamin A, D assessment the blood was collected in heparin tubes, trace element-free tubes and gel tubes, respectively. All samples were centrifuged to obtain plasma for zinc and albumin while serum for vitamin A, and D analysis in the pathology laboratory of DHQ hospital Parachinar Newly Merged District of Khyber Pakhtunkhwa (NMD-KPK) Pakistan. The separated plasma/serum was tightly packed in Eppendorf tubes and was transported in dry ice on a daily basis to the Biochemistry laboratory of Khyber Medical University at Peshawar KP for processing and storage at −80 C0 until further biochemical analysis. The plasma was used for the measurement of albumin using a fully automated chemistry analyzer (Cobas 6,000) (Roche Diagnostics). The 25(OH) vitamin D was analyzed with the ELISA technique (according to its available literature protocol) using BIOS Microwell Diagnostic System (Perkin Elmer, catalog No:10501, USA) with a cut-off value of <30 ng/mL. The vitamin A (retinol) was analyzed through an ELISA kit (Elabscience, catalog No: E-EL-0135, Wuhan China) with a cut-off value of <20 μg/dL. To measure the plasma zinc concentration, a proper wet acid digestion method was used to digest plasma and then followed by the analysis through an atomic absorption spectrometer (Model: AAS 700 Make: Perkin Elmer, USA) with a cut-off value of <65 μg/dL (18). The whole blood samples collected in EDTA-containing vacuum tubes were used to measure the hemoglobin concentration of the participant using an automated hematology analyzer (Medonic M-Series Hematology Analyzer, Sweden) with a cut-off value of <11.00 g/dL. These assays were carried out following the instructions of the manufacturer. Laboratory quality control assessment was measured with the Westgard rule on the Levey–Jennings chart (19).



Statistical analyses

STATA version 15 was used to analyze the data. The distribution of data was checked for skewness and kurtosis for each of the micronutrient variables. All the data was normally distributed. A Chi-square test was used to assess the difference between child characteristics and study group at the baseline for categorical variables, whereas a t-test was used for continuous variables. Anthropometric indices i.e., weight-for-age (underweight), length-for-age (stunting), and weight-for-length (wasting) scores were calculated according to the WHO growth standards (20). Windiet® (2005) software was used to analyze the 24-h dietary recall data for the total energy, macronutrient, and micronutrient composition of all the meals consumed. Multivariate linear regression models were used to assess the impact of LNS-MQ (Wawa-mum) on each of the plasma micronutrients, including plasma zinc, serum vitamin A, D, and hemoglobin (Hb) concentration.

A paired sample t-test was used to assess the association between the use of Wawa-mum and plasma micronutrients (Between group means differences at baseline and end-line), child anthropometric assessment, an inflammatory biomarker, and hemoglobin concentration at the end-line. Multiple linear regression models were used to assess the impact of Wawa-mum (RUSF) on each of the plasma micronutrients; plasma zinc, serum vitamin A, and vitamin D. The unadjusted model included age and study arm whereas the adjusted model additionally included child age at enrollment, gender of the child, HAZ, WHZ, WAZ score, plasma albumin status, reported diarrhea in the previous month, reported acute respiratory disease in the previous month, socioeconomic status of households (HHs), breastfeeding in the first hour when a child born, exclusive breastfeeding, complementary feeding age in months, mother age (y), mother education, mother work status, father education, father work status, energy consumed (Kcal) and baseline values of each desired outcome variable.



Ethical consideration

Ethical approval was taken from the ethical review board of Khyber Medical University under reference No. DIR/KMU-EB/LT/000736. Each participant was informed about the study’s purpose and components. After gaining informed consent from their parents/guardians, selected children were recruited for the study.




Results

One hundred and fifty households were considered for assessment, among which 110 households were enrolled to participate in the study. Among 40 children excluded, thirty-five were excluded due to not meeting the inclusion criteria. Five people declined to participate due to worries about blood collection and family migration to various regions. The CONSORT diagram is shown in Figure 1.

The baseline characteristics of households, caregivers, and children are shown in (Table 1). The mean age of children at baseline was (16.7 ± 4.2 months) in the intervention arm and (16.8 ± 4.7 months) in the control arm. Regarding gender distribution, more males were counted in the intervention arm 56.1% as compared to the control arm 45.2%. Breastfeeding practices were slightly better in the control arm, i.e., Breastfeeding in the first hour after birth was (77.4%) while exclusive breastfeeding up to 6 months was shown higher (89.4%) in the intervention arm. The family structure of the children in the intervention arm was comparatively more in joint nature than those in the control arm. Unemployment among the bread earner, i.e., father of the children was comparatively higher in the intervention arm than in the control. There were no noticeable differences between the arms of the study in any other demographic and anthropometric characteristics.



TABLE 1 Baseline characteristics of households, caregivers, and children by study arm.
[image: Table1]

Table 2 shows the impact of Wawa-mum on the plasma micronutrient status, hemoglobin (Hb) concentration, and growth parameters of children 6 to 23 months of age. On the assessment of the micronutrients from the blood samples post-intervention, there was a statistically significant increase in plasma zinc, serum vitamin A, vitamin D, and hemoglobin concentration in the intervention arm with respect to the control arm (paired sample t-test, <0.05). Within the intervention arm, the mean plasma zinc increased from 49.8 μg/dL (± 21.1 SD) to 91.8 μg/dL (±23.5 SD), this was followed by serum vitamin A, i.e., 17.3 μg/dL (±6.6 SD) to 24.8 μg/dL (±5.8 SD), serum vitamin D, i.e., 28.8 ng/mL (±1.6 SD) to 37.0 ng/mL (±1.2 SD) and hemoglobin concentration 10.2 /dL (±1.4 SD) to 12.2 g/dL (±0.6 SD) and these associations were statistically significant (value of p <0.05). The mean WAZ, WLZ & LAZ scores in the intervention arm increased from (mean ± SD) −1.4 (1.2), −1.4 (1.3), −0.9 (1.7) to −0.5 (0.7), −0.6 (0.8), −0.2 (1.1), respectively and were statically significant different to the control arm values (paired sample t-test, value of p <0.05). There were no significant differences in plasma albumin at baseline and end-line in both the intervention and control arm. Statistically significant increases in serum vitamin A, vitamin D, plasma zinc, and hemoglobin concentrations were observed in the intervention arm as compared to the control arm.



TABLE 2 Comparison of plasma micronutrient status, anthropometric outcomes, hemoglobin concentration, and inflammatory biomarker of children at the baseline and endline by study groups.
[image: Table2]

Analysis of the 24-h dietary recall data at baseline and end-line revealed that the average nutrient intakes of the enrolled children were lower than the recommended nutrient intakes for 6–23 months children according to the Pakistan Dietary Guidelines (21) (Supplementary Table S2). Determining the usual dietary intake in the community was the goal rather than looking into the potential effects of diet.

Multivariable linear regression showed that the intervention group (who used the Wawa-mum) had significantly higher serum concentrations of all micronutrients and hemoglobin concentration compared to the control group. The adjusted model for plasma zinc concentration revealed that children in the interventional arm had an increase of 49.0 (μg/dL) (95% CI 33.5–64.5) in the plasma zinc concentration as compared to the control group (value of p <0.001). The adjusted model for serum vitamin D concentration revealed that children in the intervention arm had 8.1 (ng/mL) higher serum vitamin D concentration (95% CI 1.2–14.9) and 6.2 (μg/dL) higher serum vitamin A concentration (95% CI 3.0–9.3) (value of p <0.05) while taking control as a reference. Similarly, the impact of Wawa-mum in the interventional arm showed an increase of 2.7 (g/dL) in hemoglobin concentration (95% CI 2.0–3.3) (Adjusted value of p <0.001) (Table 3).



TABLE 3 Multiple-linear regression analysis of the plasma zinc, serum vitamin A, vitamin D, and Hemoglobin concentration against nutritional outcomes and other associated factors.
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Further analysis showed that the prevalence of under nutrition including stunting, wasting, and underweight was significantly reduced by 21.1, 38.6%, and 27.5%, respectively, after receiving the Wawa-mum supplementation for one year than the control group. Plasma zinc, serum vitamin AD deficiency, and anemia prevalence were reduced by 65.7, 62.6, 53.6, and 70.2%, respectively, in the intervention group (Table 4).



TABLE 4 Impact of Wawa-mum intervention on stunting, wasting and underweight, micronutrient deficiencies and anemia status in children at baseline and end-line of the trial.
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Discussion

This trial showed that one-year supplementation of ready-to-use lipid-based supplementary food (Wawa-mum) to 6–23 months old children significantly improve the concentration of all studied micronutrients; plasma zinc, serum vitamin D, and vitamin A along with the hemoglobin concentration in the intervention arm compared to the control arm. A significant improvement was also observed in the mean value of LAZ, WLZ, and WAZ scores after receiving the LNS-MQ supplementation versus children receiving no supplementation. Similarly, the prevalence of undernutrition including stunting, wasting, and underweight was significantly reduced after receiving the LNS-MQ supplementation as compared to the control group.

In our community-based trial, the provision of medium-quantity LNS supplementation resulted in noteworthy improvements in plasma zinc concentration in children. This study reported that the use of Wawa-mum supplementation significantly increased the mean plasma zinc concentration and reduce the prevalence of plasma zinc deficiency by 65.7%. Similar to our findings, Wessells et al., conducted a study on children 6 to 23 months of age in Burkina Faso by providing zinc supplements in either tablet (5 mg Zn) or solution form (5 mg Zn/5 mL) daily for three weeks. A considerable increase in zinc concentration was observed by providing Zn supplements in tablets and liquid compared with the placebo group (22). Lo et al., investigated the relationship between plasma zinc concentration and zinc supplements provided in iron-fortified cereal porridge and liquid multivitamin (without Zn; control group), and iron-fortified cereal porridge and multivitamin with (6 mg Zn, ZnSuppl group) and porridge fortified with zinc 6 mg/25 gram and multivitamin (without Zn, ZnFort group). The plasma zinc concentration increased following in the ZnSuppl group as compared to the control and zinc-fortified food group (23). In our study, we found a considerably higher increase in plasma zinc concentration consuming the locally produced LNS-MQ supplements” for 12 months. in comparison to the control group. This increase might be linked to the difference in supplements formulation, compliance, and duration, high consumption of the food supplements due to resource poor setting and participants having low socioeconomic background at large (24). Another study conducted by Barffour and his colleagues studied the impact of micronutrient powder (10 mg/d Zn), supplementation on children aged 6 to 23 months for 9 months. The zinc deficiency was considerably lower in the MNP group (59.1%) compared to control group (78.6%) (25). The findings of this study are in line with our results. Furthermore, the variations may be due to the non-compliance with the intervention protocol as reported by this study In contrast to our findings, Abbeddou et al. observed no effect of daily SQ-LNS supplementation containing 5 or 10 mg zinc to children aged 9 to 10 months of age on plasma zinc concentration (26). The possibility would be the absence of a significant alteration in plasma zinc concentration following the supplementation of an SQ-LNS (ready-to-use lipid-based nutrient supplements) indicates potential challenges with inadequate absorption of supplementary zinc when taken with food, or potential variations in post-absorptive zinc metabolism.

Another finding of our trial was the substantial increase in the mean vitamin A concentration and reduction in the prevalence of vitamin A after Wawa-mum (LNS-MQ) supplementation in the intervention arm vs. the control arm. Similar to our study, Oliveira et al., evaluated the effect of multiple micronutrient powders for 2 months of supplementations on the serum vitamin A concentration of children aged 11 to 14 months. The serum vitamin A deficiency was found significantly less prevalent in the intervention group (4.7%) compared to the control group (18·6%) (27).

In contrast to our findings, Haskell et al., studied the impact of SQ-LNS on serum vitamin A in children aged 6 to 18 months in Malawia and Ghana but did not find any change in serum vitamin A concentration. The authors attribute this lack of effect due to the low prevalence of VAD in the population and poor sensitivity to changes in the status of serum retinol concentration (28).

To our knowledge, the results of this trial provide the initial evidence on the effects of locally produced lipid-based nutrient supplements (Wawa-mum) on the status of serum vitamin D, which is rarely reported in the literature. In our trial, we found a significant increase in the mean serum 25-hydroxy vitamin D [25(OH) vitamin D] concentration and a significant reduction in the prevalence of vitamin D deficiency (53.5%) after supplementation in comparison to the control group (10% reduction). Brett et al., conducted a study on 25(OH) vitamin D fortified dairy products provided for 12 weeks to healthy children aged 2 to 8 years in the Montreal region of Canada. The children were assigned to one of three groups, i.e., Control, EAR, and RDA. At baseline, all the group has vitamin D concentration of 58 nmol/L which increased to 65 nmol/L after 12 weeks of vitamin D supplementation in EAR and RDA groups compared to the control group having 55 nmol/L (29). Similar to our findings, Unger, SA. et al., investigated the effect of micronutrient fortification of lipid-based supplements (SQ-LNS) on serum 25(OH) vitamin D concentration in children under 5 years of age provided for 6 and 12 weeks. The study reported a 12% decrease in serum vitamin D deficiency in the fortified SQ-LNS group relative to unfortified SQ-LNS and there was a dose–response relationship as well (30). Marjolijn D et al., also reported a significant mean increase in serum vitamin D concentration and a decrease in the prevalence of vitamin D deficiency in 1–3 years children after supplementation of micronutrient-fortified young-child formula (YCF) versus unfortified cow milk. In this study, our findings of considerable reduction in vitamin D deficiency might be attributed to the long duration of supplementation, composition, dosage, food vehicle, and compliance of supplements. In contrast, Another study conducted by Ahmad et al., reported no improvement in concentration of 25(OH) vitamin D with supplementation of LNS for one month (31). This lack of impact might be due to different age groups and the short duration of exposure to the intervention.

Our trial demonstrated that Wawa-mum (LNS-MQ) supplementation was effective in improving the mean hemoglobin concentration in the intervention arm and also significantly reducing anemia prevalence by 72.2%. The findings of this study are consistent with several other studies on the effects of LNS supplementation on anemia (32, 33). Stewart et al., studied the impact of LNS in infants less than 12 months and found 40% reduction in in the prevalence of anemia. A similar study was conducted by Smuts et al., and found a significant increase in hemoglobin concentration and anemia deficiency (34). Khan et al., showed a 3% reduction in the prevalence of anemia (91% vs. 94%) in the intervention group as compared to the control group after the administration of the concerned supplements (35). This study reported that there was food sharing with other household members and it might have reduced the impact of the supplements on reducing anemia in the study population. In Bangladesh, LNS supplements were provided to 18 months old children, and observed a significant increase in hemoglobin concentration (36). A study conducted at Dhaka on hemoglobin concentration of children aged 6 to 23 months with supplementation (4 months) of micronutrient powder (MNP) showed a significant increase in hemoglobin concentration (37). While Contrary to our findings, Rosado et al. did not observe any significant difference among the three study groups [powdered milk (PM)], Oportunidades food supplement OFS and placebo (PL) in the reduction of anemia in children aged 12–24 months old for 6 months. However, the prevalence of anemia was reduced among all the groups and it was highlighted that this reduction might be attributed to the routine diet of the study participants (38). Other than the effect of diet it might be the composition of the supplements, the baseline nutritional status of the target population, the period of the intervention, and other factors (health surveillance, economic benefits, or education, are also important to improve Hb) responsible for anemia (39). The consistency of our results to other studies on the effect of LNS-MQ on anemia revealed that these results are broadly generalizable to the population where anemia and micronutrients deficiency are the main public concern.

In our study, we also reported a significant impact of Wawa-mum (LNS-MQ) on child growth indicators, i.e., LAZ, WLZ, and WAZ scores with a significant reduction in the prevalence of under nutrition stunting (21.1%,), wasting (38.6%), and underweight (27.5%) respectively after one year of supplementation. A review reported by Salam et al., concluded that the LNS administered to 6–23 month children significantly reduce the prevalence of stunting, wasting and underweight in the intervention group as compared to the control group (32). Another study conducted by Ying Yang Bao, a soya bean-based supplement was provided to children less than 2 years in a backward area of China. This study found a significant decrease in the prevalence of stunting, wasting, and underweight (40). In Pakistan a study conducted by Khan et al., in Thatta, Sindh Province, Pakistan where the LNS-MQ supplements were provided to children aged 6 to 23 months and found a significant reduction in stunting (9%) and wasting (22%) except under-weight (35). As compared to these studies, we found a higher percent reduction in growth indicators deficiency in the intervention group which could be attributed to differences in study design, context, duration of supplementation, acceptability of the supplement Wawa-mum, and individual characteristics which can potentially modify the impact on child outcomes. Similar studies were conducted in Bangladesh, Haiti, Peru, and Malawi that showed a decrease in the prevalence of stunting wasting, and underweight with various supplementations (41–44). Contrary to our results Borg et al., tested the effectiveness of fish-based RUSF on Cambodian infants to prevent growth faltering. The RUSF group did not differ significantly from the control for WAZ, LAZ, and WLZ (in other words, WAZ and LAZ decreased and WLZ did not change), but had increased MUAC in comparison to the control group (45). This lack of impact of the intervention was attributed to less absorption of nutrients due to high prevalence of diarrhea, replacement of breastmilk and usual consumption of food and gender of the child. While in a study conducted by Maleta et al., did not find the effect of LNS supplementation on the growth parameters (46) which has been assumed as a result of infections, environmental enteropathy, and unfavorable intestinal bacterial microbiota that determine the nutritional status of a child’s (47, 48).

We observed no significant change in plasma albumin in both arms from baseline to end-line during the trial. However, this biomarker was found in normal ranges at baseline and end-line in both control and intervention group. Plasma albumin is an acute phase reactant and is influenced by both acute and chronic inflammation which is frequently present alongside micronutrient deficiencies (49).In our trial, the normal concentration of albumin shows that the assessed concentration of the plasma micronutrients reflect the actual nutritional status rather than an altered response to inflammation. The average macro and micronutrient intake in 24-h recall data were measured as lower than the recommended dietary intake in light of the Pakistan Dietary Guideline for Better Nutrition recommendations (21). Given the deprivation and low socioeconomic conditions of the study area, it is difficult to provide children with the necessary food for their healthy development.

This one-year follow-up study assessed the impact of locally produced lipid-based nutritional supplements (LNS-MQ) on plasma micronutrient concentrations, hemoglobin concentration, and growth indicators of children between the age of 6 and 23 months at the community level. This is the first study in the erstwhile Federally Administrative Tribal Area (FATA) that assesses the impact of Wawa-mum (LNS-MQ) on plasma micronutrient status at the community level.

In conclusion, Wawa-mum (LNS-MQ) is an effective intervention to improve the micronutrient concentration, especially plasma zinc, serum vitamin A, and vitamin D concentration in children. It is also effective in improving hemoglobin concentration which is one of the key biomarkers for child nutritional anemia. A significant effect of Wawa-mum was also observed on the improvement of LAZ, WLZ, and WAZ scores. Findings from this trial are relatively new evidence regarding the impact of Wawa-mum on micronutrient status including vitamin D, which was not reported earlier. The significant impact of Wawa-mum on micronutrient deficiencies, nutritional anemia, and growth indicators is the key to addressing the alarming rates of under nutrition in Pakistan and other developing countries at an affordable cost.


Strength and limitation

The strength of this study is that it is a community-based trial that was successfully completed. There was an uninterrupted supply of Wawa-mum to the study participants. The intervention package was delivered through the existing government-supported LHW program. We made every effort to assure data quality. No issue in compliance was reported which result in no loss to follow-up over the study course. We also assessed inflammation status among the study participants to ensure that the assessed concentration of the micronutrients reflect the actual nutritional status rather than an altered response to inflammation. Sharing of supplements and food is a common practice in local communities, however, Wawa-mum intake was closely monitored by Lady Health Workers (LHW) which ensured that the supplements were consumed by the study participant. Limitations of this study include; random allocation which is the gold standard in interventional studies was not applied however to avoid intervention contamination between study groups, intervention and control groups were chosen based on natural segregation. Dietary assessment was conducted using a single 24-h dietary recall. May not reflect the usual micronutrient intake of the children. However, the intent was to evaluate average group-level intake. Considering the variations among sensitivity, specificity, and reproducibility for the ELISA method, HPLC would be preferred. Hence the use of the ELISA method would be a limitation of this study. Even though it was a readily available and cost-effective and rapid testing technique with reliable measurements. C-reactive protein (CRP) and alpha-1-glycoprotein (AGP) are acute-phase proteins that increase rapidly in response to inflammation for acute and chronic inflammation instead of serum albumin which has not been measured in this study. However, albumin could be influenced by inflammation and hence be a marker for nutritional status. Despite these limitations, our results provide valuable information about LNS-MQ (Wawa-mum) community-based intervention in a region, which has experienced protracted security threats, mass internal population displacement, poor food security, and limited access to quality health services.
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The world’s population is currently growing at an exponential rate, which is estimated to be over 8 billion inhabitants as reported by United Nations on November 15, 2022. According to FAO, 870 million people out of this population do not have enough food to eat, with the vast majority of hungry people (98%) living in developing countries, where almost 15% of the population is undernourished. Furthermore, the world’s population is estimated to come to 9 billion by 2050, which would incur severe food scarcity and would seriously hamper global food security. Food losses, especially post-harvest loss as a result of poor agricultural practices have also been reported to greatly impact the economy, the environment, and the livelihoods of low and medium countries and Sub-Saharan-African. Therefore, realistic options should be established for promoting sustainable agriculture systems, improving nutrition, and achieving food security to end hunger in our nations. This paper elucidates the drivers of food insecurity including food losses, escalating population growth, hunger, and food production, among others, and provided some transformation approaches such as value addition through appropriate and emerging food processing and preservation techniques, application of biotechnological options through genetically modified foods and functional foods consumption and integration of indigenous underutilized nutrient-dense food crops which could serve as all-inclusive and sustainable transformation options for enhanced food and nutrition security, especially in developing countries, which is where the hunger burden and the prevalence of malnutrition and non-communicable diseases are high.
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Introduction

The FAO (Food and Agriculture Organization) defines food security to be a condition when “all people at all times have physical and economic access to sufficient, safe, and nutritious food to meet their dietary needs and food preferences for an active and healthy life” (1). Food security addresses food availability, food utilization, food access and food stability, whereas nutrition security focuses on food utilization in the body, and on individual and household food consumption (2). The FAO (3) defines nutrition security as a situation that arises when secure access to a suitably nutritious diet is accompanied by a good sanitary environment, adequate health services and care that guarantees a healthy active life for all household members. The relationship between food safety and food/nutrition security must be strengthened to achieve enhanced global food-secured systems. Food safety entails good food handling procedures and practices to be applied while preparing food, and during the processing, storage, and distribution of products to prevent foodborne illness. Reports show that unsafe food contains parasites, viruses, harmful bacteria and/or chemical substances because over 200 diseases, globally which range from diarrhea to cancers, and good hygiene practices in the food and agricultural sectors would drastically help to reduce the emergence and spread of foodborne diseases (4). In other words, diet quality is an essential link between food and nutrition security. Poor diet quality and safety can result in distinct disease forms like malnutrition, which includes micronutrient deficiencies and undernutrition. It also contributes to overweight and obesity which, in turn, contributes to food insecurity.

The 2020 COVID-19 pandemic negatively affected the food and nutrition security of almost all the world’s nations globally. Access to food and increased food costs affected almost everyone, but more profoundly affected people from low−/middle-income countries (5). Recently, a review revealed that food accessibility was the most affected food security dimension, with evidence for food affordability being severely impacted by most families’ reduced purchasing power. Unfortunately, evidence that food availability was affected beyond certain initial disruptions is not available, which was due to “panic buying.” There is no compelling evidence of the effects of the COVID-19 pandemic on food safety and quality. Nevertheless, access or availability disruptions disturb the stability dimension of food security. Household food insecurity increased in Nigeria to approximately 77% of the post-COVID-19 level in 2020 compared to 51% in 2018, which was the pre-COVID-19 level (6). Other countries, such as Lebanon, Sudan, and Yemen, have also experienced increased food insecurity after this global pandemic (7).

The global prevalence of moderate and/or severe food insecurity affected approximately 320 million people in 2020, which amounted to the combined number in the past 5 years. This implies that the prevalence of food insecurity drastically increased in 2020 (8). Furthermore, the inability to purchase healthy food increased in Africa and Latin America between 2017 and 2019. This was due to the loss of jobs and shorter working hours, which implies lower wages, higher food prices, falling income, and an increase in the population (8).

The 2021 State of Food Security and Nutrition in the World indicated how attaining zero hunger in 2030 might seem challenging due to the higher undernourishment prevalence, which has increased from 8.4 to 9.9%. This implies a rise in hunger by 46 million people in Africa, by 57 million people in Asia and 14 million people in the Caribbean and Latin America for 2020 compared to 2019 (8).

Figure 1 presents the undernourishment prevalence according to regions. The undernourishment prevalence in Africa increased from 18% in 2019 to 21% in 2020, with a rise from 20.6% in 2019 to 24.1% in 2020 in Sub-Saharan Africa (SSA). The increase went from 7.9% in 2019 to 9% in 2020 in Asia, with an increase from 7.1% in 2019 to 9.1% in 2020 in Latin America and the Caribbean (9).

[image: Figure 1]

FIGURE 1
 Prevalence of undernourishment by region (Adapted). FAOSTAT (9).


The Food Insecurity Experience Scale (FIES) is the tool used to monitor the rate of moderate to severe insecurity globally.

Figure 2 presents the prevalence of severe food insecurity (percentage). Globally, the prevalence of severe food insecurity increased from 9.3% in 2019 to 11.7% in 2021 – the equivalent of 207 million more people in 2 years. In the same vein, Africa recorded an increase from 20.2 to 23.4%, and in Sub-Saharan Africa, from 22.8 to 26.2%, while in Asia, the level of prevalence increased from 8.2 to 10.5%.

[image: Figure 2]

FIGURE 2
 Percentage prevalence of severe food insecurity based on the Food Insecurity Experience Scale, 2014–2021 (Adapted). FAO. 2022 (10).


Figure 3 presents the prevalence of food insecurity at moderate or severe level, based on the Food Insecurity Experience Scale, 2014–2021. The global moderate to severe food insecurity rate increased from 25.4 to 29.3%. In 2021, it was estimated that about 29.3 percent were moderately or severely food insecure, implying that they did not have access to adequate food. This amount to about 2.3 billion people in the world or nearly 30 percent of the global population. Nearly 924 million people faced food insecurity at severe levels, an increase of 207 million in 2 years. In Africa, there was an increase from 52.4 to 57.9%, and in Sub-Saharan Africa, from 57.7 to 63.2%. In number terms, these resulted in about 928 million people globally being severally food insecure (9). Asides from the pandemic in 2020, which affected food access, food cost, increased poverty, and food insecurity, other factors such as economic challenges, unemployment, non-increment in wages, political instability, terrorism, and climate change had their impact on food and nutrition security. COVID-19 affected not only food availability and access, but also dietary diversity, changes in dietary patterns, and food choices, and increased consumption of unhealthy foods, thus resulting in under-nutrition and non-communicable diseases.
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FIGURE 3
 Percentage prevalence of moderate or severe food insecurity based on the Food Insecurity Experience Scale, 2014–2021 (Adapted). FAO. 2022 (10).


In 2020, nearly 3.1 billion people were unable to afford a healthy diet, which implies an increase of 112 million more people than in 2019. This increase has been mostly driven by Asia, where 78 million more people in 2020 could not afford a healthy diet, followed by Africa with 25 million more people, Latin America and the Caribbean with 8 million more people, and by Northern America and Europe with 1 million more people (10).

The affordability and cost of a healthy diet are useful indicators to denote economic access to nutritious food and a healthy diet and are the core food security principle. Unhealthy/poor diet accounted for roughly 11 million deaths globally per year by 2017, fuelled mainly by rising food prices (4). Moreover, in 2020 early 3.1 billion people were unable to pay for a healthy diet, which increased by 112 million from 2019. These figures indicate the effects of inflation on consumer food prices derived from the COVID-19 pandemic’s economic impacts.


Population growth, food needs, hunger, and food production

Hunger is one of the world’s major public health concerns. It has been identified that low income & poverty, inadequate governance, war, violent conflict, general lack of freedom, low women’s status, and poorly targeted and delivered health and nutrition programs are the major underlying factors of hunger especially in the low-medium countries. This has greatly hampered the food security of the nations. Although, at the global level, the current food system is not sufficient to address and mitigate these challenges and end hunger. The Global Hunger Index (GHI) is a tool designed to comprehensively measure and track hunger at the global, regional, and country levels, with the ultimate goal of achieving zero hunger in line with the United Nations Sustainable Development Goals. GHI used the three markers: prevalence of undernourishment, child wasting and stunting and child mortality to measure hunger.

Global food insecurity affects 870 million people worldwide, with two-thirds found in Sub-Saharan Africa, India, and China (3). The drivers of global food insecurity are food prices, rising demand and supply for foods due to population growth, climate change, and economic fluctuation leading to inflation and conflicts have been reported to greatly affect low-income countries right from the household level to the national level thereby preventing the world from attaining zero hunger. The severe food insecurity prevalence increased from 9.3% in 2019 to 11.7% in 2021, which is the equivalent of 207 million more people in 2 years. According to the FAO (3), more than 828 million people were affected by hunger worldwide in 2021, which is 46.3 million more people than in 2020 and a rise of 150 million than in 2019. In Africa, 278 million people were affected (20.2% of the population), with 425 million in Asia (9.1% of the population) and 56.5 million in Latin America and the Caribbean (8.6% of the population). Most of the undernourished people on our planet live in Asia, but Africa has the highest malnutrition prevalence (8).

Apart from hunger, millions of Africans present widespread micronutrient deficiencies, where being overweight and obese poses public health concerns in lots of countries.

In 2020, globally an estimated 22% of children aged under 5 were stunted, 6.7% were wasted and 5.7% were overweight. Children from poorer households and rural settings, where their mothers have not received a formal education, were more vulnerable to wasting and stunting. Children from wealthier households and urban areas were at higher risk of being overweight (4).

According to the FAO, a growing undernourishment prevalence has been observed in Africa and at least 256 million people go hungry in Africa (3). It is also worth noting that food production in African continues grows more slowly than population growth. Food production per capita has increased in every other world region except Africa since the 1970s.

The global population is expected to reach 8.5 billion in 2030, 9.7 billion in 2050, and 10.9 billion in 2100, depending upon a range of plausible future trends in fertility, mortality, and international migration United Nations (11). Population growth can also influence food availability and accessibility. This population growth will automatically lead to increased global food demand and consequently increased food production. The population growth rate remains at around 3% annually in SSA, which possibly doubles the number of people in one single generation. FAO estimates that population and economic growth will result in a global increase in food demand 2050 (3). Gbashi et al. (12) confirmed that the population of Nigeria might surpass that of US, with the population of Africa rising by 1.3 billion people with about 41% under 15 years and more than half of the world’s undernourished people are found in Asia (about 418million), Africa about 282 million and 60 million in Latin American and the Caribbean (13). Increased advocacy and education on families’ health needs concerning increased access to family planning are in place to combat increasing population growth in developing countries, but need to be intensified. Increasing financial and political commitments to family planning programs nationally would help to slow down rapid population growth, which would improve families’ healthy living and, consequently, food security.



Global food security index (GFSI)

This indicates Food security across four pillars namely affordability, availability, quality and safety, sustainability and adaptation. This index is based on a model built from 68 qualitative and quantitative drivers of food security.

In 2022 all regions performed above the global average of 62.2% with North America leading the index with 78.6%, Europe-74.8%, Asia Pacific-63.4%, Latin America-63.4%, Middle East and North Africa-63.0 and 47.0% for sub-Saharan Africa (14).

Affordability, social and political barriers to access have dampened the available the availability of food. Also, GFSI has shown rising risks from armed conflicts and political instability and the Covid-19 pandemic. Some top-ranking countries that are best performers with respect to overall food security environment with respect to 2022 score include Finland-83.7%, Ireland-81.7%, Norway-80.5%, France-80.2%, Netherlands-80.1%, Japan-79.5%, Canada-79.1%, Sweden-79.1%, United Kingdom-78.8%, Portugal-78.7% and the weakest performers include Syria-36.3%, Haiti-38.5%, Yemen-40.1%, Sierra Leone-40.5%, Madagascar-40.6%, Burundi-40.6%, Nigeria-42%, Venezuela-42.6%, Sudan-42.8% and Democratic Republic of Congo-43% (15).



Food production

The current global production statistics of primary crops based on commodity groups experienced an exponential rise of 52% between 2000 and 2020, which accounted for 9.3 billion tonnes in 2020, and represents 2.9 billion tonnes more than in 2000. In 2020, sugarcane, maize, wheat, and rice made up around 50% of global crop production as the staple crops. In addition, global fruit production rose to 55% between 2000 and 2020, whereas vegetables increased by 65% over the same year. This was followed by sugar crops (23%) and vegetables and oil crops (12% each).

Cereals were the main group of crops produced in 2020, which accounted for about one-third of the total production. Table 1 shows the global cereals yields in tonnes per hectare between 2010 and 2021, including wheat, rice, maize, barley, oats, rye, millet, sorghum, buckwheat, and mixed grains. The table shows that Africa would still experience an upward trend of prevalence of food insecurity because of its lower yield level compared to other countries. The cereal yields observed in South America dropped between 2020 and 2021, while Europe, Asia, and Africa experienced consistently increased in their yields from 2018 to 2021. Agricultural productivity particularly across Sub-Saharan Africa needs to be improved so as to reduce hunger, poverty, and the destruction of biodiversity (17).



TABLE 1 Global cereals yield in tonnes per hectare between 2010 to 2021.
[image: Table1]

Fruits, roots, and tubers each accounted for 9–10 percent of the total production. The increase in food production over this period is mostly attributed to some enabling factors, which included improved farming practices, increased use of irrigation, pesticides, and fertilizers as well as improved and high-yield crops (3). Most primary crops can be consumed unprocessed, but two crop groups, in particular, require processing for the production of commodities that are used as both food and fuel. They, therefore, have an impact on nutrition and health as well as on energy and the environment.

Food loss has been reported to greatly impact the economy, environment and livelihoods of Sub-Saharan-African (18). Most food loss occurs on the field and post-harvest especially in low-income countries and in Sub-Saharan Africa. Cereal grains, such as wheat, rice, and maize are the most popular food crops in the world are the basis of staple foods in most developing countries. Kumar and Kalita (18) substantiated that minimizing cereal losses in the supply chain could help in regards to strengthen food security, sustainably combat hunger, reduce the agricultural land needed for production, and rural development, and improve the farmers’ livelihood. Post-harvest loss accounts for the direct physical losses and quality losses that reduce the economic value of the crop, or they may make it unsuitable for human consumption. These losses can be up to 80% of the total production in severe cases (19). These losses have been estimated to range between 20 and 40% in African countries, which is highly significant considering the low agricultural productivity in several regions of Africa. About 1/3 of the food produced annually for human consumption is lost or wasted. Food losses and waste were approximately $680 billion in industrialized countries and around $310 billion in developing countries (19).

Figure 4 shows food losses per commodity and region. Observations for fruits and vegetables losses are the most prevalent in Central and industrialized Asia, whereas about 80 million tons of roots, tubers and oil crop loss were for South and Southeast Asia. The losses for fruit and vegetables, roots and tubers, and oil crops, are estimated to be 40%, with about 38% and about 25% in Sub-Saharan Africa. According to Sawicka (21), the annual global food losses and wastes were estimated to be approximately 30% for cereals; 40–50% for root crops and fruit and vegetables; 20% for oilseeds, meat, and dairy products; and 35% for fish. Report also confirmed that consumers in developed countries lose almost as much food as over 220 million tons as the total net food production in sub-Saharan Africa which is around 230 million tons, thus making the total amount of food lost or wasted annually equivalent to more than half of the world’s annual crop production which was about 2.3 billion tons per year. Reducing food loss and waste is an important target of the Sustainable Development Goals (SDGs) as well as a means to achieve other SDG targets that are particularly related to food security, nutrition, and environmental sustainability.

[image: Figure 4]

FIGURE 4
 Food losses by commodity and region (million tonnes). WWF Technical report (20).




Value addition: a critical tool for food/nutrition security

Consumers now focus more on convenience, variety, health, wellness and social awareness, and place more value on their time. Coltrain et al. (22) define value addition as” to economically add value to an agricultural product, such as wheat, by processing it in products, such as flour, which are desired by customers, such as bread bakers. Value addition can equally be regarded as a worthwhile investment because it generates a higher return, which allows the penetration of a new potentially high-value market, extends the production season, creates a brand identity, or develops brand loyalty for consumers/customers.”

In addition, it can be defined as the additional features of economic value that an industry adds to its products and services before offering them to consumers.

First, consumer behavior and demand for processed food have increasingly changed in recent years because of prevailing societal and environmental challenges. Second, the increasing population of developing countries, including Nigeria, and poor households with no access to nutrient-dense foods, are important factors to consider in order to eradicate hunger and malnutrition, and objectives that move toward a sustainable agenda for enhanced global food and nutrition security. Value addition is an important tool in promoting diet diversification and could, therefore, be achieved by low-cost food processing and proper preservation/storage techniques, which would greatly reduce global food loss. Appropriate processing technologies must be developed to minimize postharvest losses to develop sustainable value-addition systems for improved nutritional health security to, in turn, minimize hunger and to create more job opportunities. In addition, appropriate infrastructural facilities, such as good transportation systems for easy access to raw materials and finished food products to consumers, would be an impacting intervention as regards improved value addition systems.

However, the global value addition brought about by agriculture, forestry and fishing grew by 68% in real terms from 2000 to 2018. In 2018, this came to USD 3.4 trillion, and represents an increase in USD 1.4 trillion versus 2000. Value addition more than doubled for the same period in Africa, with an increase from USD 170 billion to USD 397 billion. The report shows Asia as the main contributor to global agriculture because of its size, while the value addition for forestry and fishing was 63% of the world’s total in 2018. This continent obtained an increase of 77%, which was a rise from USD 1.2 trillion in 2000 to USD 2.2 trillion in 2018. The increase for the Americas was 47%, and that of Oceania was 21% during the 2000–2018 period. Europe’s agricultural value addition rose by 18% from USD 278 billion in 2000 to USD 329 billion in 2018. In 2018, the countries with the biggest agriculture, forestry and fishing sector in value addition terms were India, China and the United States (9).



Role of food processing industries in food/nutrition security

Food processing entails transforming raw ingredients. The preservation techniques of the resulting products make them palatable and extend food’s shelf life for consumption (23). Processing increases the variety of food products made available to consumers, and makes them more convenient, which meets their immediate demands. Moreover, food processing creates excellent income and job opportunities for people, which in turn would enhance the purchasing power of consumers and consequently improved food affordability and accessibility (24). Food processing industries are engaged in both the primary and secondary processing of agricultural products for subsequent human use or consumption. Processing can have significant effects on effective food supply, and can be considered not only an integral part of today’s diet, but also a significant contributor to food/nutrition security (25). Food/nutrition security relies on the apt supply of affordable, safe and nutritious fresh and processed food to everyone. Increasing food production by means of food-processing techniques would help with the challenge of supplying a healthy diet to 9 billion people in 2050. Food processing promotes and enhances preservation, nutrient quality, safety and the shelf life of foods.

Major conventional and emerging process technologies can be applied to develop products for food processing and in the supply chain. Emerging technologies, including high-pressure processing (HPP), pulsed electric field (PEF), cool plasma, ultraviolet irradiation and ultrasound, have been explored in the food industry as treatments that prolong the shelf life of foods (25, 26). Applying emerging and non-thermal techniques can potentially cut energy requirements for food processing and may contribute to enhance the food industry’s energy efficiency (27).

The need to improve resource efficiency in food processing industries cannot be overemphasized because most food processing industry operations are energy-intensive, and they do not optimize employing edible agricultural food sources. Many of today’s agricultural practices rely on cheap energy, and need plenty of water and land, and are a leading source of greenhouse gas (GHG) emissions. Food processing industries can, therefore, integrate the complete use of fewer resources along the whole food value and supply chain from farms to consumers’ table (28).

The application of technological education via science and technology in food production, such as mechanized farming, and biotechnology that is genetically modified food, and training agricultural entrepreneurs in basic food production techniques, could also improve food availability and utilization, and overall agri-food systems. In addition, the application of research and development innovations by collaborations with academia, research institutes and food processing industries could help to improve sustainable food/nutrition security.



Genetically modified food in food security/nutrition

The prevalence of hunger situations in nations around the world, and the ravaging impact of COVID-19 on their economy and population outbursts, have involved considering effective food systems to promote food/nutrition security, and are extremely important. Modern approaches have been developed in the biotechnology field to enhance food/nutrition security. Genetically modified crops resort to many modern approaches, which are applied to improve existing agrifood systems. Genetically modified (GM) foods employ biotechnological processes to alter the inherent features of living organisms by replacing the natural gene sequence.

The FAO defines a GMO (genetically modified organism) as an “organism where one gene or more, called transgenes, have been introduced into its genetic material from another organism using recombinant-deoxyribonucleic acid (r-DNA) technology” (29). GM foods are those deriving from organisms whose genetic material (DNA) has been modified in such a way that it does not naturally occur; e.g. by introducing a gene from a different organism. This is known as genetic engineering technology (30). Such food is becoming increasingly common in many developed and in a few developing countries. Rice, maize, potatoes, wheat and soybean lie at the top of the list of products from GM species. GM foods provide a range of opportunities: increased food production locally and globally, climate adaptability and tolerance, which would, consequently, improve food availability at all levels and create better food options. According to the World Bank (30), GM crops could also improve food nutritional quality and safety, which would positively influence economic access to food. Other beneficial outcomes of GMO foods include longer shelf life, preventing allergies and diseases, malnutrition and food security. Gbashi et al. (12) provided details of GMOs’ success to combat food production shortages and losses, as in crop failure due to climate change, pathogen/disease infestation, poor crop yields, late harvests and delayed maturity. These opportunities were achievable using several genetic modifications of existing crops (i.e., GM insect-resistant maize with healthier cobs), which are infested by mycotoxins much less and offer significant health benefits. In addition, cowpeas, which are pod-borer resistant cowpeas called SAMPEA 20-T, and pest-resistant Bt cotton and golden rice, have been produced by genetic engineering to biosynthesize beta-carotene, a precursor of vitamin A, in edible golden rice parts (31, 32). They are all genetic engineering technology success stories for sustainable agriculture systems.



Unaddressed identified gaps/challenges in the global food/nutrition security system

Malnutrition remains a challenge despite several measures being put in place to tackle it at all levels. In 2020, it was estimated that about 149.2 million children under the age of 5 were stunted, 45.4 million were wasted and 38.9 million were overweight. These statistics were for children from Africa and Asia, and these numbers are expected to rise due to the COVID-19 pandemic (8). Another challenge is to meet the global nutrition targets for 2025 and 2030 as regards wasting, overweight children, adulthood obesity and anemia in women and children. There is still a long way to go to meet these targets by 2030, whereas improvements in child stunting, low birth weight and exclusive breastfeeding still seem inadequate (8).

The burden of foodborne diseases on public health and economies has often been underestimated, especially in low-medium income economies. Children under the age of 5 are the most vulnerable, with over 40% suffering foodborne illness, which results in 125,000 deaths every year (4). The 2019 World Bank also reported a huge total productivity loss in the economy of low-income and middle-income countries because of foodborne diseases, and was estimated at 95.2 US$ billion per year, with the annual cost of treating illnesses estimated at 15 US$ billion. Safe food supplies support sustainable national economies, trade and tourism and, consequently, contribute to food/nutrition security.

Food systems have multifaceted impacts on food/nutrition security as regards ensuring inclusiveness and food sustainability. Food system drivers are essential in their transformation, and will improve food availability and affordability (11). Individuals, which is the private sector, and the state play a fundamental role as regards the food sector, and they must work together to reduce food insecurity worldwide. Individuals have guaranteed their right to access food and nutritional need, which contributes to food production. The private sector improves income support, provides food production and amends laws for society. The state implements public policies, provides education and supports the right to food. Food security needs national and international strategies concerning investments to provide employment, to minimize natural and human-made disasters, to adapt to sustainability, to set up economic development policies and to improve access to suitable food.



Agricultural transformation for sustainable food security

In order to lift millions out of poverty, it is required that smallholder agriculture must be highly productive and profitable, especially in the developing countries of the world. In order to achieve this goal, a stable framework of macroeconomic political stability are essential, effective technology transfers system (33), good access to lucrative markets, ownership system which includes a system of enforcing rights that rewards individual initiative and toil, and employment creating non-agricultural sectors (33). Additionally, national policy makers are potentially benefitting from adequate and convincing information on successful and relevant experiences that have led to intended transformation. In Nigeria in the ongoing ATA, for farmers to utilize and apply innovation generated by the knowledge/technology generating subsystem there must be an efficient technology transfer sub system (34).

In Asia-Pacific, a large number of conducted studies have been linked to specific public policies and interventions to successful agricultural transformation. National policy made are likely to benefit significantly from adequate and convincing information on successful and relevant experiences in successful transformation. The key public sectors interventions relevant to sustainable transformation generally include policies, legislation, and institutional interventions (35). The vast majority of Latin American and Caribbean countries are not importers of cereals. In this region, 26 countries are highly reliant on Wheat imports while 13 countries are also highly reliant on maize imports. Regional imports of wheat, maize, vegetable oil and other foodstuffs are being affected by the war in Ukraine through higher global prices. Caribbean sub- region importer of most food commodities such as maize, wheat, dairy products, fruits, vegetables, meat, vegetable oil etc. (36). There is also insufficient fertilizer production leading to high cost of fertilizer in this region as a fallout of the war between Ukraine and Russia (2018–2022) as they depend highly on fertilizer imports. Russia and Ukraine contribute about 2% of the global Gross Domestic Product (GDP), they are both food basket, producing and exporting essential agricultural commodities, minerals, fertilizers and energy (36). Before the conflict between Russia and Ukraine, Russia was the world’s largest supplier of fertilizers (such as Nitrogen, Potassium, and Phosphorus). This has led to increase in prices of food which might adversely affect global food security especially in vulnerable countries including the European food system which has also been adversely affected by the COVID 19 pandemic (37). There is therefore a need for Latin America and Caribbean countries to promote agriculture through favorable national policies, produce fertilizers at affordable price to farmers and also support food value chain activities for food and nutrition security as a means of reducing imports, improved job creation and enhancing Food and Nutrition security in this region.



Role of functional food and nutraceuticals in food/nutrition security

Functional foods play important roles in food/nutrition security. A functional food is a food with specific beneficial effects on one or more target functions in the body that go beyond basic nutritional functions and result in improved health status and well-being as well as reduction in the risk of disease. Given this, functional foods have raised consumers’ interest toward healthy diets thereby occupying a major place in the global food market. Some functional foods are plant-based and contain bioactive components (i.e., flavonoids, catechins, carotenoids, lutein, lycopene, phenolics, quercetin, anthocyanidins) with health potentials (38). Some natural food products such as millet (39), mushroom (38), microalgae (40), flaxseed, oat, oranges, soybeans, onions and cherries (38) have been found to contain bioactive components with potential health benefits. Fruits and vegetables are another example of functional foods which are rich sources of essential bioactive compounds including carotenoids and polyphenols which have beneficial health properties.

Millet is rich in iron, calcium, fiber (12%), protein (7–11%) and bioactive compounds, which make it a sustainable food security crop (39, 41). It grows under harsh-growing conditions and can be included in infant meals to provide them with iron, calcium and protein, and for the nutrition of women of reproductive age to prevent anemia.

Mushrooms are an excellent source of proteins (13–39% dry weight), fiber, minerals and vitamins, and are low in sodium, lipids (1.18–8.39% dry weight), and calories (42, 43). They contain phenolic compounds: i.e. tannins, lignans, flavonoids, and phenolic acids. Mushrooms are known for their medicinal and nutritional benefits. They have been reported to possess anti-tumor, antioxidant, anti-diabetic, anti-obesity and anti-viral potentials (44, 45). They also possess prebiotic properties, which improve gut health (45).

Microalgae are rich sources of protein, carbohydrates, vitamins A, B1, B2, B6, B9 and E, and minerals like iron, potassium, calcium and magnesium. The most consumed microalgae are spirulina and chlorella. They are used in tablets, and in liquid and powder forms in food and drink. They possess properties that can treat the heart, eyes and cancer diseases. They have various food industry uses as food additives and pharmaceuticals, and also for skin care (44, 46).

These functional foods have favorable growing conditions. Better exploring the production of these food crops will increase food production, sustainability, access and healthy diet.

These functional foods have been found to possess various health benefits, such as the cardio-protective effect, and possess anti-oxidant, anti-inflammatory, anti-estrogenic, anti-viral, anti-obesity, anti-diabetic and anti-tumor potentials (45–47). Consumption of functional foods with a healthy lifestyle can make a positive contribution to health and wellbeing which aligns with the United Nations Sustainable Development Goal Number 3.



Role of underutilized food crops in food/nutrition security

The benefits of underutilized food crops cannot be overemphasized for food security. Most of these food crops possess unique features, which allow them to tolerate harsh weather conditions, drought and soil types with high yields. Enset (Ensete ventricosum, Musaceae) is similar to bananas, which are cultivated and consumed in Ethiopia. It is high-yielding and can be harvested at any time. Its starch is usually extracted, fermented and consumed. It is an underutilized crop that can help to solve food/nutrition security (48). Another crop identified in Ethiopia with the potential to solve food/nutrition security is teff. Teff (Eragrostis tef) is nutritious, and is high in dietary fiber (9.8%), protein (9.37%) and minerals, such as phosphorus (429 mg/100 g), magnesium (184 mg/100 g), calcium (180 mg/100 g), potassium (427 mg/100 g), iron (7.63 mg/100 g), sodium (12 mg/100 g) and zinc (3.63 mg/100 g), as well as polyphenols, (37–39) and contains dietary fiber with proteins minerals and polyphenols, and is gluten-free (49, 50). It has been utilized for malting and brewing, and also for non-gluten food and beverage production (51), and for making bread, cookies, cakes, fermented cereals, and other confectionary products (52).

Amaranth (Amaranthus spp.) is an underutilized grain classified as a pseudocereal. It can be a cream, which is a pink or brown, and can grow under harsh weather conditions. It is an indigenous high-yielding vegetable rich in sulfur-containing amino-acids, lysine and minerals. It can be eaten as a leafy vegetable or grain depending on the species (53). Studies show that it possesses a health-promoting potential against cancer. It is anti-hypertensive, anti-diuretic and anti-inflammatory, and lowers cholesterol levels (53, 54). It is rich in folate, calcium, carotene, protein and vitamin C (55). Amaranth has about 13.56% protein, 7.2% lipids, 2.88% ash, 6.7% fiber, 65.25% carbohydrates, 7.61 mg/100 g iron, 159 mg/100 g calcium, 508 mg/100 g potassium, and 248 mg/100 g magnesium, which is higher than cereals like maize, sorghum, rice, and wheat (55, 56). It can be consumed dried and fresh as vegetables, and can be roasted or milled, and used for bread making, salads, cookies, porridge, kunu (57), and also in infant complementary food production (58). Amaranth entails various food, industrial, pharmaceutical and cosmetic uses (58). It is grown mostly in Mexico, India, China, Russia and Kenya. Some of the challenges that affect exploring amaranth include its cultivation, processing it into value-added products and its distribution.

Quinoa (Chenopodium quinoa Willd.), which is referred to as golden grain, is mostly cultivated in South America. It is a drought-, cold-and salt-resistant crop that can survive under extreme and harsh climate conditions. It is high in protein (11–19 g/100 g) with 18% total dietary fiber (59). It also has an excellent amino acid profile compared to other grains. Its fat content is 2–9.5%, which is higher than other grains, except soybeans. It contains high mineral contents, such as calcium (148.7 mg/100 g), zinc (4.4 mg/100 g), potassium (926.7 mg/100 g), iron (13.2 mg/100 g) and magnesium (249.6 mg/100 g). It is rich in riboflavin (0.2–0.3 mg/100 g), thiamine (0.2–0.4 mg/100 g), niacin (0.5–0.7 mg/100 g) and folic acid (0.08 mg/100 g) (59).

Other food security crops with such a potential are bambara groundnut (60), African breadfruit (61), mungbean (62) and pumpkins (63).

Bambara groundnut (Vigna subterranea L. Verdc) is an underutilized African legume. It contains 23.6 g/100 g protein and 5.5 g/100 g dietary fiber (64). It is commonly consumed in Eastern Nigeria as okpa, which is a meal made of its flour and boiled with other ingredients. It can made into milk, condiments, infant weaning food, bread and cookies (65, 66).

African breadfruit (Treculia africana Decne) is common in South Eastern Nigeria. It is eaten roasted, dried into flour, as a soup thickener, as beverage and alcoholic drinks, and as porridge or complementary food. Its leaves are rich in phytochemicals and are employed for various medicinal purposes (i.e., anti-bacterial and anti-inflammatory). It is also used as fodder and livestock feed (61).

Moringa (Moringa oleifera) is a potential underutilized functional food. It is rich in proteins, vitamins and bioactive compounds. It has antioxidant, anti-cancer, anti-diabetic and anti-inflammatory properties (67, 68). It is also a food security crop because its seeds, leaves, flowers and pods are good nutritional food (69). Fresh moringa leaves contain about 6% protein, with 17% for processed leaves. Fresh seeds have 13% protein, whereas processed seeds contain about 38% protein. Drying and fermentation processes reduce the anti-nutritional content, such as phytate, oxalte, tannin and saponin, in moringa leaves, and seeds (69).

Mungbeans (Vigna radiata var. radiate) are rich in iron (9-11 mg/100 g), folate (31.36 ppm) and protein (20.97–31.32%), which makes them suitable to be used with other cereals as complementary food and in vegan diet (70–72). As their growing period is short, they can be grown many times in a year. It is also a nitrogen-fixing crop (73).

Pumpkins (Cucurbita spp.) are produced mostly in China and are highly nutritious. Pumpkin peel, flesh and seeds are rich in minerals like calcium (0.62–1.33 g/100 g), iron (8–18 mg/100 g), zinc (1.72–5.17 mg/100 g), potassium (2–4.81 g/100 g), fiber (20–73%), phytochemicals and vitamin A total carotenoid content (94–3,038 μg/g) (74). Pumpkins have various food and pharmaceutical uses. They possess anti-bacterial, anti-cancer, anti-inflammatory, anti-diabetic and anti-hypertensive potentials (75). Pumpkins are consumed as jam, juice and dried foods (75).

These food crops will drive sustainability, reduce malnutrition and improve diet diversity. They will enable crop diversification and reduce over-relying on maize, rice, and wheat, and shift the concentration on some of these highly nutritious alternatives. Furthermore, commercializing their cultivation will generate income and improve economic activities (62, 64).



Role of food regulatory bodies in food/nutrition security

Food and regulatory bodies play several roles to ensure food/nutrition security. Various laws, guidelines and regulations had been promulgated to ensure the safety and wholesomeness of foods right from the farm to the table. Food regulatory bodies are the agencies established to ensure the quality, safety, and health of food through public education and enforcement of the established laws and regulations. They ensure that standard procedures are followed and complied with in the production, processing, distribution, transportation, and handling of food products. These regulatory bodies/agencies vary from country to country. At the global level, there are food quality control legislation bodies including Codex Alimentarius Commission (CAC), World Trade Organization (WTO) and International Standard Organization (ISO), among others which were established to set internationally agreed guidelines, standards to improve national food quality control and safety management systems. Laws and guidelines should be implemented to improve food safety in food value chains to reduce food loss and waste and to guarantee that all drivers of food systems conform to standards to foster healthy nutrition outcomes. Nutrition education should be emphasized, especially to promote organic home gardening of vegetables by households. Furthermore, food regulatory bodies should advocate and implement the cultivation of healthy seeds for healthy food crop production. They should promote the large-scale indigenous production of underutilized food crops and support their trade and exportation. The additional incorporation of safe ingredients with functional properties deriving from plant sources in food formulations/recipes should be promoted by industries, and ought to be regulated to conform to already established standards or a set of new standards for conformity purposes.

Regulatory bodies must be aligned with sustainability pillars to promote food and nutritional security by contemplating the two major and important food supply factors: natural resources and agriculture. The three most cited dimensions are economic, social and environmental. The use of clean technologies and environment-friendly products, waste treatment and destination, recycling, social responsibility in food production, community growth generation and involvement in social projects are required. This can be achieved by considering the economic aspects of food production and access (76, 77). Some authors include others, which are associated with sustainability applied to culture nutrition and health, and they go beyond these dimensions. The authors realize that sustainable nutrition can affect human health on the health dimension, and they indicate respect for individuals’ cultural origins and eating habits on the cultural dimension (77, 78).



Recommendations/way forward

Food/nutrition security is multifaceted. However, the challenges that emerge can be overcome by promoting the diversification of these highly nutritious food crops with potential health benefits. Improving value addition and the utilization of these crops will lead to people being aware of them and will generate income for good economy.




Conclusion

By way of conclusion, the global food security report reflects the true state of the world, and it is important that every stakeholder involved in food and nutrition policies, regulations and the agric-food chain all make efforts to ensure zero hunger and to guarantee healthy well-being. Critical food safety programs for food handling procedures that can prevent foodborne diseases are essential to ensure an active healthy lifestyle. Furthermore, the identified underutilized crops and functional foods should be explored for their food and nutritional benefits to foster diet diversification and to promote global consumption of nutritious and healthy food. Public knowledge of and awareness about GMOs will play a major role in consumer education and acceptability, in addition to government interventions, in terms of regulations and safety assessments, which will strengthen options about creating food security, particularly in developing countries.
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Introduction: Nutrition-sensitive agriculture (NSA) is a comprehensive, inter-sectoral approach to improve food security and nutrition. In Iran, “National Nutrition Improvement Program in Rural and Nomadic Women” has been developed and implemented as a NSA program. The main purpose of this study was analysis of this program using the Policy Triangle Framework.

Methods: This was a qualitative policy analysis study, which was conducted retrospectively. The study population included policymakers and executors at macro (Tehran Province) and micro levels (County and village) from the two involved ministries, as well as rural women in Tehran province. The collected data included the program document (N = 210), in-depth semi-structured interviews (N = 40), as well as focus group discussions (N = 8). Data was analyzed using MAXQDA 2010 software with a deductive approach.

Results: The findings of this study indicated that the underlying factors including social, economic and cultural status, health, structural-environmental and political are associated to the development of the program. The current program is a multi-faceted, in accordance with the existing needs, which provides opportunities to improve nutrition and community health, empower women, strengthen socio-economic status at the micro and macro levels and pave the way for other projects, by connecting the nutrition sector to agriculture. The analysis has also shown that the content of this program requires more consideration in budget and motivational measures. Although developing an NSA program based on inter-sectoral collaboration is a valuable step, it needs to be improved in the areas of sustainability, inter-sectoral collaboration, resources and facilities, monitoring and evaluation, as well as needs assessment.

Conclusion: The findings of the present study can be used as evidence by policymakers and planners in redesigning and implementing the program, or developing other NSA programs.

KEYWORDS
 nutrition-sensitive agriculture, policy triangle framework, rural development, malnutrition, homestead food production


1. Introduction

Food security exists when all people, at all times, have physical, social, and economic access to sufficient, safe, and nutritious food that meets their dietary needs and food preferences for an active and healthy life based on the Food and Agriculture Organization (FAO) definition (Food and Agriculture Organization, 2010). When these conditions are not met, food insecurity exists which usually related to poverty (Ivers and Cullen, 2011). Food insecurity is recognized as a major cause of malnutrition (McDonald et al., 2015; Gkiouras et al., 2020) which also predispose food-insecure households to obesity and the Noncommunicable diseases (NCDs) because of consuming micronutrient-poor diets (Seligman and Schillinger, 2010; Heerman et al., 2016). Studies indicate a high prevalence of food insecurity in rural areas of Iran, for instance 69% in Kohgiluyeh and Boyer-Ahmad (Zera'at Kish and Kamaei, 2017), 59.4% in Khoy (Sharafkhani et al., 2011), 40.9% in Neishabour (Gholami et al., 2013) and 68% in Kermanshah (Rostami et al., 2014).

Nutrition-sensitive agriculture (NSA) is a comprehensive, inter-sectoral food-based system approach to improve food security and nutrition (Di Prima et al., 2022). In fact, the NSA considered by governments, Non-Government Organizations (NGOs) and development agencies as a way to achieve Sustainable Development Goals (SDGs) (Bhutta et al., 2013; Moumin et al., 2017). NSA programs integrate complementary components such as agriculture, health, social support, education, water, and health, which influence key nutrition determinants, including poverty, food insecurity, lack of access to adequate health care and water resources (Maxwell et al., 2010).

Homestead Food Production (HFP) is a kind of NSA program (Ruel et al., 2013), which has positive effects on household food security, dietary diversity and receiving more essential micronutrients, and can also be associated with revenue generation through the sale of additional products (Verbowski, 2015). Increasing the availability and consumption of nutritious foods through HFP is considered a sustainable approach, as it enables women and households to take ultimate responsibility for the quality of their diet (Talukder et al., 2010). Increasing women’s authority on financial resources could also help empower them in gender equality (Olney et al., 2013; Haselow et al., 2016). Studies show that women empowerment associated with better food security and dietary diversity of the household members including women and children (Sharaunga et al., 2016; Kassie et al., 2020; Baye et al., 2021). So, the target group of NSA programs is usually women (Talukder et al., 2010; Olney et al., 2013; Schreinemachers et al., 2016; Nielsen et al., 2018). Because of the importance role of women in household nutrition in Iran too, a program entitled “Nutrition Improvement of Rural and Nomadic Women” was developed in 2017 to pursue the goal two of SDG: “End hunger, achieve food security and improved nutrition and promote sustainable agriculture” (The Sustainable Development Goals Report, 2017; Instructions for the Implementation of Healthy Nutrition Education and Promotion in Rural and Nomad Women [in Farsi], 2018).This program Promoting healthy diet and production of vegetables, poultry and eggs among rural and nomadic women are the goals of this program, which can also be effective in reducing the incidence of NCDs (Instructions for the Implementation of Healthy Nutrition Education and Promotion in Rural and Nomad Women [in Farsi], 2018).

The history of implementation of NSA programs is not many in Iran, so its related studies are limited. Based on Ghodsi study, home garden has been considered as a component of a multi-sectoral program entitled “National Program for Improving Nutritional Status of Children in Iran,” but it has not been implemented full filly because of resource limitation (Ghodsi et al., 2017). The “Nutrition Improvement of Rural and Nomadic Women” is one of the inter-sectoral programs in Iran, which focuses more on establishing vegetable home garden (Instructions for the Implementation of Healthy Nutrition Education and Promotion in Rural and Nomad Women [in Farsi], 2018), but it had not been analyzed or evaluated until the current study. Analysis of the health policies, provide the proper understanding of policy process and its nature. In addition, it provides evidence for evidence-based policy-making. Researchers apply different models and theories to analyze health policies, which health policy triangle is one of the most used, especially in developing countries (Behzadifar et al., 2022). This model examines the health policies from the different dimensions (content, actors, process and context) and identifies existing gaps (Edalati et al., 2020). The purpose of this study was also to analyze the mentioned program, in order to identify its strengths, weaknesses, considerations and suggestions for its improvement. Examining the contextual factors also reflects a clear picture of the issues that caused the formation of the program. Ultimately, the results of this study may be useful for policymakers and planners in redesigning the program or developing other NSA programs as well.


1.1. Conceptual framework

In the current study, the policy triangle framework has been used to analysis the Nutrition Improvement Program in Rural and Nomadic Women in Iran (Figure 1). This framework was developed by Walt and Gilson in 1994 and evaluates policies from four dimensions as key issues (Doshmangir and Ravaghi, 2015). These four dimensions include: (1) the objectives and strategies of the program (content), (2) underlying factors associated with the program development (Context), (3) Key individuals and organizations involved in the program (actors), and (4) agenda setting, formation, implementing and evaluating the program (process). In this study, the content and implementation process of the program were assessed to show strengthens, weakness, considerations and suggestions. In addition, the recognition of involved actors and their role in the program.

[image: Figure 1]

FIGURE 1
 Policy triangle framework.


In order to determine how to put the issue on the agenda, a complementary conceptual framework including Kingdons’ Multiple Streams Approach (MSA) was applied. The framework consists of three independent streams, including the “problem,” “policy” and “politic” streams that open a window of opportunity if converged. Problem stream indicates the health challenges and their characteristics that address issues. Policy stream represents the existing solutions and patterns to address the issue, and politic stream refers to the political context that influences the policy-making process (Kingdon and Thurber, 1984).




2. Methods


2.1. Study design and population

Our work was a qualitative policy analysis study, which was conducted retrospectively. The study population in this project included policy makers and executors at macro (Tehran Province) and micro levels (County and village) from the two involved ministries, as well as rural women in Tehran province. A total of twenty villages from eight counties (Varamin, Pakdasht, Pishva, Rey, Malard, Pardis, Eslam Shahr and Tehran) in which the Nutrition Improvement Program was implemented have been assessed. This study was approved by the Ethics Committee of the University of Medical Sciences, 26 July 2020 (ethical code: IR.SBMU.NNFTRI.REC.1399.021).



2.2. Data collection


2.2.1. Documents

Documents, in-depth semi-structured interviews and Focus Group Discussions (FDG) were employed to gathering data. Relevant documents (at national, province and county levels) have been collected from the beginning of this program (February 2017) until March 2021, including the program memorandums, executive instructions and operational plans, correspondence, minutes, progress reports, trainings for educators and rural women, educational workshops and conference reports. A total of 210 documents were gathered and analyzed. These documents were obtained directly from the Ministry of Health and Medical Education, health deputy of universities of medical sciences, counties health network and Ministry of Agriculture-Jahad.



2.2.2. Semi-structured interviews

In-depth semi-structured interviews (N = 40) were conducted according to the interview guide protocol from October 2020 to August 2021 (Supplementary Tables S1, S2). The questions of interview guide were open-ended and developed based on the study objectives (the analysis of the program by used frameworks), by the research team. Then it was modified by a 7- member panel of experts (including community nutrition, food and nutrition policy, rural development and agriculture development).

Interviewees including policy makers, executers and facilitators were selected using snowball sampling as a purposeful method (Table 1). All participants were informed about the objectives of the study, interview subject and privacy. In addition, the informed consent form was signed by all participants. The subjects that were interviewed by the policy makers and the executive managers included information about the formulation of the program, the strengths and weaknesses of the content and its implementation, financial and human resources, etc., while the front of line executives interviews were more concerned about the status of the program implementation, trainings, resources and facilities, etc. The details of the interviews are provided in the Supplementary Tables S1, S2. For this study, 10 face-to-face interviews were conducted and 29 interviews were performed by telephone due to limitations that occurred during the COVID-19 pandemic. The use of telephone interviews has been shown to increase in recent years (Block and Erskine, 2012). On the day of the interview, participants were reminded by phone or message, and after confirmation, the interview began and was recorded by the callX app. The researcher also took conservation notes during the interview and probes were performed if necessary.



TABLE 1 Interviewees’ position in the program.
[image: Table1]

One of the participants was interviewed by e-mail at her own request. For this purpose, questions were sent to her and she was asked to respond the questions and specify the ambiguities that need further explanation. Then, the received answers were reviewed by the researcher and the final file was achieved after the interaction between the participant and the researcher.

The first three interviews were conducted experimentally with minor modifications. Based on the responses, further questions were asked if needed and interviews continued until data saturation was reached, where no new relevant information (codes or themes) were emerged in data. The interviews lasted an average of about half an hour. All the steps, including conducting interviews, listening to the recorded interviews, reading the drafts and transcribing them, were performed by a researcher (NE).



2.2.3. Focused group discussions

Eight FDGs were connected by teleconference on 29 women in eight villages (February 2021), by a researcher (NE). This researcher had previous knowledge and experience to hold FDGs.

The characteristics of the participants are presented in Table 2. A FDGs was conducted with women who covered by the program, which were selected based on their availability. Individuals were told about the objectives of the study, privacy considerations, and how to join. The best agreed time for group discussion was determined by asking rural women and on FDG day, two reminders (a few hours before and less than half an hour before) were sent to the participants. However, a small number of women were excluded due to unforeseen personal issues.



TABLE 2 The characteristic of women participated in FGDs (N = 29).
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FDGs were performed based on an interview guide with open-ended questions, which designed according to the study objectives by the research team, and modified by a panel of experts, explained in previous section. In FDGs, women were discussed about the status of receiving training, its quality, application, resources and facilities, etc., the details of which are given in the Supplementary Table S3. The women were asked to talk freely about the topics, but whenever they went off topic or remained silent, they were brought back to the discussion with a probe. The first two FDGs were performed experimentally with minor changes, including reordering some questions. FDGs were continued until theoretical saturation, where no new relevant information (codes or themes) were emerged in data.




2.3. Data analysis

All interviews and FDGs were carefully transcribed (converting the audio to the written form, word to word) and then documents and transcripts were analyzed simultaneously by using the MAXQDA software (2010 version). Thematic content analysis was performed with the combination of inductive and deductive approaches. In this regard, the analysis initiated by open-ended coding. Next, conceptually similar codes were grouped as subcategories (axial coding), and the main themes emerged by incorporating these categories (selective coding) (inductive approach). Eventually, these categories formed the components of the policy triangle by subject (deductive approach). Constant Comparison Method (CCM) was employed during the data analytic process. The Guba and Lincoln’s evaluation criteria (Lincoln and Guba, 1985) were also used to ensure the reliability of the study, and triangulation was applied to ensure the validity.

Triangulation was applied to ensure credibility. The research team consisted of experts in qualitative and quantitative research methods with a background in executive management and project evaluation in the fields of social, health, food and nutrition. In fact, in our study, a variety of program-related resources (documents, field notes and interviews), participants from different levels and organizations, and several data collection procedures (in-depth semi-structured and focus group discussions) were applied. To ensure confirmability and transferability all documents were maintained during the process and activities were clearly recorded in sufficient detail. For dependability, all data were analyzed and encoded a few months after the initial coding and compared with the initial coding. For further dependability, about 30% of the data were also randomly analyzed and compared by another expert. In comparing the analyses, more than 70% agreement was reached. Conflicting cases were agreed upon through discussion or involvement of a third researcher.




3. Results


3.1. Content

This inter-sectoral program was concluded between the Ministry of Health and Medical Education (Department of Community Nutrition) and the Ministry of Agriculture-Jahad (Office for Development of Agricultural Activities of Rural and Nomadic Women) in February 2018 for a period of 5 years. The target group of the program includes the executives of these two organizations, community health workers in villages, Agriculture-Jahad experts, rural women facilitators, and rural and nomadic women.

The overall objectives of the program include (a) Achieving Goal two of UN Sustainable Development Goals; “End hunger, achieve food security and improved nutrition and promote sustainable agriculture,” (b) Promoting healthy eating habits among rural and nomadic women, (c) Facilitate job creation, especially home-based ones in rural and nomadic areas, and income generation, (d) Promote the homestead food production including vegetables, poultry and eggs, and finally (e) Provide the required consultations to promote a healthy eating pattern, improve the nutritional status of rural women and households, produce healthy products and create home gardens. Furthermore, the specific objectives of the operational plan also include (a) Improving the nutritional awareness of rural and nomadic women up to 50%, (b) Improving the nutritional attitude and performance of rural and nomadic women by 20%, (c) Increasing home gardens by 10%, and (d) Increasing the food production by rural and nomadic women based on healthy food criteria. Strategies to achieve these mentioned have included strengthening internal and external collaborations, training target and influencing groups on rural and nomadic women, as well as monitoring and evaluation.


3.1.1. Strengths and weaknesses

The structure of the program is designed based on Systematic Comprehensive Health Education and Promotion (SHEP) model. This model consists of three main stages including evaluation and diagnosis (review of literature, selection of study topic, and preparation of training content), implementation (designing of visual training aids, training of trainers, and training of target audiences) and monitoring and evaluation (in the short, medium and long term). Training in this model is hierarchical (Mirzaii et al., 2017). The schematic diagram of the Nutrition Improvement Program in Rural and Nomadic Women based on the SHEP model is presented in the Figure 2.

[image: Figure 2]

FIGURE 2
 A schematic diagram of the program based on SHEP model.


The strengths of the program content are comprehensiveness and generality based on inter-sectoral collaboration and NSA to meet existing needs and the possibility of localization. Explaining the implementation process of the program in the instructions and operational plan are other strengths of the program. Considering the local active individuals in the implementation of the program, such as women-facilitators who were familiar with the context and inhabitants of the village has also been a positive aspect of the program. Furthermore, considering the experienced human resources such as Behvarz who provided health services in rural health houses, including nutrition training and visiting agricultural lands and homes was also one of the benefits of this program. One of the Behvarzs said:


“… Since we work as Behvarz in this village, we generally have visits like this, for example, to their gardens (of residents) and their homes… We also provide our routine trainings…”
 

The content of the program is opportunistic, so it can provide opportunities to improve nutrition and community health, empower women, strengthen socio-economic status at the micro and macro levels, and pave the way for other projects in the health and other fields. However, there have been some weaknesses in the content of the program, such as less attention to the financial resources and incentives for executives. One of the main executives said about the budget limitation:


“Financial resources are very limited, unless the existing facilities such as personnel, etc. are used… It has not been given specific credit…”
 

Also, the limited number of gardens specified in the guidelines (10 garden in each province), cannot have a significant positive effect on improving rural nutrition.



3.1.2. Considerations and suggestions

Considerations that require attention to the content of the program are divided into two categories:

1. The instructions should be updated based on the new goals of the organizations involved, as well as review and transparency in expectations. For instance, some villages have foreign inhabitants who have to decide on the status of their participation. In some cases, women have also requested the participation of their husbands. Since the implementation of the program leads to production, it seems necessary to pay attention to economic measures and facilities. One of the policy makers of the program said:


“… one of the updates of the program can be to strengthen communication with economic sectors… or consider facilities for the exchange of agricultural products… these can accelerate access to the goals of the program in providing healthy nutrition, as well as empowering Empowerment by strengthening their financial status.”
 

Also, due to difference in climate and development rate of villages, the instructions need to be localized.

1. Resources and facilities:

• Considering incentives for executives and sufficient budget:

Although seeds are distributed among women in this program, but its insufficiency has been seen in some cases. One of the executives said:


“… it is very important that they consider the financial resources of the program… for example, when we go to the village to train women, we give them seeds at least, …then we tell them to plant these, give them water, take care them etc…”
 

• Updating the required training for rural women:

It is also necessary to provide some training topics such as including water management, compost production and local foods promotion. One of the rural women who participated in the program, said about the importance of receiving training on how to grow vegetables in cold seasons:


“Well, there are many women who have a garden in their yard, but they cannot grow vegetables in the winter season because of the cold… If they are taught how to grow vegetables in the cold season, it will be great…”
 

Suggestions have also been made for the content of the program, which includes the expanding training topics such as wild and medicinal plants cultivation, and the expanding other empowerment projects for rural women such as local food production and handicrafts. Expanding the target group to pregnant and lactating women, adolescents and men is also recommended.




3.2. Context

Contextual factors affecting the formation and development of the program include social, economic and cultural status, health status, structural and environmental status and political status.


3.2.1. Social, economic and cultural status

There are training needs in rural areas due to low educational and nutritional literacy. Receiving training by rural women can be useful in home gardening as well as agriculture. Less access to nutritious food in rural areas is another factors that highlights the importance of developing this program. One of the main executors of the program said about the economic restrictions in the access to nutritious food in the village:


“… Due to the high cost of protein foods and less access to fruits, vegetables, and dairy products, the share of these foods in the tables of the villagers is very low…”
 

Culturally, rural and nomadic women are a priority in the target group due to their important role in production. They manage the family’s nutrition and have the ability to pass on the training to future generations. One of the documents reviewed in this study showed that:


“… Women who manage nutrition in the family can play an important role in improving poor eating habits and behaviors as well as preventing the spread of diseases caused by contaminated and unhealthy foods in the family. Considering the importance of culturalization of proper nutrition and its role in society’s health, the design and implementation of nutrition training interventions for women, especially rural and nomadic women, is the priority of programs to improve food security and nutrition in the country.”
 



3.2.2. Health status

Reducing optimal food consumption and proper dietary guidelines has been associated with increasing the consumption of fast foods, fats and sugars and reducing the consumption of fruits, vegetables, dairy and eggs. The consequences of this condition are manifested by increasing prevalence of obesity and overweight in different age groups, which can be associated with an increase in the prevalence of NCDs. One of the documents reviewed in this study showed that:


“… According to the results of surveys, about 50% of women in the country are overweight or obese. The trend of overweight and obesity in children and teenagers is also increasing.”
 

On the other hand, food insecurity and micronutrient deficiency in rural areas have led to weight loss among children. Low birth weight is also more common in women with malnutrition, which can lead to obesity and overweight in children. Another health issue that can pose a risk to public health is food safety concerns due to residual fertiliser residues and chemical toxins in vegetables or the use of unhealthy water in vegetable irrigation.



3.2.3. Structural and environmental status

Restriction of continuous access to fresh vegetables in rural areas is a structural factor influencing the program development. Furthermore, growers also do not plant vegetables in the winter, which reduces the availability of fresh vegetables. One of the rural women said about the difficulty of accessing fresh vegetables in the village:


“…Our village is a small village… a vegetable shop has been opened here several times, but it was closed due to lack of customers… a mobile vegetable shop comes here, but not regularly… every time it comes, I buy vegetables from it… But whenever it does not come, I am left without vegetables, so I have to travel a distance by car or on foot to buy vegetables…”
 

Some structural support factors for program development are also noteworthy, including the use of unused land in rural areas and the entry of nutritionists into the health system. The need to strengthen inter-sectorial collaboration is another structural factor for program development, due to its essential role in achieving many health-related goals, such as dealing with NCDs and nutrition-related challenges. This collaboration structure has existed between the two involved organizations due to previous collaboration in the “multidisciplinary interventional program for improvement of nutritional status of children in Iran.”



3.2.4. Political status

In international commitments such as the goal two UN sustainable development, the 5th (2011–2016) and the 6th (2016–2021) National Development Program of the Islamic Republic of Iran, the Iranian Food-based dietary guidelines, the Iran’s 20-year vision plan, the Iran’s National Nutrition and Food Security Policy (2012–2020), the resolutions of the High Council for Health and Food Security and the law of increasing the Productivity in Agriculture and Natural Resources (2010), emphasize food security and safety.




3.3. Actors

In this program, participants are present in three levels of the working group from the national to the county level. The two ministries involved in the development and implementation of the program were the Ministry of Health and Medical Education (Department of Community Nutrition) and the Ministry of Agriculture-Jahad (Office for Development of Agricultural Activities of Rural and Nomadic Women). Managers and the experts of these offices formed a national working group to develop and implement the program. The tasks of this working group included policy-making and planning, development of executive instructions, training programs, monitoring and documenting activities.

At the provincial level, two organizations, health deputy of universities of medical sciences and the Agriculture Organization of Tehran province, also participated. The provincial working group included the Agricultural Jihad Educational Deputy, Coordinating Director of the Agricultural Education and Extension Institute, Head of Rural Women’s Affairs of the province, researchers in Agricultural Research, Education and Extension Organization, representative of the Plant Protection Organization, representative of the Office of Environment and Food Health, head of community nutrition at health Vice-Chancellor, head of Bevarz’s training. Provincial working group activities included holding provincial coordination meetings, implementation of the program in the province, planning for trainings of trainers (TOT), holding trainings courses for rural and nomadic women and selecting counties and villages to implement the program. In addition, other tasks of this group include continuous monitoring, documenting activities and sending reports to ministries.

At a lower level, the county working group consists of two offices, county Agriculture-Jahad office and county health network. Positions involved in the county Agriculture-Jahad office include the head of the extension office, an expert on agricultural education and extension, an expert on rural women’s affairs. Additionally, the county health network also includes the head of the county network, the head of the county health centre, the head of community nutrition, the head of Bevarz’s affairs and the head of family health. Planning and implementing healthy nutrition, vegetable cultivation and creating home gardens for rural and nomadic women has been the responsibility of the counties working group. Additionally, they have also been responsible for sending activity documents to the senior managers of the provincial working group. Nutrition training for rural women was also provided by the head of community nutrition and officials of the county Agriculture-Jahad office also attended the training courses.

The role of health workers (Behvarz) in rural areas has been to implement the program, coordination and information for rural women and training the principles of healthy nutrition. Nutrition training was sometimes provided by the nutritionists of the county health centres. Rural women-facilitators were responsible for tasks such as coordinating and paying attention to rural women, training vegetable cultivation, seed distribution, and providing practical training in vegetable cultivation.



3.4. Process


3.4.1. Agenda setting and program formulation

In Figure 3, the findings of the current study are presented based on the Kingdons’ framework and it also explains how the “problem,” “policy” and “politic” streams have resulted in the inclusion of the “Nutrition Improvement Program in Rural and Nomadic Women” on the policy agenda. The three mentioned streams were accompanied by the beginning of a correspondence between the Ministry of Health and Medical Education (Department of Community Nutrition) and the Ministry of Agriculture-Jahad (Office for Development of Agricultural Activities of Rural and Nomadic Women) in order to draw a long-term plan in the target group.
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FIGURE 3
 Kingdons’ framework to provide three involved streams in agenda setting.




3.4.2. Implementation, monitoring and evaluation

After concluding the memorandum in February 2017 with the presence of 300 agricultural experts of Agriculture-Jahad, nutrition directors of medical universities, deputies of involved ministries, the next steps were taken and national working group was formed to prepare executive instructions and training packages at the ministerial level. Then a national-level training workshop was held to provide instructions to executives (July 2018). Provincial committees were formed in the provinces to plan and implement the program. According to the instructions, at the end of each 6-month period, at least 40 rural and nomadic women must be trained for each facilitator or Behvarz, as well as 10 created home gardens per each province should have been achieved. The approvals of the provincial working group were notified to the relevant officials in the counties and an order was issued to hold counties committees to implement the program. This program was implemented in all 31 provinces and is still ongoing.

Program documentation includes activity reports in the villages, minutes of the working groups, performance form of the program, forms containing the names of rural women and trainers in the workshops, images of theoretical and practical meetings and cultivated vegetables in the home gardens.


3.4.2.1. Strengths and weaknesses

Holding high quality training workshops for the executors at the beginning of the program, the allocation of high quality modified seeds and low cost of the program implementation were among the strengths of resources and facilities. This program developed and strengthened the inter-sectoral infrastructure, with collaboration at the policy-making level. In implementation the program, the suggestions and experiences of involved organizations, such as the World Health Organization (WHO), were used. The program had a pilot phase, and policymakers were satisfied with the positive feedbacks on its implementation.

The weaknesses of program implementation are also presented in the Table 3.



TABLE 3 Weaknesses of program implementation.
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3.4.2.2. Considerations and suggestions

Considerations in the program implementation are as follows:

1. Resources, facilities and infrastructure:

• Improving input provision, increasing facilities and infrastructure, budget increasing and supply of committed human resource. One of the executive said about the need to provide enough human source:


“… I am single-hand here… Then we have multiple program tasks… We need more human resources to fully implement the program… If a human resource with less tasks is considered for this program, much more can work on… and it has better efficiency…”
 

• Justifying and continuing the training of executors and rural women; employing experts to train rural women and provide and use of training aids. One of the executive said about the need to provide more training session:


“… It would be better if we could do more nutrition training… the number of our training sessions should increase, so that the trainings can be learned in depth…”
 

1. Inter-sectoral collaboration: strengthen the coordination and commitment of the involved organizations.

2. Monitoring and evaluating: evaluate the results of the program.

3. Sustainability and expansion: allocating sufficient time for implementation; taking measures to increase the commitment of executives; promote the call of the program; and adopt incentive measures for rural women. One of the facilitators said about the need to allocate enough time and continue the implementation of the program:


“It must be continuous… they must be patient so that people are attracted to the program… they have little patience, they expect that everyone participate with one call… it cannot be done all at once… they expect to see the program outcomes by holding a course…”
 

1. Need assessment: selection of villages based on need assessment.

Suggestions for improving program performance were also extracted from the documents and interviews, presented in Table 4.



TABLE 4 Suggestions of program implementation.
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4. Discussion

The present retrospective study was performed to analyze “Nutrition Improvement Program in Rural and Nomadic Women” in Iran, to identify its strengths, weaknesses, considerations and suggestions for its improvement (both content and implementation of the program). It was also indicated the contextual factors associated with development of the program. Based on the results, underlying factors including social, economic and cultural status, health, structural-environmental and political are associated to the development of the program. The analysis showed that the content of the program requires consideration of specific budgets and motivational actions for executors. Although the implementation of the program has strengths such as holding the high quality workshops for executors at the beginning of the program, developing inter-sectoral infrastructure for a NSA program, and supporting from several organizations, but in areas such as needs assessment, resources and facilities, inter-sectoral collaboration, monitoring and evaluation needs improvement.

Inter-sectoral collaboration is vital to the successful implementation and sustainability of programs (World Health Organization, 1978), and according to the WHO, it is defined as “the alignment of strategies and resources between actors from two or more policy sectors to achieve complementary objectives” (Statistics W, 2016). Creating inter-sectoral collaboration is essential to implementing a multidimensional program such as NSA (Maluf et al., 2015; van den Bold et al., 2015). Although the Agriculture-Jahad Organization was responsible for creating vegetable home gardens as part of the “Multidisciplinary Interventional Program for Improvement of Nutritional Status of Children in Iran,” but based on the evaluation conducted by Ghodsi et al., it had poor performance and received less attention, (Ghodsi, 2016). This collaboration has been more focused and extensive in the “Nutrition Improvement Program in Rural and Nomadic Women.” Based on the results of the present project, there was satisfaction with inter-sectoral collaboration at the policy-making level, but decreased at the executive level (provincial to rural levels). Poor coordination has made it difficult for front-line executives to conduct joint training in rural areas. From the executives’ point of view, the importance and responsibility of inter-sectoral programs is less for the involved organizations. In previous studies by Loloei et al. in the salt reduction policy analysis (Loloei et al., 2019), Edalati et al. in nutrition labelling policy (Edalati et al., 2020) and Pourghaderi et al. in Iran’s National Food Assistance Program (Pourghaderi et al., 2022), have also shown weaknesses in inter-sectoral collaboration in other implemented programs in Iran. Strengthening inter-sectoral collaboration in community health plans is essential (Shams et al., 2018; Damari et al., 2020; Atashbahar et al., 2021; Omidvar et al., 2021). Due to the different nature of the two involved organizations in the present study, it seems necessary to take measures to strengthen the collaboration.

Adequate, continuous, and timely funding is a prerequisite for the success of NSA programs (Zamora et al., 2013; Hodge et al., 2015; Mensah, 2018). Financial resources were not fully considered in the development of program, and it was generally determined that they would be provided from other ongoing projects. This has been accompanied by a reduction in resources and facilities in the implementation of the program. More seed distribution among rural women could lead to more vegetable sites. The problem of lack of sufficient budget or its management is not limited to the present study. Ghodsi et al. study also shows the lack of sufficient financial resources to promote vegetable home gardens (Ghodsi, 2016). Insufficient resources and financial resources have also been reported in the National Program for Improving Nutritional Status of Children in Iran (Ghodsi et al., 2017). Furthermore, in a study conducted by Hodge et al., the lack of funding has been a major constraint on the implementation of the NSA program in East Africa. The authors argued that nutrition-related programs are less important to governments and are usually funded by donors (Hodge et al., 2015). Also in a systematic review conducted by Di Prima et al. in low- and middle-income countries on the implementation of NSA programs, financial shortage were reported in seven out of 12 studies (Di Prima et al., 2022). On the contrary, sustainable governmental funding (due to government priorities) led to the successful implementation of the NSA program in the Philippines (Zamora et al., 2013). Lack of funding for programs may be associated with a lack of incentive for executives, and it has been shown that the ongoing participation of executors depends on their motivation (Sharma et al., 2021). In this program, rural women-facilitators were employed as vegetable cultivation trainers. Employing women as “facilitators” is done to build capacity and movement in rural societies (Hajiloo et al., 2018). Based on previous observations, trainings at the facilitator’s level either stops or are progressed slowly. The actions of women-facilitators are done voluntarily and without any specific income or commitment, therefore, considering financial incentives can be associated with increasing motivation and the program success. Considering financial and non-financial incentives for other executives can also increase their motivation.

When a program is based on needs assessment, community participation is more likely and it also helps to better resources management and provide the basics status for evaluation in the program (Li et al., 2009). Needs assessment is one of the components of the training model in the program development, however it has received less attention, both in terms of nutrition training and vegetable cultivation. In some more developed villages, women’s nutritional literacy has been higher due to the improvement of women’s education and the use of the Internet and social networks, so the received training was less useful. Increased interaction of rural women with health centers also increased awareness of nutrition literacy. In addition, in some villages, vegetable cultivation was usually done by rural women, so the received training was considered lower than their ability. In some villages, due to the possibility of obtaining vegetables from local farmers, the need to grow vegetables has been less. Because of the top-down approach of the program, consultation with Behvarz or women-facilitators in the villages or with agriculture-Jahad experts in the counties were ignored. Behvarz in health centers are equipped with an integrated health system, and routinely monitor the nutritional status of referrals, therefore, needs assessment is possible in this way. They also have frequent visits to farms and rural women homes. Women-facilitators who are natives to the village can also be used in the needs assessment. These need-assessments can also determine the number of training sessions required for women. One-session (Schreinemachers et al., 2016) or multi-session trainings have been reported in previous studies (Olney et al., 2009; Nielsen et al., 2018), along with regular follow-up and visits. According to our findings, the level of nutrition literacy varies in different villages. Some may need more training in nutrition and some in vegetables cultivation. For instance, women in rural areas with more urban structure should receive more training in vegetable cultivation. However, the follow-up of the participants, including frequent visits to the home garden, should not be ignored.

The present study is one of the few policy analysis studies on NSA in Iran. Various methods such as reviewing the program documentation, interviewing stakeholders from the policy-making level in ministries to the front-line executives in rural areas, and focus group discussions with rural women have been used to analysis this program. However, the COVID-19 pandemic had an inhibitory effect on the project implementation process, including the possibility of conducting face-to-face interviews or focus group discussions. Therefore, non-attendance methods were replaced to maintain health protocols. Another limitation of the qualitative studies including the present study, is the controversies that exist in generalizing the results of the study. However, the goal of many qualitative studies is not generalization and includes a rich and contextual understanding of different aspects of the subject under study (Polit and Beck, 2010).



5. Conclusion

In conclusion, the National Nutrition Improvement Program in Rural and Nomadic Women in Iran is a valuable step in the direction of NSA programs, which can be a suitable strategy to reduce the malnutrition in rural areas. Creating and strengthening the inter-sectoral collaboration is critical to the success of such programs. However, the present analysis showed that this program needs more attention in the areas of need-assessment, resources and facilities, inter-sectoral collaborations, sustainability, monitoring, and evaluation. The results of the study could be used as evidence for policy makers and planners in the field of food and nutrition policy.
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Introduction: Dietary pattern analysis allows us to characterize the dietary intakes of individuals rather than nutrient intake data and strongly predicts disease risks. The relationship between food intake and adolescents’ nutritional health is not well understood yet. Therefore, this study aimed to generate evidence for context-specific dietary intervention for adolescents.

Objective: This study aimed to determine dietary patterns and their relationship with nutritional outcomes and identify the contributing factors among adolescents in the Agrarian Community of Northwest Ethiopia.

Methods: A cross-sectional survey was conducted among 622 randomly selected adolescents. Dietary data were collected over a 1-week recall period using the Food Frequency Questionnaire (FFQ). After testing the basic assumptions, an exploratory factor analysis was conducted to determine the dietary patterns. Anthropometric data on weight and height were collected to determine the nutritional status using WHO Anthroplus 2010 software. A chi-square test was conducted to evaluate the effect of different dietary patterns on nutritional outcomes. A multivariable binary logistic regression model was used to identify factors affecting the dietary patterns of adolescents.

Result: Three types of dietary patterns, namely, traditional, mixed, and animal-source foods with traditional alcoholic beverage consumption were identified. These dietary patterns explain 58.64% of the variance in adolescent diet in the study setting. The burden of stunting was 15.12% vs. 11.21, 19.40% vs. 6.94, and 8.36% vs.17.97% among adolescents with lower traditional, mixed, and higher animal sources with alcoholic dietary pattern consumption habits, respectively (value of p <0.05). Adolescents who resided in low-land agroecology (AOR = 2.44; 95% CL: 1.24, 4.81) and had access to animal-source foods (AOR = 1.64; 95% CI: 1.04, 2.60) were associated with lower consumption of traditional dietary patterns. Similarly, adolescents who resided in low-land (AOR = 1.80; 95% CI: 1.18, 2.74) had formal education (AOR = 2.38; 95% CI: 1.35, 4.19) and had poor nutrition knowledge (AOR = 2.83; 95% CL: 1.55, 5.19) were associated with lower consumption of mixed dietary patterns. Moreover, adolescents residing in the high-land (AOR = 2.50; 95% CI: 1.37, 4.56) and being female (AOR =1.87; 95% CI: 1.27, 2.74) were significant factors associated with lower consumption of animal-sourced foods with traditional alcoholic beverage consumption patterns.

Conclusion: Multidimensional modifiable factors were explored that could be targeted for public health interventions for the identified dietary patterns. Integrated and multifaceted dietary intervention approaches are needed to promote healthy diets and discourage the consumption of unhealthy diets to reduce undernutrition in the study area and similar settings.

KEYWORDS
 dietary patterns, nutrition outcomes, adolescents, Ethiopia, context-specific


Introduction

Adolescence is a transitional period characterized by the rapid growth and development that are the foundation for later life, health, and wellbeing. At this time, adolescents require essential nutrients such as protein, calcium, and iron for optimal growth and development (1, 2). This rapid growth rate combined with a lower nutrient intake leads to a risk of nutritional vulnerability and deficiencies in this age group (3).

The dietary pattern of an individual is sustainable nutrition behaviors to enhance the overall health of adolescents (1, 2). It helps to measure the number, proportion, variety, or combination of different foods and beverages in a more comprehensive way. This approach considers the interactions between foods and nutrients to promote health or reduce disease risk (4, 5).

Dietary pattern analysis of the target population helps to predict the risk of disease better than the analysis of isolated nutrients because the joint effect of the various nutrients involved would be better identified (5). It helps to understand the relationship between dietary habits and disease outcomes, which is important for public health actions to develop and provide diet-based intervention programs (6).

Unhealthy dietary patterns developed during adolescence can lead to diet-related chronic non-communicable diseases in later life (7, 8). Adolescents consume diets that are not in line with the recommended healthy diet; only 17% of adolescents have a diversified diet at the global level (9). This poor nutritional habit of adolescents leads to stunting, which exposes them to concurrent and future adverse health outcomes (3).

Adolescents from developed countries such as the United States, Europe, and Australia had low consumption habits of healthy diets such as fruits, vegetables, dairy products, and whole grains but higher consumption of unhealthy diets such as soft drinks and fast foods (10, 11). This problem also exists in adolescents living in low- and middle-income countries, where their eating habits are characterized by unhealthy habits (1, 2, 6, 12).

Adolescents had poor dietary habits in Ethiopia (13). According to a study conducted in Northwest Ethiopia, 32.30% of the adolescents had adequate dietary diversity, 97.70% of adolescent girls consumed starchy staples, 42.6% had no fruit intake, and only 1.70% of them consumed animal-source food (9, 14).

The burden of stunting and thinness among adolescents in Ethiopia ranges 12.50–33.10% and 12.60–58.30%, respectively (15–18). This figure indicates that undernutrition among adolescents is a significant health problem (19, 20). Adolescents’ dietary habits were influenced by various socioeconomic factors, such as lack of exposure to nutrition education and influence from family, peers, and the media. Access to and availability of diversified food items were the most commonly reported factors (2, 21).

Adolescents provide a second opportunity for nutritional interventions to mitigate all forms of nutritional deficiency (22). Hence, there is a need for updated evidence on dietary consumption patterns for designing and implementing appropriate nutrition interventions targeting adolescents. Previous studies have mainly focused on determining nutritional status and dietary diversity score assessments of adolescents, which did not consider the complexity of diets (23–26).

There is a lack of evidence to investigate dietary patterns and their relationship with nutrition outcomes among adolescents. Therefore, this study was conducted to generate evidence for public health interventions for adolescents’ nutritional interventions.



Materials and methods


Study approach and setting

A cross-sectional survey was conducted among adolescents who resided in six randomly selected areas of Dembecha Woreda, Northwest Ethiopia. Data were collected from 10 December 2021 to 20 January 2021. The study area consists of three agroecology zones (low-, mid-, and high-lands), which are conducive to diversified agricultural production.

Adolescents aged 10–19 years were the target population for the current study. These populations are overlooked for nutritional intervention in developing countries, including Ethiopia, as well as in the current setting. Adolescents with spinal curvature, who could not stand properly or walked with a wheelchair, did not participate in the study.



Sample determination and approach

A single population proportion formula was used to determine the total number of adolescents in this study, based on the following assumptions: a 5% error margin, a 95% confidence interval, and a proportion of 44.6% for the consumption habit (P) of dark green leafy vegetables in southwest Ethiopia (25) with a design effect of 1.5. After adding a 10% non-response rate, the final sample size was 627.

The study area was purposefully selected due to its unique three agroecology zones (low-, mid-, and high-lands), which represent the northwest region of the country. Then, from each agroecology zone, two research settings, or Kebeles (the lowest administrative unit in the case of Ethiopia), were randomly selected as study areas for data collection.

Subsequently, from a randomly selected study setting, eligible households with at least one adolescent were registered, and a sampling frame was prepared. The number of adolescents assigned is proportional to the size (population) of a particular site. Finally, 357 adolescents from high-land, 77 from mid-land, and 188 from low-land agroecology zones were interviewed.



Data collection tools and methods

A pretested, structured interviewer-administered questionnaire was used for data collection. The tool was adapted from peer-reviewed articles and customized to the local context. Data on the dietary patterns of adolescents were collected using a validated food frequency questionnaire (FFQ) and contextualized to the setting over 1 week. To develop the FFQ assessment tool, a list of local food items that were consumed at different times during meals and snacks was collected by conducting a pilot study on 30 adolescents for 2 non-consecutive weekdays and 1 weekend day (27). The FFQ was organized in a semi-quantitative manner and administered using 24-h dietary recall methods.

Anthropometric data on adolescents’ weight and height were measured using a standard weight and height scale with precisions of ±0.1 kg and ± 0.1 cm, respectively, based on WHO protocol (28). During measurement, adolescents wore lightweight clothing without shoes to minimize error. Trained human nutrition graduates collected data through interviews and anthropometric measurements.



Data quality control

Data quality was ensured in all phases of the research activities. The tool was translated from English into an Amharic version (the local language). Training was provided to data collectors on the sampling procedures and interview techniques. The questionnaire was pretested using 5% of the total sample size at one site, which was not included in the actual study. In addition, before conducting actual dietary data collection from each sample, the FFQ was tested for internal reliability in 30 adolescents. The test results showed Cronbach’s alpha coefficient (α) of 0.79.

This result indicates that the FFQ is reliable for measuring the dietary patterns of adolescents. During the measurement of anthropometric weight and height data, calibration of the instrument was performed after each measurement. In addition, local food-colored pictures were used to minimize recall bias. The research lead investigator closely followed the day-to-day data collection process to ensure the completeness and consistency of the administered questionnaire.



Statistical analysis

Statistical analysis was carried out using SPSS version 25 and WHO Anthro Plus software. A descriptive analysis was conducted to characterize the data using frequencies, percentages, means, and standard deviations. Before conducting further analysis, extreme values and the normality distribution of continuous variables were checked.

Dietary patterns were determined using exploratory factor analysis (EFA). Kaiser–Meyer–Olkin (KMO; value of p > 0.05) and Bartlett’s test of sphericity (value of p<0.05) were used to check the adequacy of the sample-to-factors ratio. The existence of a correlation between food items was determined for each step of factor analysis (29). Then, EFA was run under orthogonal rotation with the varimax method to select interpretable and independent dietary patterns. Factors with a communality above 0.5 and an eigenvalue above 1 explained by principal components were used to decide the final dietary patterns (30).

Nutritional outcomes of adolescents were determined based on height for age (HA), and body mass index (BMI) for age z-scores was computed using WHO AnthroPlus software (31, 32). A chi-square test was conducted to evaluate the effect of the identified dietary patterns on the burden of stunting and thinness of adolescents. Significant differences were determined with a value of p of < 0.05.

To identify factors for the identified dietary patterns, the first binary logistic regression analysis was carried out to measure the existence of an association between dietary patterns and factors. Then, factors that showed an association between binary logistic regression analysis and those with a p-value of <0.3 were fitted to the multivariable logistic regression model to identify significant factors. Significant factors were reported with a p-value of less than 0.05.



Operational definition

Based on factor loadings, dietary patterns were determined using EFA. Based on the score, possible different dietary patterns were developed (33, 34). Then, each dietary pattern was classified into quartiles (Q) based on their contribution to each pattern, assuming an increasing order from Q1 to Q4 (35). Finally, Q1 and Q2 were combined to represent low consumption habit (0), while Q3 and Q4 represent high consumption of dietary habit (1) (35).

Adolescents’ nutritional status is determined based on height for age and body mass index for age using WHO AnthroPlus software (32). Then, HA z-scores < −2 SD were categorized as “stunted” and < −3 SD were categorized as “severely stunted,” and BMI for age z-scores < −2 SD was categorized as “thin” and > +1 SD was categorized as “overweight/obese” using the WHO cutoff points (31).



Ethical standards of study

Ethical clearance was secured from the Institutional Review Board (IRB) of Addis Ababa University from the College of Natural and Computational Sciences. The study aims, possible risks, benefits, and privacy were described verbally to the study participants. Participation in the study was voluntary, and we gave them full autonomy to participate. To maintain confidentiality, the names and other identifiers of the study participants were not recorded in the data collection tool. Data on the anonymity and confidentiality of the study participants were assured. Informed verbal consent was obtained from parents of adolescents aged <18 years. Direct verbal informed consent was obtained from adolescents aged >18 years.




Results


Background characteristics

From the calculated sample size of 627 participants, 622 were involved in the study, with a response rate of 99.20%. The mean age of adolescents was 15.2 ± 2.02 years. More than half (60.10%) of the participants were girls. In total, 82.30% of adolescents’ mothers had no formal education, 11.90% attended elementary education, and the remaining 5.80% attended secondary education and above. Regarding the wealth index, 40.50% had lower thirds, 34.40% had medium thirds, and the remaining 25.10% had higher thirds (Table 1).



TABLE 1 Background characteristics of adolescents in Dembecha Woreda, Northwest Ethiopia, 2021.
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Dietary patterns of adolescents

The food lists were grouped into common food groups based on their similarity in nutrient contributions. Eight food groups were identified from the collected dietary consumption data. These food groups consist of traditional, legumes, tubers, whole grains, foods with high carbohydrate content, fruits and vegetables, animal sources, and traditional alcoholic beverages. Based on the EFA factor loading analysis, in the first component, traditional and legume diets had higher scores of 0.962 and 0.964, respectively. In the second component, fruit and vegetable diets, high carbohydrate (tea and white bread), and whole grain diets were identified with scores of 0.710, 0.653, and 0.519, respectively. In the third component, animal-source foods (eggs, meat, milk, and milk products) and traditional alcoholic beverages were identified with factor loadings of 0.746 and 0.625, respectively (Table 2).



TABLE 2 Exploratory factor analysis results of food frequency and factor loading consumed by adolescents in Dembecha Woreda, Northwest Ethiopia, 2021.
[image: Table2]

Based on EFA analysis, three major types of dietary patterns were identified, which explained 58.64% of the variance in adolescent diets. The label assigned to each component was based on the items with high factor-loading scores and the interpretability of the factors. These include (1) the traditional type, explained by 26.71%; (2) mixed type, explained by 16.63%; and (3) animal-source foods with traditional alcoholic beverages, explained by 15.30% (Figure 1). From the identified dietary patterns, traditional, mixed, and animal-source dietary patterns were identified as healthy types; high-carbohydrate and traditional alcoholic beverage drinking patterns were identified as unhealthy types.

[image: Figure 1]

FIGURE 1
 Percentage variance explained the three emerging dietary patterns of adolescents in Dembecha Woreda, Northwest Ethiopia, 2021.




Dietary patterns and its effect on nutritional outcomes

The prevalence of stunting was 26.30% (95% CL: 22.70, 30.20%), thinness was 9.60% (95% CL: 7.30, 12.40%), and overweight was 1.80%. Of the adolescents, 22.80% were moderately stunted, and the remaining 3.60% were severely stunted. This community-level undernutrition indicated that one in four and one in 10 adolescents were stunted and thin in their nutritional status, which became significant public health problems.

The burden of stunting was 15.12% versus 11.21 and 19.40% versus 6.94% for the lower and higher traditional and mixed dietary patterns, respectively. In contrast, 7.30% versus 19.00% of stunting was observed in higher and lower animal sources with alcoholic dietary patterns and consuming habits of adolescents, respectively (p < 0.05). However, there were no significant differences in thinness between the lower and higher consumption habits of the identified dietary patterns (p-value >0.05; Table 3).



TABLE 3 Dietary patterns and its effect on nutritional outcomes of adolescents in Dembecha Woreda, Northwest Ethiopia, 2021.
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Factors affecting the dietary patterns of adolescents

Adolescents who resided in low-land agroecology (AOR = 2.4; 95% CL: 1.24, 4.81) and mid-land agroecology (AOR = 0.48; 95%: 0.31, 0.74), the early age range of 10–13 years (AOR = 0.6; 95% CL: 0.46, 0.99), and had access to animal sources (AOR = 1.64; 95% CL: 1.04, 2.60) were significantly associated with a lower consumption habit of traditional dietary pattern (Table 4).

A mixed type of dietary pattern was the second component of a dietary pattern, which was explained by 16.63% of all dietary patterns. Among sociodemographic factors, adolescents who were male (AOR =2.28; 95% CL: 1.56, 3.34), resided in mid-land agroecology (AOR = 1.80; 95% CL: 1.18, 2.74), high-land agroecology (AOR = 2.14; 95% CL: 1.19, 3.87), whose mothers had no formal education (AOR = 2.38; 95% CL: 1.35, 4.19), lived with large family size (AOR = 1.69; 95% CL: 1.02, 2.80), and had poor nutritional knowledge (AOR = 2.83; 95% CL: 1.12, 4.05) had a significant association with lower consumption of a mixed type of dietary pattern (Table 4).



TABLE 4 Contributing factors for lower consumption of major dietary patterns among adolescents, Dembecha Woreda, Northwest Ethiopia, 2021.
[image: Table4]

A third type of dietary habit was explained by a 15.30% variance. This dietary pattern was characterized by the consumption habits of animal-source foods (milk, eggs, and meat) with traditional alcoholic drinking. Traditional alcohol consumption is an unhealthy dietary pattern. Overall, this type of dietary pattern lacks vitamins and minerals that are found in vegetables and fruits. Being female adolescents (AOR = 1.87; 95% CL: 1.27, 2.74), those who were residing in high-land agroecology (AOR = 2.50; 95% CL: 1.37, 4.56) and had access to irrigation land (AOR = 0.68; 95% CL: 0.47, 0.99) had a significant association with lower consumption of animal sources with traditional alcoholic beverage dietary patterns (Table 4).




Discussion

Three main types of dietary patterns were identified, of which traditional, mixed, and animal-sourced foods were considered healthy types. However, high-carbohydrate and traditional alcoholic beverages were unhealthy. The identified dietary patterns were the most common and easily accessible in the local area through agricultural production in developing countries (12). This identified healthy and unhealthy dietary habits of adolescents were practiced among adolescents in developing countries such as Ghana (2) and India (36).

In the current study, adolescents had lower consumption habits of healthy dietary patterns of fruits and vegetables. This finding is similar to the study conducted among urban adolescents in Bangladesh, where their habitual dietary pattern indicated poor consumption of leafy vegetables (33). This feeding habit predisposes adolescents to essential micronutrient deficiencies (33, 37).

Overall, 26.30 and 9.60% of adolescents were stunted and thin in their nutritional outcomes. These findings indicate that undernutrition among adolescents is a public health concern in the study setting. The burden of stunting was 15.12% versus 11.21, 19.40% versus 6.94, and 8.36% versus 17.97% in adolescents with lower traditional, mixed, and higher animal sources with alcoholic dietary consumption habits, respectively. This is because the effect of lower consumption dietary pattern does not satisfy the daily requirement of nutrients for the physical growth and development of adolescents (21). Inadequate intake of macronutrients and micronutrients, poor quantity, and quality dietary habits lead to undernutrition (6, 37, 38).

Regarding animal sources with the traditional alcoholic dietary pattern, the prevalence of stunting was 7.30% in the lower consumption group and 19.00% in the higher consumption group. This diet is characterized by the feeding habits of food items such as meat, eggs, milk, and milk products, along with traditional alcoholic drinking. However, the effects of alcohol and its metabolism prevent the absorption and utilization of nutrients. Hence, it leads to a deficiency of micronutrients and macronutrients, leading to undernutrition (39).

There were no significant differences in thinness between adolescents with lower and higher scores in the three identified dietary patterns. Thinness among adolescents was not affected by long-term dietary habits but rather by immediate factors such as infections (40, 41), diversification in feeding practice (41), and household food insecurity (42, 43).

The second type of dietary pattern was identified as the mixed type. Of all adolescents, one-fourth (25.5%) consumed a whole-grain diet per week. This is considered a healthy type due to the nutritional contribution of vitamins and minerals, which are found in fruits and vegetables. In addition, a whole-grain-based diet can provide energy, starch, and dietary fiber (44–46). A similar pattern was identified in a study conducted among school-age children in Scandinavian countries (47) and Ghana (12).

Among sociodemographic factors, adolescents who live with large family sizes had two times lower consumption habits of mixed types of dietary patterns. This is due to the effect of large family influence on the economic insufficiency of households to meet their diversified dietary needs (48, 49). A similar study confirmed that the dietary patterns of adolescents were significantly determined by the socioeconomic status of a family (50). Adolescents who belonged to low socioeconomic status did not consume healthier diets as compared with those of middle and high socioeconomic status (49, 51).

Adolescents’ mothers who did not attend formal education were two times more likely to have lower consumption of mixed types of dietary patterns. As the educational status of adolescents’ mothers improved, they had a chance to get information on healthy dietary habits to translate nutritional knowledge into practice (52, 53).

Among modifiable factors, adolescents who had poor nutrition knowledge and lack of exposure to nutrition education were three and two times more likely to have a lower consumption habit of mixed types of dietary patterns. This might be due to the effect of poor nutritional knowledge on the mixed feeding habits of adolescents (49). Furthermore, as adolescents have sufficient basic nutritional knowledge, they can get enough information about the nutrient contents of diversified food items (49, 54, 55).

The third dietary pattern was mainly characterized by the consumption of milk, meat, and eggs, along with the drinking habit of traditional alcoholic beverages. From the animal-source foods, sea foods such as fish were not consumed in the study area due to a lack of access in the study setting (56, 57).

Female adolescents were nearly two times more likely to consume low-animal-source foods and alcohol as compared with their male counterparts. This is due to community social norms in intra-household food serving as staple food items are distributed fairly equally, and side dishes usually containing animal-source food (like meat, eggs and, milk) are provided for male adolescents (58).

In addition, evidence in developing countries indicates that at the household level, staple food items are distributed fairly to all family members, and side dishes usually containing more micronutrients (such as meat) are often preferably allocated to male heads of household and male children. This brings lower consumption habits for animal-source foods among adolescent girls (59, 60).



Strengths and limitations of the study

This is a comprehensive study that assesses the dietary patterns of adolescents and their effect on nutrition outcomes in the study setting. The study focused on adolescents, who were understudied and overlooked population group in nutrition interventions in developing countries. As a limitation, the inability to identify all food items that are used to prepare the local traditional diet, as adolescents were not involved in cooking at home, might lead to under-reported food items such as spices.



Conclusion

Generally, the dietary pattern of adolescents is dominated by a plant-based diet with limited consumption of micronutrient-rich sources of nutrition. From the identified dietary patterns, traditional, mixed, and animal-source dietary patterns were identified as healthy types; high carbohydrate and traditional alcoholic beverage drinking patterns were identified as unhealthy types. Significantly, the burden of stunting was relatively higher among adolescents who had lower consumption habits of traditional and mixed dietary patterns and higher consumption habits of animal sources with alcoholic diets. However, there were no significant differences in thinness between lower and higher consumption habits in the identified dietary pattern.

Multidimensional modifiable factors were identified for lower consumption of healthy dietary patterns, which could be targeted for public health interventions. Integrated and multifaceted dietary intervention approaches are needed to promote a healthy diet, discouraging the consumption of unhealthy diets to reduce the burden of stunting in the study area and similar settings. Enhancing the sea-food consumption habits of adolescents and the entire community by introducing small-scale fish farms as nutrition-sensitive intervention pilot projects in study settings and beyond.
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Introduction: Malnutrition continues to pose a major challenge to human well-being around the world. In Ethiopia, 39% of children <5 years are stunted, with peaks in northern regions of the country such as Amhara (54.8%). Very few (2%) children in the region achieve the minimum dietary diversity and only a minority (27%) belong to households that can afford a nutritious diet. To tackle the high stunting rate, diets high in fruits and vegetables are widely recommended to improve dietary diversity. Programmes leveraging fresh food vouchers can be used to support vulnerable groups with malnutrition and limited affordability. Cash-based transfer (CBT) programmes have repeatedly been shown to improve child growth and increase household food security and dietary diversity. This study is part of the World Food Programme (WFP) intervention regarding a stunting reduction rural programme of restricted CBT for improving dietary diversity in households with children under 2 years of age and pregnant and lactating women.

Methods: A community- based pilot study to assess the itemised foods purchased by beneficiaries was conducted in the four most accessible woredas of the Amhara region of Ethiopia. A total of 556 beneficiaries and 12 active retailers were selected randomly from 10 rural markets in the targeted woredas. A point of sale (POS) system was used to collect the itemised food prices and amounts of food procured by the beneficiaries.

Results and Discussion: Approximately 51, 35, and 15% of the beneficiaries purchased vegetables, fruits, and eggs, respectively. Prices, taste preferences of children, and shelf life determine the purchase of certain food items. The average food expenditure was 49 Ethiopian Birr (ETB; US$ 0.94), representing the 63 and 37% daily and monthly requirements, respectively, for affordability. The higher increase in prices of some food items might be due to their seasonality. Almost half of the Fresh Food Voucher (FFV) beneficiaries were purchasing and consuming vegetables. The finding indicates that the WFP fresh food voucher programme contributes 63% (49 ETB, US$ 0.94) and 37% (837 ETB, US$ 16.1) of the daily and monthly needs of affordability, respectively, for a diversified nutritious diet. The use of Unstructured Supplementary Service Data (USSD) technology in the WFP digital voucher under the Fresh Food Voucher (FFV) project was effective at collecting itemised prices of foods purchased by the beneficiaries. The point of sale (POS)1 system can be scaled up under the Fresh Food Voucher (FFV) programme so that the digital voucher can contain the itemised food prices. Timely data from the point of sale could be used for timely Social Behaviour Change Communication (SBCC) development to improve dietary diversity.

KEYWORDS
 fresh food voucher, unstructured supplementary services data (USSD), food purchasing pattern and point of sale, stunting (POS), World Food Programme (WFP)


1. Introduction

In Ethiopia, malnutrition contributes 39% of child stunting at costs greater than 16% of the national annual gross domestic product (1, 2). The burden of stunting is particularly high in both Amhara (46%) regions, and children in rural areas are more vulnerable than those in urban areas (3, 4). As few as 2% of children achieve the minimum dietary diversity (5), with 73% of households unable to afford a nutritious diet (6).

These findings are backed up by more recent evidence from the Fill the Nutrient Gap (FNG)2 Analysis of Ethiopia (6), which shows that dietary diversity and meal frequency are particularly low in children under 2 years of age and only one in four households can afford a nutritious and diversified diet. Since fruits and vegetables are mostly procured at markets, rather than being produced, in urban areas, the cost of a nutritious diet has likely increased (6) due to the disruption of the supply chain as a result of the COVID-19 pandemic. According to a study by the International Food Policy Research Institute (IFPRI) in Ethiopia, the affordability of a diversified and healthy diet exceeded household income by 53% (7). Poor food affordability shifts household consumption away from diverse foods and towards staple foods.

The Productive Safety Net Programme (PSNP) in Ethiopia provides a food basket that partially covers the nutritional requirements of recipients. Between 2018 and 2021, the World Food Programme’s Fresh Food Voucher (FFV) programme ‘topped up’ the food basket of 27,000 vulnerable households. The eligible households were those with pregnant and lactating women and children under 2 years of age.

The FFV programme was designed to promote growth and reduce stunting prevalence by improving dietary diversity and quality for pregnant women, lactating mothers, and children 6–23 months of age. Within the programme, a digital voucher is sent monthly via SMS message to the mobile phone of a member of each recipient household. The SMS message includes a code that can be used to procure fruits, vegetables, and eggs as a group from small retailers in rural markets. Recipient households send the SMS-based code to the mobile phone of a retailer, who is also enrolled in the programme. This initiates payment for the transaction and only requires a simple analogue mobile phone, without the need for an internet connection. Selected retailers were operating at a small scale with limited capital, technology, and no permanent infrastructure. They were not using any point of sale (POS) solutions to record itemised sales data.

The objective of this research is to show how digitalisation in the fresh food voucher programme facilitated the timely transfer of vouchers from the World Food Programme (WFP) to financial service providers and then to retailers for beneficiaries to redeem the itemised foods based on their entitlement. The WFP decided to collect data on the fresh food items procured by beneficiaries (what the beneficiaries are buying, in what quantity, and at which price) using Unstructured Supplementary Service Data (USSD) technology. Therefore, this qualitative study is aimed to evaluate the effectiveness of USSD technology in the given context of rural Ethiopia.



2. Materials and methods


2.1. Study location and sampling

A community-based pilot study was conducted from September to December 2020 to assess the itemised foods purchased by recipients in the four most accessible woredas (districts) of the Amhara region of Ethiopia. A total of 556 recipients and 12 active retailers were randomly selected from 10 rural markets in the targeted woredas. Itemised foods purchased by each of the 556 recipients were recorded for each month during the study period.



2.2. Study design and setup

The innovative Unstructured Supplementary Service Data (USSD) system was developed to allow Fresh Food Voucher (FFV) market retailers to transmit data about itemised sales, alongside data on the redemption of digital vouchers. The retailers pre-set food prices using the same technology and entered the quantity upon purchase. The system calculated the total cost based on the quantity and type of food purchased and sent an invoice to recipients via mobile SMS.



2.3. Unstructured supplementary service data technology

Unstructured Supplementary Service Data (USSD) is an interactive menu-based technological communication protocol available on all Global System for Mobile (GSM)-enabled mobile devices. The Unstructured Supplementary Service Data (USSD) technology works on any mobile phone model, including analogue phones, and does not incur additional costs to retailers or recipients. It is a wireless network that uses SMS messages with mobile phones and stores data. It enables a real-time connection between a phone and a software application. The technology reduces the time and resources needed to give money to beneficiaries to buy fresh food. Moreover, it helps to restrict the type of food that the household buys. If money is directly transferred to beneficiaries, they could buy whatever they want or even use the money for other household priorities. However, here, the type of food they buy is restricted to that which helps prevent wasting amongst the target group only.



2.4. World food programme fresh food voucher composition

The food voucher included locally available and locally produced foods, with consideration of the nutritional requirements for pregnant and lactating women (PLW) and children 6–23 months of age. The voucher provides a fixed amount of cash that recipients can use to purchase food items from a specified list: cabbage, green pepper, onion, tomato, egg, potato, carrot, mango, orange, and banana. The beneficiaries received social behaviour change communication (SBCC) messages about maternal infant and young child nutrition (MIYNC), anti-natal and postnatal care, and dietary diversity.



2.5. Data collection and analysis

Using the Unstructured Supplementary Service Data (USSD) technology, retailers set prices per unit (kg, bunch, and piece) for the food items they sold. Data on itemised food prices purchased by recipients was collected in real-time by the financial service provider (FSP) online system. Statistical analysis was completed using MS Excel and the Statistix 8.1 package. Descriptive statistics were used to observe the variation in mean values at a 5% level of significance.




3. Results


3.1. Food purchasing pattern of the beneficiaries

Overall, 51% of fresh food voucher beneficiaries purchased vegetables, 35% bought fruits, and only 15% purchased eggs. The three most popular food items were bananas, onions, and potatoes (Table 1). The high purchase of bananas may have been due to the taste preference of children, availability, and seasonality. Onion is part of every Ethiopian diet preparation as a condiment with low perishability. The high purchase of potatoes could be attributed to low perishability and low price.



TABLE 1 Relative purchase of food items by recipients.
[image: Table1]



3.2. Average food prices

The average price of fresh foods purchased by beneficiaries was 49 Ethiopian Birr (ETB; US$ 0.94; Table 2), albeit with different food items measured in different sizes. Fruits, on average, were the most expensive items, followed by egg and vegetables. Although orange, banana, and mango are not significantly different in terms of price, the beneficiaries tended to buy orange and banana rather than mango, perhaps due to the taste preference of children, seasonality, and the knowledge of mothers about the nutritional value of fruits, obtained from public health messages. Further evidence is needed regarding the behaviour of beneficiaries in terms of their purchases of different food items.



TABLE 2 Average food prices.*
[image: Table2]



3.3. Affordability of a nutritious diet

Beneficiaries received 836 ETB (US$ 16.1) per month from the productive safety net programme (PSNP) and a similar amount from the WFP fresh food voucher programme (the exact amount depended on household size) to account for the non-affordability of a nutritious diet. Access to nutrient-dense food is limited in Ethiopia and households have limited affordability for a nutritious diet. The average household daily cost of a nutritious diet in Ethiopia is approximately 78 ETB (US$ 1.5). According to a previous study (6), the most vulnerable quintile of the population can only afford an average cost of 27 ETB (US$ 0.5) per day and 72% of vulnerable households remain unable to afford nutritious diets (Figure 1). The PSNP beneficiaries with in-kind support (digital voucher) or cash with a top-up from the WFP Fresh Food Voucher (FFV) programme experience a reduction in the non-affordability of a nutritious diet to 29 and 13%, respectively. The results from the pilot study indicate that the digital voucher for nutrient-dense food contributes to 63% of the daily (49 ETB, US$ 0.94) needs of targeted households.

[image: Figure 1]

FIGURE 1
 Average cost of nutritious diets (ETB): point of sale comparison of FNG and FFV.




3.4. Market food price variation

The collected data were evaluated for variations in fresh food prices that may directly affect the affordability of a diverse diet (Table 3). No significant differences were found in food item prices during the time frame except for cabbage, carrot, green pepper, onion, and tomato (p < 0.05). Further research is required to evaluate whether there is a negative impact on the affordability of a nutritious diet for targeted beneficiaries because of certain increased food prices. The increase in prices of certain food items might be due to the seasonality of production, which depends on rain-fed agriculture, but the exact reason needs to be investigated in future studies.



TABLE 3 Monthly food item prices (mean ± SD).
[image: Table3]




4. Discussion

The findings reveal that fruits and vegetables were consumed in larger quantity, 34 and 51% respectively, indicating the high intake of carbohydrates, vitamins, and minerals. Bananas (24%) in the fruits category and onions (20%) and potatoes (19%) in the vegetables category were highly purchased food items by the Fresh Food Voucher (FFV) beneficiaries. The high purchase of potatoes and bananas may be related to the lower price and frequent use in Ethiopian dish sauce for potato and the preference of children for bananas. The high need for and purchase of onions was expected as they are frequently used in condiments in traditional Ethiopian cooking. However, egg consumption, which was the only protein-rich food source in the digital voucher, was only 15%.

Food purchasing is considered a key mediator between the food environment and eating behaviour. Food purchasing patterns are increasingly measured in epidemiologic and intervention studies. However, the extent to which food purchases reflect an individual’s dietary intake has not been rigorously tested (8).

The average price of fresh foods purchased by recipients was 49 ETB (US$ 0.94; Table 2), albeit with different food items measured in different sizes. Fruits, on average, were the most expensive items, followed by eggs and vegetables. The impact of high food prices on nutrition begins with households and individuals. As household purchasing power goes down, dietary quality and total energy intake are reduced, compromising both child growth and maternal nutrition (9).

The food purchases reflect proxy dietary intake, i.e., that people eat what they buy, and their consumption therefore reflects the quality and nutrient density of the purchased food items. However, the relative contributions of foods consumed away from home, food waste, and consumption by other household members may affect the degree to which episodes of food purchasing reflect actual dietary intake (10). Further assessment is needed to determine the effect of purchasing patterns on the dietary diversity of the targeted households.



5. Conclusion

Results of the analysis show that some food items are preferred over others. Vegetables were purchased more than fruits by beneficiaries. The driving force behind the greater purchase of certain food items over others is subject to further research. The WFP Fresh Food Voucher (FFV) programme contributed 63% of the daily (49 ETB, US$ 0.94) affordability needs of the targeted households for a nutritious diet. The remaining 37% (1,503 ETB, US$ 28.9) gap per month would need to be met through additional income or support. Using the point of sale (POS) system enabled by Unstructured Supplementary Service Data (USSD) technology as a pilot was an effective means of collecting real-time data on itemised food items and prices and allowed the timely monitoring of the project, which facilitated its accountability.



6. Recommendations




• The Unstructured Supplementary Service Data (USSD) technology should be used in full to gather real-time data for programme course correction.

• To obtain a full picture of the Fresh Food Voucher (FFV) intervention, further research should consider the food utilisation aspect, which may include dietary diversity, seasonality, and certain food purchasing behaviours of the beneficiaries.

• Scaling up the point of sale system in the Fresh Food Voucher (FFV) programme would enable more retailers to record data on itemised food prices and allow for wider analysis of the purchasing patterns of beneficiaries.

• The data collected through the POS system will enable researchers to determine the beneficiaries’ purchasing patterns of different fresh foods and will support the timely social behaviour change communication (SBCC) strategy to maximise the impact of the Fresh Food Voucher (FFV) programme on the dietary diversity in children under 2 years of age and pregnant and lactating women.



7. Limitations

The limitations in the implementation of the POS system were a lack of technological knowledge, skills, and interest of beneficiaries and vendors, redemption time out of the POS system, and mobile phone network coverage in the area.
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Footnotes

1   A POS or point of sale is a device/system that is used to process transactions by retail customers. The customer executes the payment for goods or services.

2   Fill the Nutrient Gap (FNG) is a collaborative analytical process (a secondary literature review in combination with linear optimisation) to understand local drivers that affect the availability, cost, and affordability of nutritious diets. It aims to strengthen analysis, build consensus, and improve decision-making to make healthy and nutritious diets widely available.
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Introduction: Composite Index of Anthropometric Failure (CIAF) and its further modifications have not incorporated all the combinations of malnutrition. We propose a new model incorporating all the forms of malnutrition among children under five years of age. However, the current models might misclassify a growing child as malnourished. Our objective is to develop a comprehensive scoring system using the three anthropometric Z-scores [height-for-age (HAZ), weight-for-age (WAZ), and weight-for-height (WHZ) Z-scores] and demonstrate the proposed CIAF model using the National Family Health Survey-5 (NFHS-5) data from India.

Methods: A new scoring system was developed using the WAZ, HAZ, and WHZ scores to determine the child’s nutritional status. We also proposed a new CIAF model by including all possible categories of malnutrition and practically demonstrated it using the NFHS-5 dataset after applying the new scoring system. Under-five children with heights, weights, and ages available were included in the analysis. The groups of malnutrition are presented as weighted proportions before and after applying the new score to the proposed model.

Results: Our final analysis included individual-level data of 198,802 children under five years of age (weighted N = 195,197). After applying the new scoring system to the proposed model, the prevalence of stunting has reduced to 11.8% (95% CI 11.66–11.94) from 13.2% (95% CI 13.09–13.39) and wasting prevalence has reduced to 4.9% (95% CI 4.85–5.04) from 6.4% (95% CI 6.29–6.51). The most common forms of anthropometric failures among Indian children by using the newly developed CIAF model are: “Stunting and underweight” (30,127; 15.4%), Stunting only (23,035; 11.8%), and “wasting and underweight” (14,698; 7.5%). We found a new category called “Stunting, underweight, and overweight” (stunting = HAZ < −2SD, underweight = WAZ < −2SD, overweight = WHZ > +2SD). It constituted 0.1% (220 children) of the total sample.

Conclusion: When the new scoring system is applied to the proposed CIAF model, it captures all forms and combinations of malnutrition among under-five children without overlap and prevents misclassifying a growing child as malnourished. The newly identified category shows that stunting (HAZ < −2SD), overweight (WHZ > +2SD) and underweight (WAZ < −2SD) can co-exist in the same child.

KEYWORDS
malnutrition, undernutrition, Z-score, National Family Health Survey-5, under-five children, anthropometric failure


Introduction

The use of standard deviation (SD) and Z-scores are a good method to reflect nutritional status among children with the development of the World Health Organization (WHO) growth charts (1). Each of stunting [< −2SD height-for-age Z-score (HAZ)], wasting [< −2SD weight-for-height Z-score (WHZ)], underweight [< −2SD weight-for-age Z-score (WAZ)], and overweight (WHZ > +2SD) provides useful information about a different biological entity (2).

None of the conventional indicators captures the sum of all the children who have anthropometric failure in at least one of the measures considered (height-for-age, weight-for-height, weight-for-age) (3). The “Composite Index of Anthropometric Failure” (CIAF) was proposed by Peter Svedberg to address this issue. In simple terms, CIAF is one minus the proportion of children with no failure of any form (3). An additional Group Y which is “Underweight only” was recognized by Nandy et al. (4) and added to Svedberg’s model while operationalizing CIAF for the first time (We would henceforth be referring to “Svedberg’s model” as this new model after the addition of “Underweight only” category, and not the initial model Svedberg suggested) (Table 1). However, this model of CIAF does not address the issues of overweight and obesity, and hence was not sufficient to find out the overall burden of malnutrition. Hence, Kuiti and Bose et al. (5) proposed two additional groups to the then-existing model: Stunting with Overweight; and Overweight only (Group G and H, respectively, in Table 2) (Figure 1).


TABLE 1    Groups in Svedberg’s model of CIAF.

[image: Table 1]


TABLE 2    Kuiti model of CIAF with two new groups G and H.

[image: Table 2]
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FIGURE 1
Kuiti’s model of CIAF in Venn diagram. Not to scale. U + W, underweight and wasting; S + O, stunting and overweight; S + U, stunting and underweight; S + U + W, stunting, underweight, and wasting.


Keeping the total sample size used for analysis same between the two models, the revised model by Kuiti and Bose et al. (5), should show no change in the category of “Stunting and Underweight” when compared to Svedberg’s model. However, when we did the NFHS-5 data analysis with both the models, we found a decrease in the number of samples in “Stunting and Underweight” category in Kuiti’s model compared to Svedberg’s model. This discrepancy between the two models led us to hypothesize that there must be an additional one or more categories. We identified the category called “Stunting, Underweight, and Overweight.” When we did the data analysis after adding this new variable, the number of samples under the new category of “Stunting, Underweight and Overweight” were same as the number of samples decreased from the “Stunting and Underweight” category in Kuiti’s model. This was also the same number seen as additional samples in the “Stunting and Overweight” category in Kuiti’s model (Figure 2). The various categories of nutritional status in the new model are shown in Table 3.


[image: image]

FIGURE 2
Newly proposed model to measure all forms of nutritional status. Not to scale. U + W, underweight and wasting; S + O, stunting and overweight; S + U, stunting and underweight; S + U + O, stunting, underweight, and overweight; S + U + W, stunting, underweight, and wasting.



TABLE 3    All the groups in the new proposed model.

[image: Table 3]

Theoretically, there is also the possibility of underweight and overweight occurring together without stunting. But it was not seen from the NFHS-5 data. Therefore, we hypothesize that underweight and overweight can co-exist in the same child only with stunting, and it is biologically implausible to have underweight and overweight together without stunting.

However, there are issues with looking at HAZ, WAZ, and WHZ separately. Human growth in length or height occurs in aperiodic saltatory spurts that are discontinuous and interspersed by periods of no measurable growth (6, 7). Cross-sectional surveys like NFHS-5 cannot take this into account and might misclassify a growing child as malnourished. For example, when a child is taller for his age, the measurement of weight-for-height tends to overestimate wasting. When HAZ is > +1SD and WAZ is > −2SD, which may occur during growth process, the child is within normal limits and age-appropriate. But the corresponding WHZ might be less than −2SD and the child may be categorized as wasted. An individual child may suffer from both stunting and wasting, called concurrence (8). Nevertheless, they are considered separately, especially with respect to how they are managed programmatically and clinically (9, 10).

Creating a new score that incorporates the three anthropometric Z-scores (HAZ, WAZ, and WHZ) can help solve the problem. This score should, to some extent, adjust for the fluctuations in the differences in rate of linear and ponderal growth in under five children as it considers the various forms of anthropometric failure together for the calculation of the score. With this background, our objective is to develop a new comprehensive scoring system incorporating HAZ, WAZ, and WHZ, and using the new scoring system, demonstrate the different forms and combinations of malnutrition among under five children in the different groups of the proposed model, using the National Family Health Survey-5 (NFHS-5) data from India.



Materials and methods


Computation of the score

A composite score is more comprehensive as it includes more than one dimension of the growth and development of the child and thus reflects more than one aspect of nutrition. Talwar (11) attempted to develop an index of nutritional level from anthropometric measurements in pre-school children using height and weight as a percentage of the standards. It was suggested to have an average of the indicators, which could also serve as an index of nutrition state of the child (12). But, taking an average of indicators will not work with Z-scores as they include both positive as well as negative values, and they can cancel each other out. This could result in wrongly classifying a malnourished child as having no anthropometric failure.

To solve this, we propose subtracting the Z-scores from a value which will be variable “a.” e.g., the structure of the score would be: a−(HAZ + WAZ + WHZ).

But WHZ > +2SD as well as WHZ < −2SD are both considered anthropometric failures and must be accounted for in the formulas. Therefore, if WHZ < 0, then the score should take up the form of:

[image: image]

While, if WHZ > 0, the score should be:

[image: image]

Since HAZ ranges from −6 to +6, WAZ ranges from −6 to +5, and WHZ ranges from −5 to +5, we can see that the maximum possible value either HAZ + WAZ + WHZ (when WHZ < 0) or HAZ + WAZ−WHZ (when WHZ > 0) can take up is when (HAZ + WAZ) is maximum and WHZ = 0. This happens when HAZ = +6 and WAZ = +5.

Therefore, the maximum possible value that either (HAZ + WAZ + WHZ) or (HAZ + WAZ−WHZ) can take is 6 + 5 = 11.

Therefore, to keep the minimum value of the score to 0, we can assign the value of the variable “a” as 11.

Hence, the formula becomes:

[image: image]

We can see that the maximum possible value of either score is 28 and that occurs when HAZ = −6, WAZ = −6, and WHZ = −5 (i.e., when each of the parameter takes their lowest possible value).

To keep the range of the score from 0 to 100, we can convert formulas as:

[image: image]

We found that, using these formulas, although the canceling between positive and negative Z-scores decreased, they still cancel each other out significantly. To solve this issue, and to give more weightage to the Z-scores that are at the extreme ends of anthropometric failure (to give more weightage to severe failure), we found a solution in raising the HAZ, WAZ and WHZ scores to various powers of integers.

If “n” is the power to which the scores are to be raised, the equation simplifies as:

[image: image]

We have used, for example, (HAZ2n−1÷|HAZn−1|) instead of just HAZn because HAZn might convert the negative values to positive if ‘n’ is an even number.

A higher score implies more severe malnutrition. The value of “n” can be chosen for the best sensitivity and specificity. In this paper, we have taken the value of “n” as 15 (to get a specificity of 100%). We then arranged the children in the ascending order of the new score. The cut-off is taken as the value that corresponds to the lowest score that contains HAZ < (−2.10), which is 34.02459913666280 in this case. Scores more than this cut-off are considered “Failure,” while scores less than this cut-off are considered “No-failure.” The new scoring system has a specificity of 100% (no child without any form of anthropometric failure is considered under the “Failure” category using the new score) and a sensitivity of 93.25% (93.25% children considered “No Failure” using the new score does not have any form of anthropometric failure, while 6.75% of children who were previously considered to have anthropometric failure is also included in this category) (Table 4).


TABLE 4    Sensitivity and specificity of the new scoring system (Unweighted).

[image: Table 4]



Data used for demonstrating the application of developed score

For demonstrating the application of this score, we used data from the fifth round of the National Family Health Survey (NFHS-5, 2019-21). The NFHS-5 is a household survey conducted in 2019-21, covering all the States and Union Territories of India. This survey is designed to generate estimates of population, health, and nutrition at national, state/union territory (UT), and district levels. Four survey schedules (Household, Woman’s, Man’s, and Biomarker) were canvassed in 636,699 households across India using Computer Assisted Personal Interviewing (CAPI). The NFHS-5 has collected information of 724,115 women (15–49 years), 101,839 men (15–54 years), and 232,920 children (0–59 months). The height and weight of children (0–59 months) were measured and recorded in the NFHS-5. The weight of children (0–59 months) was measured using the Seca 874 digital scale. The height of children (24–59 months) was measured with the Seca 213 stadiometer. The Seca 417 Infantometer was used to measure the recumbent length of children under two years or less than 85 cm. The WHO Z-scores for HAZ (height-for-age), WHZ (weight-for-height), and WAZ (weight-for-age) were also available in the data set.



Statistical analysis

For this analysis, we used the NFHS-5 data set (IAKR7AFL file) in Stata format downloaded from the Demographic Health Survey (DHS) program portal. Individual level data of 232,920 children between the ages of 0 and 59 months was available in the dataset. By using HAZ, WHZ, and WAZ variables, we have derived nine biologically possible categories of malnutrition, according to the new model, among children under five years of age.


1.Children with only stunting [HAZ < −2SD]

2.Children with only wasting [WHZ < −2SD]

3.Children with only underweight [WAZ < −2SD]

4.Children with stunting, wasting and underweight [HAZ < −2SD & WHZ < −2SD & WAZ < −2SD]

5.Children with stunting and underweight [HAZ < −2SD & WAZ < −2SD]

6.Children with wasting and underweight [WHZ < −2SD & WAZ < −2SD]

7.Children with stunting and overweight [HAZ < −2SD & WHZ > +2SD]

8.Children with only overweight [WHZ > +2SD]

9.Children with stunting, underweight and overweight [HAZ < −2SD & WAZ < −2SD & WHZ > +2SD]



In this analysis, we estimated the proportion of different forms of malnutrition among children (0–59 months) along with 95% confidence interval. All the analysis has been carried out using the Stata-14 statistical software package developed by StataCorp.




Results

There was individual level data on 232,920 under five children in NFHS-5 data file. We excluded 21,790 children from the data set as height and weight data were not available. Another 1,781 children were excluded as they had a height out of plausible limits, and 19 children were of age in days out of plausible limits. Another 10,528 children were excluded from the data set as they were flagged with Z-score beyond plausible limits (4,072 children with HAZ > +6SD or < −6SD, 650 children with WAZ > +5SD or < −6SD, and 5,806 children with WHZ > +5SD or < −5SD). Our final analysis included individual level data of 198,802 children under five years of age (weighted N = 195,197) (Figure 3).


[image: image]

FIGURE 3
Flow diagram depicting the inclusion and exclusion criteria followed for the final analysis using NFHS-5 data. CIAF, Composite Index of Anthropometric Failure; HAZ, height-for-age Z-score; NFHS, National Family Health Survey; SD, standard deviation; WAZ, weight-for-age Z-score; WHZ, weight-for-height Z-score.


Using the new scoring system, stunting, wasting, underweight, and overweight decreased by 1, 1.6, 2.2, and 0.5% from the values given in the NFHS-5 data (Table 5). After applying the new scoring system to the proposed model, the prevalence of stunting has reduced to 11.8% (95% CI: 11.66–11.94) from 13.2% (95% CI: 13.09–13.39). Similarly wasting prevalence has reduced to 4.9% (95% CI 4.85–5.04) after applying the new scoring system to proposed model from 6.4% (95% CI: 6.29–6.51). As per our analysis, the most common forms of anthropometric failures among Indian children are: “Stunting and underweight” (30,131; 15.4%), Stunting only (25,851; 13.2%), and “Wasting and underweight” (14,698; 7.5%). We found a new category called “Stunting, underweight, and overweight” (stunting = HAZ < −2SD, underweight = WAZ < −2SD, overweight = WHZ > +2SD). It constituted 0.1% (220 children) of the total sample of children (0–59 months) (Table 6). In this category, HAZ score ranges from −3.82 to −6.00, WAZ score ranges from −2.01 to −4.03, and WHZ score ranges from +2.01 to +4.82.


TABLE 5    Proportion of under-five children in India having stunting, wasting, underweight, and overweight using the proposed model after applying the scoring system compared to the NFHS-5 data [weighted frequency = 195,197].
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TABLE 6    Proportion of under-five children in India as per their nutritional status using the proposed models from NFHS-5 data [Weighted frequency = 195,197].

[image: Table 6]



Discussion

We propose a template of a new score that combines the three Z-scores to provide a holistic approach to malnutrition in a child. We also propose a model to describe all the forms of nutritional status among children under five years of age into discrete atomistic groups without any overlap among the categories. On applying the new score to the proposed model, we found that 15.4% of children were “stunting and underweight” while 11.8% of the children were “only stunting,” and they constituted the groups with the largest burden of malnutrition. This method of a holistic approach followed by dividing them into discrete categories prevents wrongly classifying a normally growing child as malnourished as well as captures all forms and combinations of anthropometric failure among children under five years of age instead of the current overlapping method of demonstrating malnutrition.

A new category of malnutrition called “Stunting, underweight, and overweight” was described for the first time (to our knowledge). We have demonstrated using the NFHS-5 data that the possibility of underweight (WAZ < −2SD) and overweight (WHZ > +2SD) occurring together in the same individual is also seen practically in the community in a small proportion of stunted children.

Our model can identify the most severe combination of anthropometric failure, namely “Stunting, wasting, and underweight.” In a meta-analysis of individual data in 10 prospective studies from developing countries to study the effect of multiple anthropometric failures on child mortality, it was found that the risk of mortality increased with more deficits (13). Having stunting, wasting and underweight together was associated with the greatest risk of mortality and was twelve times that of children with no anthropometric failure (13). Further research needs to be done to identify the risk of child mortality and morbidity in the newly identified category of “Stunting, Underweight, and Overweight.” Since the new scoring system considers HAZ, WAZ and WHZ scores together, it can be used to identify the children having the highest risks.

We are not certain if the normal methods of rehabilitation might be helpful in this small proportion of children who are underweight, overweight, and stunting. Without the improvement in stunting, they either remain underweight or feeding them more might cause the overweight component to worsen. But stunting is often irreversible (8, 14), although periods of “catch-up” growth have been described (15). Therefore, we must be very judicious in treating the children belonging to this group.

Most studies use the initial CIAF model that divides malnutrition into six-categories (and an additional category of no anthropometric failure) (16–19). But this fails to consider overweight and thereby underestimates the total burden of malnutrition. We suggest renaming Overweight (> +2SD weight-for-height) to “Overnourished” as the former term is often mistakenly considered to be the opposite of Underweight (< −2SD weight-for-age).

The limitations of our paper are that, in calculating the score, we have also included WAZ score (Underweight = WAZ < −2). But “underweight” was introduced as a single indicator to incorporate both stunting and wasting (3). It is not ideal to use WAZ score for the computation of the score. However, we have used WAZ to categorize into the 9 groups of anthropometric failure which include underweight as well. Another drawback of the score is that the range of HAZ, WAZ, and WHZ are different (HAZ score ranges from +6 to −6, WAZ score ranges from +5 to −6, and WHZ score ranges from +5 to −5). This can affect the score at the extreme values. Ideally, while doing the analysis, the ranges of all the Z-scores should be kept the same. However, since these are pre-determined ranges, we decided not to change them. Therefore, we recommend using this score only as a template for further development of a comprehensive score of malnutrition. It is also worth mentioning that this score should not be used for identifying children with severe acute malnutrition (SAM) or moderate acute malnutrition (MAM), as some children with SAM or MAM might not be considered as having anthropometric failure using the new score if their HAZ scores are high.

We have taken the arbitrary cut-off point for the new scoring system as the value that corresponds to the lowest score that contains HAZ < −2.10, and not −2 even though this resulted in a lesser sensitivity of the score. However, this will help in the identification of a greater number of children who might be misclassified as malnourished. In the Reviews Analysis, World Health Organization (WHO) Working Group (2) states that the use of fixed cut-off points such as −2SD or its equivalent may be unrealistic and of limited use in practice (20–22), and that at best, they represent a purely statistical separation of “malnourished” from “normal” when ideally cut-off points should be based on biological considerations. We also kept this in mind when we chose the cut-off for the new score mentioned above. HAZ < −2 does not consider linear growth faltering. The anthropometric indicators are only proxies for the physiological and functional effects of undernutrition (23). The use and interpretation of indicators such as HAZ < −2SD has uncoupled from its actual use as a population level indicator (24). This is in contrast to the guidelines provided by WHO on the use and interpretation of anthropometry (25). Reliance on anthropometry leads to a false division and categorization of childhood undernutrition. Knowing this, we have still based our models on anthropometric indicators due to its global applicability, ease of use, low cost, and non-invasiveness (2). However, we would like to study ways of determining childhood malnutrition that have biological significance and is less reliant on the current anthropometric indicators.

The strength of our model is that it captures all forms of nutritional status among children under five years of age. This helps us to identify the discrete forms as well as various combinations and gives the exact burden of each kind of anthropometric failure without any overlap. The score would be useful in identifying the children in communities with severe growth failure of various presentations. It would also be helpful for targeted programmatic intervention by preventing missing-out of any child that slipped through the severity category for stunting/wasting/overweight/underweight but had a composite growth failure.

Studies done in the recent years have used CIAF to assess the nutritional status or of undernutrition, but have not taken into account the category of stunting, overweight, and underweight (26–29). CIAF has also been used to find the determinants of malnutrition at various age groups (30–32). We could not find any study that has tried to further modify the CIAF beyond the works that are already mentioned in this manuscript. Further studies need to be done to identify the predictors of the new group of malnutrition involving three indicators namely “stunting, underweight, and overweight” and their effects on children later in life. Since the majority of anthropometric failures occur in combinations, policies that focus on only one form at a time may not yield the expected results.

In conclusion, we have developed a new scoring system that considers various forms of malnutrition (based on Z-scores) instead of a single anthropometric indicator to classify a child as malnourished and a proposed model of CIAF to capture all forms of nutritional status among under five children. We then used this scoring system on the proposed model. The advantages of describing anthropometric failure in this way are that it prevents misclassifying a growing child as malnourished and individual forms of malnutrition can be captured without any overlap, revealing us the groups of malnutrition with the greatest burden. Major nutritional surveys can use this model for description as it helps researchers and policy makers for right strategies. The new category identified in our model shows that stunting (HAZ < −2SD), overweight (WHZ > +2SD), and underweight (WAZ < −2SD) can co-exist in the same child.
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Introduction: Nutrition program modifications occurred globally in response to the COVID-19 pandemic. Within community management of acute malnutrition (CMAM), community screenings for acute malnutrition were replaced by caregivers monitoring child mid-upper arm circumference (MUAC), but questions remain about different MUAC tapes’ performance and acceptability for caregiver use.

Methods: The study was conducted in Central Equatoria and Warrap States, South Sudan, between March 2022 and January 2023. A three-group prospective non-randomized design was used to compare the performance of three MUAC tapes (UNICEF 2009, UNICEF 2020, and GOAL MAMI) used by caregivers. The primary outcome was the false negative rate (i.e., the proportion of children not identified as wasted by the caregiver but classified as wasted by enumerators). Caregivers with children aged 5–53 months were assigned to and trained on the use of 1 of the 3 tapes and followed for 8 months, including three monitoring visits and baseline/endline surveys.

Results: Of the 2,893 enrolled children, 2,401 (83.0%) completed baseline, endline, and two or more monitoring visits. Only 3.7% of children were identified as wasted by caregivers and 3.8% by study team measurement. Cumulative measurement agreement between caregivers and enumerators was similar by tape. False negative and false positive rates were both <0.5% overall and similar among the tapes. There were differences in training needs and durability between the tapes, but all three were acceptable and performed equally well.

Discussion: Caregiver measurement of child MUAC is feasible in South Sudan. The three MUAC tapes were acceptable, and caregivers could measure accurately with minimal support. All tapes performed similarly and are appropriate for use in Family MUAC programs in South Sudan. There were indications that the UNICEF 2020 tape may be less durable; the GOAL MAMI tape has the added benefit of being suitable for assessments of infants <6 months of age.
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 mid-upper arm circumference; community management of acute malnutrition; screening by mothers; acute malnutrition; South Sudan


1 Introduction

The COVID-19 pandemic has impacted population health tremendously both directly and via secondary impacts such as reductions in service availability and willingness to seek care. While COVID-19 morbidity and mortality impacts were limited in children, indirect effects, including disruptions to health services such as vaccinations, nutrition, and antenatal care, translated to significant increases in child deaths (1, 2). With some of the poorest child health indicators globally, ongoing conflict, weak infrastructure, widespread floods, and declining food security, South Sudan is a country where the secondary impacts of COVID-19 are of great concern. At the onset of the pandemic, almost half of the country’s population was expected to face a crisis or, worse, acute food insecurity (3, 4). The food security situation further deteriorated in 2020 due to COVID-19-related movement restrictions and quarantines, rising staple food prices, a weak economy, and the continued impacts of conflicts and floods (3, 4). Estimates indicated that more than 313,000 children would experience severe acute malnutrition [SAM; defined as <−3 Z-scores of the median WHO weight-for-height growth standards (WHZ), MUAC <11.5 cm, or the presence of bilateral pitting edema], and more than 1 million children would experience moderate acute malnutrition (MAM; defined as ≥ − 3 and < −2 WHZ or MUAC ≥11.5 cm and < 12.5 cm) in 2021 (5).

Community management of acute malnutrition (CMAM) programs are designed to identify children with acute malnutrition and to help them recover. These programs are implemented on a widespread basis globally and within the context of South Sudan and are typically operated by non-governmental organizations (NGOs). To reduce contact and COVID-19 transmission, CMAM programs were adopted globally, impacting screening, identification, and treatment of acutely malnourished children (6). The South Sudan Nutrition Cluster issued adapted guidelines for CMAM programs in the context of COVID-19 at the end of March 2020, which included various changes to service delivery intended to reduce contact and risk (7). The modifications included suspending nutrition screening in favor of the Family MUAC approach, where caregivers are issued a MUAC tape and trained to take MUAC measurements on their children and then self-refer to a community health worker or nutrition program site.

The Family MUAC approach has been used in several settings before the pandemic, and while the approach is generally considered acceptable, feasible, and reliable, evidence is limited, and concerns about measurement error and low sensitivity persist (8–11). These have prompted the testing of modified designs that are intended to make tapes easier to use (9, 11). Evidence suggests that modified MUAC tapes increase the accuracy and precision of measurement compared to the Standard UNICEF MUAC tape and that wider tapes and alternative closures may be associated with increased sensitivity (12, 13). The 2020 UNICEF tape, which, to the best of our knowledge, has not been previously evaluated, and the MAMI tape (by GOAL) are new designs that have been specifically developed for use by caregivers within Family MUAC programs (14, 15). In particular, the 2020 UNICEF tape has user instructions on the reverse side to guide caregivers. The MAMI tape takes a more simplified approach without millimeter measurements and a color-scheme-only designation that may be more appropriate for illiterate caregivers.

This study evaluated the performance, acceptability, and feasibility of three different MUAC tapes within the context of ongoing Family MUAC programs to provide actionable recommendations for improving nutrition programs in South Sudan.



2 Materials and methods

A three-group prospective non-randomized design was used to compare the performance of the three MUAC tapes (Figure 1). The tapes are similar in function but Figure 2 have different design styles. The main differences include width, the window for reading the result, the number of slot buckles, and the presence of numbers and instructions. The primary outcome was the false negative rate (i.e., the proportion of children not identified as acutely malnourished by the caregiver were defined as acutely malnourished by study enumerators). Frequency of measurement and perceptions of tape use were secondary objectives captured both quantitatively and qualitatively to ascertain participant perspectives on the acceptability of the different devices.

[image: Figure 1]

FIGURE 1
 MUAC measurement devices included in the evaluation. Note that cutoffs for diagnosing acute malnutrition are the same on all tapes, but images are slightly different scales.


The study was conducted in Central Equatoria (Juba County) and Warrap (Twic County) states in catchment areas of seven CMAM program sites operated by World Vision (Figure 2). Sites rather than individuals were assigned a MUAC tape to avoid sharing the tapes by neighboring households. Community selection was based on the following criteria: presence of an ongoing Family MUAC program, adequate caseload, and anticipated continuity of access (e.g., no ongoing conflict or recurrent flooding). Each CMAM program site was assigned 1 of the tapes, and all households with children 5–53 months of age within the selected communities within the catchment area were eligible to participate. Caregivers were invited to attend a 1–2 h training by World Vision nutrition staff, where they were provided with the respective tape and trained on its use. At the end of the session, program staff confirmed caregivers could take accurate measurements. Those who consented to participate in the study completed an enrollment interview and were followed for 8 months. Study contacts included three monitoring visits that were each approximately 8 weeks apart and an endline survey, with no additional formal training of caregivers during the follow-up period. Within each household, the same individual/caregiver performed MUAC measurements for the duration of the study. Tapes were not replaced during the study period; however, at the end of the study, UNICEF 2020 and Goal MAMI tapes were replaced with UNICEF 2009 tapes because these are the only tapes approved for use in Family MUAC programming in South Sudan.

[image: Figure 2]

FIGURE 2
 Map of study locations.



2.1 Sample size

Calculations were based on the following assumptions: (1) power (1-β) of 80% and significance of α = 0.05; (2) 2-sided comparison of the 2020 UNICEF tape or the MAMI tape vs. Standard UNICEF tape to assess device performance; (3) baseline false negative rates ranging from 10 to 30% (based on program data); (4) a minimum detectable difference of 10% in the false negative rate (determined to be programmatically relevant); (5) design effect of 1.5 to take into account differences across CMAM program sites; and (6) 20–30% loss to follow-up over the study period. A minimum required sample size of 2,100 households (700 per group) was identified as sufficient to detect differences ≥10% in the false negative rate.



2.2 Enrollment and data collection

Inclusion criteria included residence within selected communities in the CMAM catchment area, presence of a 5- to 53-month-old child in the household, and consent to participate in the study. The 5–53 months age range was selected because CMAM programs target children 6–59 months of age. The study was originally planned for 6 months, allowing all children to remain within this age range for the full study period. Due to low acute malnutrition rates, the study length was extended to 8 months (one additional monitoring visit). Children who were acutely malnourished at enrollment were excluded from the study and referred to the CMAM program for treatment. Quantitative data were collected 5 times over the 8-month study period: at baseline, in 3 monitoring visits (months 2, 4, and 6), and at endline (month 8). The study period went from March to December 2022 in Central Equatoria and from April 22 to January 23 in Warrap. The baseline survey questionnaire included individual (mother and child) and household level characteristics (e.g., size and displacement status), including household head sex and educational attainment; living conditions and routine expenditures; receipt of food, cash transfers, and other humanitarian assistance; household food security; use of the measurement tapes; and recent illnesses and care-seeking for child(ren) aged 6–59 months. Instruments for monitoring visits and the endline interview were more limited and focused on food security indicators, tape utilization, and child anthropometry. At each data collection time point, caregivers were first observed taking a measurement, and then a trained enumerator followed to take the “gold standard” measurement. As part of training, enumerators underwent a standardization exercise to ensure accuracy in MUAC measurements.

Focus group discussion (FGD) participants were caregivers who participated in the quantitative evaluation, and two types of FGDs were designed: (1) “single tape groups” focused on barriers and facilitators of tape use, with participants belonging to the same study arm and sharing experiences about the tape they were given, and (2) “comparative tape groups,” with caregivers who were given different tapes that aimed to compare experiences across tapes. A total of 20 FGDs were conducted, including 12 single tape groups (4 per tape, 2 per site) and 8 comparative tape groups (4 per site). FGDs were conducted in month 7 of the study; each FGD had 6 participants and was conducted in Juba Arabic. FGDs were recorded with participants’ agreement, transcribed, and translated into English by the note-taker and facilitator.



2.3 Data analysis

Statistical analysis was conducted in Stata 15 (College Station, TX). Descriptive statistics were used to examine baseline characteristics as well as tape use and caregiver/study team measurement agreement over the study period for each measurement tape group. The statistical significance of differences by tape type was assessed using chi-square and t-test methods. Analyses included all children who completed the study (defined as having completed baseline, endline, and 2 or more monitoring visits) and their respective households. A total of 133 children were excluded from the analysis for the following reasons: the child was found to be wasted upon enrollment, age at enrollment fell outside study eligibility parameters or was above 61 months at endline, and the child no longer qualified for nutrition treatment. Statistically significant differences in many household characteristics and some outcomes were also seen between the two states, which was not unanticipated given that they represent the comparison of very rural areas of South Sudan to greater Juba. Differences by state that are not illustrated in the tables in the main manuscript are provided in Supplementary Tables S1, S2.

Children were classified as wasted if their MUAC measurement was in the yellow or red category (MUAC < 12.5 cm) at monitoring 1, 2, 3, and/or endline; the green category (MUAC > 12.5 cm) was not wasted. Comparison of caregiver measurement to the study team gold standard was based on color category. Measurement agreement was evaluated as true negative [children correctly identified as not wasted (specificity)], true positive [children correctly identified as wasted (sensitivity)], false negative (children incorrectly identified as not wasted), or false positive (children incorrectly identified as wasted).

For the qualitative component, acceptability was defined as the caregiver’s satisfaction with MUAC tape attributes, and feasibility was defined as the caregiver’s ease in using the MUAC tapes correctly. Using a deductive and inductive approach, descriptive, process, emotional, value, and concept codes were developed to capture perceptions about the acceptability and feasibility of the tapes. Once the transcripts were coded, coded segment reports were extracted, and a saturation grid was developed to map and count the occurrence of emerging themes and sub-themes. Qualitative data were managed and coded in MAXQDA (Berlin, Germany).



2.4 Ethical approvals

The study was reviewed and approved by the South Sudan Ministry of Health Ethics Committee and Institutional Review Board at Johns Hopkins Bloomberg School of Public Health. This activity was reviewed by the US Centers for Disease Control and Prevention (CDC) and was conducted consistent with applicable federal law and CDC policy.




3 Results

A total of 2,893 children from 2,185 households were enrolled in the study, including 975 (33.7%) from households who received GOAL MAMI tapes, 953 (32.9%) who received UNICEF 2020 tapes, and 965 (33.4%) who received standard UNICEF tapes. Of the enrolled children, 2,401 (83.0%) from 1,826 households completed baseline, endline, and 2 or more monitoring visits and, as such, were included in analyses [800 (33.3%) received GOAL MAMI tapes, 775 (32.3%) received UNICEF 2020 tapes, and 826 (34.4%) received standard UNICEF tapes]. Study completion rates were significantly higher in Warrap than in Central Equatoria, where the population is more mobile (p < 0.001); however, there was no significant difference in the proportion of available children who completed the study (i.e., did not permanently move away or die) across the three comparison groups (p = 0.613).

Baseline characteristics of participating children were similar across groups and states with respect to gender and age. The age at enrollment was 28.9 months, and 51.4% of children were female (Table 1). MUAC at enrollment was 14.6 cm on average overall and, though significantly higher for children in the UNICEF 2020 group, group mean MUAC at enrollment only ranged from 14.5 to 14.7 cm. Mean MUAC at enrollment was also significantly higher in Central Equatoria (14.9 cm) than in Warrap (14.4 cm). Significantly more children in the UNICEF Standard group (24.5%) had previously been diagnosed with acute malnutrition than those in the other groups (16.5% GOAL MAMI and 16.3% UNICEF 2020). Prior acute malnutrition diagnoses were also more common in Warrap (21.3%) than in Central Equatoria (16.0%).



TABLE 1 Participant characteristics at baseline by state and study group.
[image: Table1]

Household size was larger among those receiving the UNICEF Standard tape but similar by state. More households in Central Equatoria (18.3%) were currently displaced compared to those in Warrap (0.7%) (Table 1). Female-headed households were more common in Warrap (31.8%) than Central Equatoria (27.3%) and among those receiving the UNICEF Standard tape (34.0% vs. 28.0% UNICEF 2020 and 27.8% GOAL MAMI). Only 4.3% of households received food or cash assistance in the month before enrollment; while similar by tape type, most households that received food assistance were in Warrap. Regarding household food security, severe hunger was significantly higher in Warrap (24.0%) than in Central Equatoria and in the GOAL MAMI group (19.8% vs. 16.9% of UNICEF Standard and 12.6% of UNICEF 2020). Caregivers were similar in all tape groups in terms of age, but significantly more caregivers in the GOAL MAMI (84.7%) and UNICEF 2020 (83.9%) groups completed less than primary education than in the UNICEF Standard group (77.6%). Caregivers were, on average, older and completed more schooling in Central Equatoria than in Warrap.


3.1 Tape use

Caregivers’ self-reported comfort using the measuring tapes was similar by tape type, with more than 97% of caregivers reporting confidence at each time period (Table 2). The study team’s perception of caregiver confidence using tapes was more varied; however, with only 81.5% of caregivers in the GOAL MAMI group perceived to be comfortable at monitoring visit 1 (compared to 98.4% for UNICEF 2020 and 97.0% for UNICEF Standard, p < 0.001) (Table 2). At monitoring visit 2, only 87.7% of caregivers in the UNICEF 2020 group were perceived to be comfortable using the tape (vs. 98.0% for GOAL MAMI and 98.3% for UNICEF Standard, p < 0.001). These proportions increased to 97% or higher at monitoring visit 3 and endline. Differences across groups were significant at the endline, with all caregivers in the GOAL MAMI group believed to be comfortable using the tapes (p < 0.001).



TABLE 2 Caregiver use of MUAC tapes during monitoring visits and endline.
[image: Table2]

Caregivers in all groups reported that they frequently measured children using the tapes; more than 86% in each group reported weekly measurements at each time point (Table 2). Fewer than 2% of caregivers at each time point reported measuring their child less than monthly, and this was similar across groups at all monitoring visits. At the endline, 9 (1.5%) households that received the UNICEF Standard tape measured their children less than monthly compared to 3 (0.5%) households receiving UNICEF Standard and 1 (0.2%) household that received the GOAL MAMI tape (p = 0.018). The most frequently reported reasons for measuring children less than monthly were that caregivers did not have enough time or forgot to use it regularly. Smaller numbers of caregivers also reported infrequent measurement because they lacked confidence or ability or because their device was broken, damaged, or unavailable (Figure 3).

[image: Figure 3]

FIGURE 3
 Reasons for infrequent measurement among households measuring less than monthly. *Includes device is hard to use, worried about measuring incorrectly, or not receiving enough training.




3.2 Children’s MUAC measurement

Children’s MUAC measurements during monitoring visits and endline, including caregiver and study team measures and measurement agreement, are presented in Table 3. Mean MUAC as measured by caregivers was similar between the two UNICEF tape groups (the GOAL MAMI tape does not measure exact MUAC). The color classification was also similar across groups at the first two monitoring visits and endline (range: 98.0–99.4%). At monitoring visit 3, however, significantly fewer children in the UNICEF 2020 group (97.7%) were classified in the green category compared to those in the other groups (99.5% GOAL MAMI, 99.1% UNICEF Standard; p = 0.002). Mean MUAC, as measured by the study team, was 14.5 cm overall at monitoring visits 1 and 3 and at endline, but nominally higher (14.7 cm) at monitoring visit 2. At the last two monitoring visits and endline, children in the UNICEF Standard group had significantly higher mean MUAC as measured by the study team (range: 14.6–14.8 cm) compared to those in both the UNICEF 2020 (range: 14.5–14.6 cm) and GOAL MAMI (range: 14.3–14.5 cm) groups (p < 0.001 for all three time points). More than 97% of children in all groups were classified by the study team as falling in the green category throughout the study period. This differed by tape type only at monitoring visit 3 when 98.1% of children in the UNICEF 2020 group were classified as green compared to 98.9% for UNICEF Standard and 99.4% for GOAL MAMI (p = 0.047).



TABLE 3 Child MUAC measurement during monitoring visits and endline (caregiver, study team, and measurement agreement).
[image: Table3]

Given low wasting rates, most children were classified as true negatives when comparing caregiver measurement to that performed by the study team. Specificity was highest at the endline, increasing overall during each follow-up time point from 97.6% at monitoring visit 1 to 99.2% at the endline. False negatives were uncommon, accounting for only 0.2–0.4% of children at each visit. False positives accounted for only 0.2% of children at all monitoring visits and no children at endline. Measurement agreement was similar by tape type at all time points except monitoring visit 3, when children in the UNICEF 2020 group saw significantly fewer true negatives (97.6%) and more positives, both true (1.7%) and false (0.5%) compared to the other groups (p = 0.022).



3.3 Cumulative identification of wasting

Key outcomes of interest measured cumulatively over the study period are presented in Table 4. Of the 2,401 children completing the study, 3.7% overall were diagnosed to be wasted at least once during the study period [i.e., classified in the yellow or red category (MUAC < 12.5 cm) at monitoring 1, 2, 3, and/or endline] based on caregiver measurements and 3.8% were ever wasted based on study team measurements. The proportions of children ever wasted per caregiver and study team measurement were nominally higher for children in households receiving the UNICEF 2020 tape, but these did not significantly differ from the other groups (caregiver measure p = 0.566; study team measure p = 0.662). The proportion of children ever wasted was, however, significantly higher in Central Equatoria than in Warrap, both per caregiver (4.7 and 3.0%, respectively; p = 0.026) and study team (5.4 and 2.7%, respectively; p = 0.001) measurements. Cumulative measurement agreement between caregivers and the study team was also similar by tape type (p = 0.734), but specificity was significantly higher and sensitivity was lower in Warrap (96.9 and 2.6%, respectively) compared to Central Equatoria (94.1 and 4.2%, respectively) (p = 0.001).



TABLE 4 Cumulative identification of wasting over the study period.
[image: Table4]



3.4 Tape availability and durability

Measurement tapes were often, though not always, available and functional during study team follow-up visits. Cumulatively, only 69.5% of households overall always had available and functional measurement tapes (Table 4), and tape availability at each time point ranged from 86.2 to 93.5% and was lowest at the endline. This proportion was higher in Warrap (83.6% vs. 50.0% in Central Equatoria, p < 0.001) and in the GOAL MAMI group (75.9% vs. 69.8% in UNICEF Standard and 62.9% in UNICEF 2020, p < 0.001). Tape availability at each monitoring and endline visit is summarized in Figure 4 and cumulative tape availability is presented in Figure 5. Tapes were reported as [ever] not available in significantly more households in the UNICEF 2020 tape group (33.9%) than in the UNICEF Standard (29.5%) and GOAL MAMI (22.5%) groups (p < 0.001). By far, the most common reason for tapes not being available, reported by 87.6% of households, was that they were lost.

[image: Figure 4]

FIGURE 4
 Tape status over the study period. P-values indicate group differences in availability/damage at indicated time point.


[image: Figure 5]

FIGURE 5
 Tape availability and damage. Reasons for unavailability and damage type categories are not mutually exclusive (multiple selection permitted). Lost tapes were mostly temporarily misplaced and then located again. *Statistically significant differences across groups (p < 0.05).


Tape damage was relatively common, with 20.6% of households ever reporting damage to their tape during the study period, but fewer than 5.0% reporting damage at each data collection time point (Table 4). Tape damage at each monitoring and endline visit is summarized in Figure 4 and cumulatively in Figure 5. Damage was reported by more households in Warrap (23.8%) than Central Equatoria (16.2%) (p < 0.001) and by fewer households in the UNICEF Standard group (4.9%) compared to the UNICEF 2020 (11.2%) and GOAL MAMI (11.0%) groups (p < 0.001). The most frequently reported type of damage during the study was that the tape was bent, creased, or had permanent fold lines (reported by 84.8% of the 165 total households with any damage). Fewer tapes had faded colors (37.6% overall), though fading was significantly more common for the UNICEF 2020 tape (64.7% with damaged tapes) compared to GOAL MAMI (22.4%) and UNICEF Standard (10.0%) tapes (p < 0.001). Households also reported the UNICEF 2020 tapes being broken into pieces/torn (13.2%) more than the other tapes (4.5% GOAL MAMI, 3.3% UNICEF Standard), and the UNICEF 2020 was the only tape for which households reported being unable to read the writing (20.6%). More households reported multiple types of damage over the study period for the UNICEF 2020 tape (63.2% with damaged tapes) compared to the others (11.9% GOAL MAMI, 13.3% UNICEF Standard; p < 0.001).



3.5 Qualitative results

In general, the acceptability of the tapes was high, with caregivers perceiving the tapes as flexible and thick but sturdy enough not to tear up. Participants described keeping the tapes as clean and safe as possible, and a main challenge was keeping them away from children who may consider them as toys (especially the GOAL MAMI tape, which was bigger). Caregivers kept the tapes under the pillow or mattresses, hung them up high, or stored them in handbags, books, or drawers. Shorter tapes were perceived as easier to keep safe. Participants felt that using the tape was easy, thanks to the training they received. Using the slits correctly was not easy for all caregivers, and training was required, especially for the MAMI tape that has three slits. Instructions on the new UNICEF tape were considered easy to understand and follow, as were colors used on all tapes (green, yellow, and red) to indicate the child’s nutritional status. One-fifth of respondents reported having difficulties with numbers and millimeters.




4 Discussion

This study compares caregiver use of three MUAC tape designs (i.e., 2009 UNICEF tape, 2020 UNICEF tape, and the GOAL MAMI tape) in South Sudan. The performance of the three MUAC tapes was similar and satisfactory across study sites, and caregivers were able to consistently measure arm circumference correctly. There was 99.2% enumerator-caregiver agreement, and at the endline, 90.1% of caregivers reported measuring child MUAC at least weekly. Our results provide evidence that with minimal training (less than 2 h), caregivers were equipped with the knowledge and skills to monitor child MUAC. Although caregivers observed enumerators taking MUAC measurements, they did not receive supportive supervision and refresher training from Community Nutrition Volunteers (CNVs), though this is a key component of the standard Family MUAC approach. Qualitative results found tapes to be highly acceptable and feasible to use among caregivers. These results are relevant for a range of locations with high acute malnutrition prevalence, including those inaccessible due to conflict or other reasons, locations with an absence of CNVs or a robust community health worker platform, or where routine nutrition screenings did not return following the COVID-19 pandemic.

The findings are consistent with several studies that provide evidence of the feasibility of caregiver screening for acute malnutrition. In Niger, a non-randomized evaluation found that mothers can screen their children for acute malnutrition accurately and frequently with minimal training (9). Another study in Niger found that engaging caregivers in at-home surveillance of children with uncomplicated SAM was highly feasible and that caregivers could accurately perform MUAC measurement after a short training by a nurse (16). A study in Kenya found that both Click-MUAC bracelets and modified MUAC tapes performed well when used by caregivers, with no significant differences in specificity between Click-MUAC bracelets and modified MUAC tapes and high sensitivity for detecting SAM (13). Finally, a recent review that focused on community platforms for the detection and treatment of SAM concluded that scaling up MUAC monitoring by caregivers and CHWs to detect SAM is a promising step toward improving coverage of SAM detection, diagnosis, and treatment (11).

MUAC tapes were generally durable and remained usable but with some expected wear and tear. Of note, the UNICEF 2020 tape was least likely to be available and most likely to be damaged at the endline. Of the three tapes, the UNICEF 2020 tape was most likely to be reported as broken into pieces or torn, having a damaged closure area, faded colors, and illegible writing. The UNICEF 2020 tape is described as disposable, eco-friendly, and made from biodegradable paper, and was developed in the early phases of the COVID-19 pandemic (17). The eco-friendly disposable design likely contributed to the lack of durability; however, considering tapes were designed for short-term use, they held up remarkably well over the course of the study period. While the logistics of more frequent tape replacement could reduce tape availability and coverage, decreasing costs of local production could offset the costs of more frequent tape replacement and the need for additional tapes. The use of more durable materials could also be considered, given that COVID-19 is unlikely to be transmitted on surfaces and is not a major concern for children.

The UNICEF 2020 MUAC tapes used in this study were produced by UNICEF and obtained directly from the UNICEF supply division. This is relevant because UNICEF encouraged local production of tapes at the time of their release, making it likely that there will be variations in tape performance due to differences in materials and production (18). Other researchers have noted discrepancies in measurement between different types of MUAC tapes and observed that measurement errors can occur due to differences in the thickness of the tape material. Systematic differences/bias in MUAC measurements taken using different tapes had implications for the identification of SAM cases, where some children were classified as not malnourished due to measurement error (~2 mm) when tape thickness was not taken into account during design. Study authors called for global standards for MUAC tape design and standardization of reporting, in particular, the fixed thickness of MUAC tapes, shifting the measurement ruler/colors on tapes of non-standard thickness to account for the difference, and calibrating tapes similar to standard practice for other anthropometric measurement devices (19).



5 Limitations

The central limitation of this study was lower than anticipated rates of acute malnutrition. Prevalence rates from prior surveys and estimates shared by the South Sudan nutrition cluster both suggested that global acute malnutrition (GAM, or the presence of both MAM and SAM) rates would be higher; however, GAM rates at baseline were 3.8 and 1.0% in Central Equatoria and Warrap, respectively, and incident cases of SAM and MAM remained low throughout the study period (20). Low GAM rates meant there were fewer opportunities for women to (in)correctly measure a wasted child, and the small number of wasted children in the sample reduced the study’s ability to detect measurement errors within this important sub-population. Another limitation was difficulty in following populations over time and attaining high coverage levels at monitoring visits. This was a particular challenge in Juba, where many children left their villages for schooling or care by relatives elsewhere, and in several locations in Twic County, where flooding hindered access. While not necessarily a limitation, it is important to note the differences in study populations and sites. Most importantly, Twic County is rural, had higher levels of food insecurity, and experienced flooding during the study, whereas Juba County is urban, had greater health service availability, and a more mobile population.



6 Conclusion

Caregivers in South Sudan were able to consistently and accurately use MUAC tapes to monitor children aged 6–59 months for acute malnutrition over an 8-month period. The three MUAC tapes that were compared all performed well and were acceptable to caregivers. The UNICEF 2020 MUAC tape was slightly less durable than the other tapes, and it performed remarkably well given its intended disposable design. In the face of shortages of CNVs and health workers, caregiver provision of MUAC tapes along with a brief training may be a successful approach to increasing coverage of nutrition screening and acute malnutrition case finding. While tapes performed equally well and are suitable for use for the Family MUAC approach, the UNICEF 2020 tape may be the least advantageous due to lesser durability and the increased risk for measurement differences if locally produced. The UNICEF 2009 tape, which is currently used in South Sudan, and the GOAL MAMI tape may be more suitable. The added benefit of the GOAL MAMI tape is that it also can be used to monitor younger infants. In summary, caregiver monitoring of MUAC is feasible in South Sudan and should be considered in addition to other approaches to increase coverage of acute malnutrition screening.
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Food security is a matter of human existence and a top agenda item of United Nations’ sustainable development goals (SDGs); in the wake of the fact that 2.37 billion people are classified as either undernourished or unable to sustain regular intake of nutrient-dense diet, is a matter of prime importance across the globe. Our study investigated the zero-hunger reality through the prism of food security impacted by the consumption of fixed capital (Agriculture, Forestry and Fishing), environmental temperature surges, arable land, agricultural land, nitrogen and phosphate nutrient usage in the context of the most populous Asian countries. We employed the quantitative approach to investigate our problem by relying on the data collected from the FAOstat, World Bank, Economist Impact, and national statistics bureaus spanning 2016 to 2020 for six Asian countries such as China, India, Indonesia, Pakistan, Bangladesh, and Malaysia. This study’s findings explain that environmental temperature surges and arable land negatively affect food security, while fertilizers and fixed capital consumptions positively impact food security. Moreover, the study findings pave the path for policymakers and businesses to find the best approaches to enhancing food security, hygiene, quality, availability and wealth prosperity in these specific countries, which are half the world’s population, i.e., approximately 4 billion.
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1 Introduction

The United Nations has made zero hunger one of its top two priorities among its sustainable development goals because food is essential to human existence (De Vries, 2021). The term “food security” garnered global attention during the 1996 World Food Summit, which was organized in response to the first global food crisis; where food security was defined as the access to reasonable, secure, and healthy food that fits the nutritional needs and is based on the choice of an individual or community at all times (Mc Carthy et al., 2018; Ghufran et al., 2024). In the last half-century, humans have made tremendous progress in satisfying the people’s food demand (Ingram, 2020), but still, 2 billion people lacked regular access to nutritious and healthy food in 2019, and 144 million children encountered undergrowth under the age of 5, and 44 million suffered from the food wastage.1 Similarly, according to the United Nations’ Sustainable Development Goals Report 2022, 1/10th of the people worldwide are hungry, and 1/3rd suffer from irregular food access.2 COVID-19 triggered these facts and worsened the situation, such as 811 million people worldwide faced hunger in 2020, up by 161 million from 2019. In 2020, about 2.37 billion people, a rise of 370 million from the previous year, did not have enough food to consume.3 Furthermore, the Ukraine and Russian crisis has strongly hit the emerging countries’ food supply and created food shortage problems: as per the United Nations 2022 report, Ukraine and Russia are contributing 30% wheat, 20% maize and 80% sunflower seed products in global exports.4 Many obstacles stand in the way of eradicating the food shortage problems. The United Nations 2017 and 2018 report versions demonstrated how armed conflict, climatic unpredictability and extremes impede initiatives to eliminate world hunger and food insecurity. Likewise, economic slowdowns and downturns in 2019 also impacted these initiatives adversely. In 2020, the COVID-19 pandemic and massive Desert Locust outbreaks in Eastern Africa were clouding economic prospects (Peng et al., 2020; Xu et al., 2021), which were not anticipated and were further augmented by the delayed public response.

It is worth noting that the food security debate has become more intense while considering the food safety concerns due to foodborne diseases, which are typically caused by the toxic chemical viruses, bacteria and parasites that enter into the human body through contaminated food (Schlundt et al., 2020; Potter, 2021). As stated in the World Health Organization’s 2022 report, more than 200 foodborne diseases, including diarrhea and cancer, impact all age groups, from newborns and young children to the elderly and the chronically ill (Gallo et al., 2020; Schlundt et al., 2020; Potter, 2021). Moreover, 1/10th, about 600 million people worldwide became sick, while 33 million healthy people died after consuming contaminated food. On an economic note, in low and middle-income countries, the public spending is around 110 billion United States dollars each year on medical expenses that emerge from foodborne diseases.5 Therefore, foodborne diseases impose a burden on healthcare systems and negatively impact national economies, tourism and commerce industries. It is vital to address food safety and security issues like food accessibility, sufficiency and hygiene, which are considered fundamental human rights that must be satisfied (Njage et al., 2017; Cadieux et al., 2019; Ghufran et al., 2022a, 2024). Food adequacy, availability, and accessibility are the building blocks of food security (Njage et al., 2017; Masniadi et al., 2020; Ghufran et al., 2024), which are not complete without food safety (Vipham et al., 2020). Standing on the foundation of these elements, nations form their food security apparatus; for instance, the government of Indonesia, regulation No. 17 of 2015, describes food security and safety as a state in a society related to the availability of food that is sufficient in quantity and quality, safe, evenly distributed, and affordable (Setiadi et al., 2022). Thus, this study empirically analyzes the realization of zero-hunger goals in the heavily populated Asian economies, where 418 million people are undernourished, which is approximately half of the world’s malnourished population (768 million) in 2020, while Africa hosts one-third (282 million), Latin America and the Caribbean houses the 60 million undernourished people, and 8 million are in remaining countries as per the FAO 2021 report.6

Previous literature explains food security in two sets of streams: one focusing on the risk, threat and uncertainty that rise because of climate change (resulting in earthquakes, floods, high temperatures, and drought; Tyczewska et al., 2018; Garcia et al., 2020; Hameed et al., 2020; Oskorouchi and Sousa-Poza, 2021; Ghufran et al., 2024), climate pollution (increase in CO2, methane, black carbon and ozone precursors) (Kinney, 2018; Ford et al., 2022), water pollution and soil pollution (dumping plastic and other harmful heavy metals and chemical into the water and soil) (Wu et al., 2017; Andrade et al., 2018; Garcia et al., 2020) which adversely affect the crops productivity and nutrient values and also provides the ideal conditions to harmful elements such as fungus, insects and weeds (Yang et al., 2016; Tyczewska et al., 2018). Second focus on productivity and food safety: such as Ali et al. (2019) explained that genetically modified (GM) seeds have shown high resilience in China and the United States during harsh environments and have provided a high yield (Raman, 2017; Aldemita and Hautea, 2018; Toma et al., 2018; Paarlberg et al., 2024) by consuming minimum natural resources like water, organic or bio-fertilizers, as compared to the traditional and organic food. Likewise, according to the World Health Organization, GM food is also secure and safe to consume which obtains national security and safety approval, and it can be a viable option to subside the food insecurity and safety problem of the entire world (Siegrist and Hartmann, 2020; Ali et al., 2021; Szenkovics et al., 2021; Mutegi et al., 2024; Paarlberg et al., 2024). In a detailed note (Ghufran et al., 2022b) explored that consumer behaviors in China and the United States are also shifting, and they are consuming GM food even if China is importing it from the United States because of the GM food quality and safety while having economic tug-of-war between the two (Ghufran et al., 2022a).

However, the prior researcher did not thoroughly investigate climate change based on the change in temperature, fixed capital stock spending on food security, land utilization and fertilizers for food security in populus Asian countries. For this purpose, we investigate the zero-hunger reality through the prism of food security (FS) impacted by the consumption of fixed Capital (Agriculture, Forestry and Fishing), environmental temperature surges, arable land, agricultural land, nitrogen (N) nutrients, and phosphate (P2O5) nutrient in the context of populous Asian countries.



2 Food security and sustainable development goals indicators

In 2012, the United Nations (UN) organized the conference in Rio de Janeiro, Brazil, on the SDGs, where 191 UN member countries agreed to tackle the world’s collective problems, such as poverty, zero hunger, good health and well-being, which resulted in the form of 17 goals and 196 sub-targets with the objective of their completion by 2030.7 Unfortunately, global calamities like COVID-19, climate change and an armed conflict between Ukraine and Russia seriously threaten the 2030 agenda of SDGs (Ben Hassen and El Bilali, 2022; Hellegers, 2022). As the COVID-19 pandemic enters its third year and while the global systemic recovery from it is underway, the crisis in Ukraine has exacerbated the already severe issues of food insecurity, humanitarian aid, refugees, and energy sustainability during global climate catastrophes like floods, drought and forest fire (Abay et al., 2022; Ben Hassen and El Bilali, 2022; Hellegers, 2022). The COVID-19 pandemic has devastated nearly every facet of our society within 2 years, and we have not even seen the end of it yet. More than 4 years of progress on poverty eradication were lost, and 93 million more people fell into the clutches of extreme poverty by 2020 due to the pandemic, which depleted people’s ability to access good quality food and clean water (see footnote 7, respectively). Essential health services also had unprecedented pressure during this time. As a result, the globe witnessed an increase in mortality from Tuberculosis (TB) and malaria and a decrease in vaccine coverage for the first time in the modern era. Although COVID-19 is a pressing issue (Ghufran et al., 2022b), but the looming danger of global warming has already eclipsed it (Duarte et al., 2020). Already, billions of people and ecosystems worldwide have been impacted by rising temperatures and extreme weather events (Duarte et al., 2020), like more frequent super floods in Pakistan, India, Bangladesh,8 and Malaysia,9 droughts and heat waves in Pakistan and India,10,11 Glacier bursts in Pakistan,12 and forest fires in India and Pakistan. Marine life is also in danger because of rising sea temperatures and ocean acidification (Duarte et al., 2020). On the other hand, the onset of conflict in Ukraine has driven up the cost of food, gasoline, and fertilizer, interrupted supply lines and international trade in all Asian economies, stressed the global financial system and augmented the concerns of a worldwide food shortage (Hellegers, 2022; Markus, 2022; Yeoman, 2022). Consequently, in this research article, we explore the impact of environmental temperature surges, arable land, agricultural land, fertilizer and consumption of fixed capital on food security in the context of populous Asian countries.

In the same vein, Figure 1 represents the overall food security situation from 2016 to 2020 (pre and post-COVID-19) in the populous six Asian countries, along with an average of 113 other countries denoted with a dashed line. Figures 1A–F have normalized on a scale of 0 to 100, where 0 represents the worst food security environment while 100 represents the most favorable environment. We grasp the most alarming fact of world food security, which scored between 50 and 65% slab before COVID-19; after that, it slightly tilts downward, indicating that the situation in developed and developing countries became impaired during the pandemic.

[image: Figure 1]

FIGURE 1
 Asian countries’ overall food security environment situation in the world pre and post-COVID-19.


The situation in the six countries studied in this research is intense; for instance, in Figure 1F, Bangladesh was improving and moving toward the global average of 50, but after COVID-19, it again went down. The situation is similar in Pakistan (Figure 1E) and India (Figure 1C). Similarly, in Figure 1A, Indonesia was doing great and improving the overall food security condition, which was progress toward a 60 score, but after COVID-19, it was affected and declining but still better than before COVID-19. On the contrary, China (Figure 1D) and Malaysia (Figure 1B) were already above the average food security score but did not achieve the optimal point, and COVID-19’s devasting impact compelled them to move toward 50.

The current study emphasizes on the food security of 4 billion people (estimated by the United Nations) across six Asian countries, which account for roughly 56% of the total population of the globe and have a food security environment scoring below 50 or around 50. These distressing statistics lead us to the scenario in which we may identify why 418 million people are undernourished in Asia alone, which is half of the world’s population of malnourished people (768 million) in 2020.13 Thus, it is imperative to research the overall relationship between environmental temperature surges, arable land, agricultural land, fertilizer, consumption of fixed capital and food security in the context of populous Asian countries.


2.1 Food security and environmental temperature surges

Temperature is the fundamental component in describing the actual state of climate change in the entire world. Extreme temperature has far-reaching consequences for human and nonhuman life (Choufani et al., 2017; Watts et al., 2018). Since 1880, the average global temperature has risen by 0.14°F (0.08°C) each decade, which is twice the rise after 1981, 0.32°F (0.18°C) each decade. According to the National Oceanic and Atmospheric Administration Agency’s (NOAA) climate change data Wana et al., 2021 had become the sixth warmest year when the average surface temperature was 1.51°F (0.84°Celsius), the warmest in the twentieth century,14 posing severe food security and health risk, especially to those already susceptible to the effects of extreme heat (Choufani et al., 2017; Watts et al., 2018). Likewise, temperature increases lead to more extreme weather events, including droughts, storms, floods and typhoons, which deplete natural resources and threaten food security (including availability, safety, and sustainability; Godde et al., 2021). On a detailed note, global warming, including the increase in day and night temperature (Jha and Tripathi, 2017) and pollution, severely impacted and caused a 5.2% drop in the wheat crop from 1981 to 2009 in India (Gupta et al., 2017). Changes in weather patterns have also had an impact on Pakistan’s agricultural sector. In 2010–2014, Pakistan was hit by a rapid sequence of its four most enormous floods, which resulted in significant losses of cattle, agriculture, forest, and fishing, as well as the destruction of critical agricultural systems (Arora, 2019; Ahmad and Afzal, 2022). The severe flooding in 2022 resulted in an aggregate economic loss of 30 billion United States dollars, damaged an agricultural area equivalent to 1.2 million hectares alone in Sindh, 61% farming community exposed with transboundary animal disease in Baluchistan and 755,000 animals were lost in the flood in Pakistan.15 Similarly, Indonesia, China, Bangladesh, Malaysia are facing the temperature change severely which impact their food security.



2.2 Food security and arable and agricultural land

According to the Food and Agriculture Organization of the United Nations (FAO), arable land is used for short-term agricultural purposes, such as seasonal crops, grazing or home gardening. In contrast, agricultural land refers to long-term agricultural purposes, such as cultivating crops and meadows.16 Agriculture and arable land play a preemptive role in ensuring food security, which combines the three components: availability of food, food access, and food utilization (Aisyah et al., 2020). However, food consumption is expected to rise by 59–102% due to the world population’s rapid rise; in 2018,17 the world population was 7.6 billion, which is expected to reach 9.7 billion in 2050 (Elferink and Schierhorn, 2016; Fukase and Martin, 2020). These high demands are imposing a burden on the agriculture sector to provide enough supply to meet the required demand, which can be done in one of two ways: either by expanding the amount of land used for agriculture or by enhancing the existing agricultural land’s productivity through the use of fertilizer, precision farming and novel technology (Genetically modified crops and food) (Ali et al., 2019; Fukase and Martin, 2020; Pawlak and Kołodziejczak, 2020). Researchers preferably support the idea of increasing the productivity of the existing cultivation land by inducting precision farming and genetically modified crops (which are more resilience to the harsh environment along with high productivity) relative to the expansion of the agriculture and arable land (Ali et al., 2019, 2021; Pawlak and Kołodziejczak, 2020), resulting the deforestation (Bahar et al., 2020). The impact of prudent land management on productivity and food security is an evolving area of investigation in China (Du et al., 2018). In 2019, although the Indian cultivated land area became the largest in the world, however the country’s per unit production remained lower than most of the countries and contributed little to improving the country’s food security situation (Li and Song, 2023). Similarly, Pakistan has experienced land cover and land use increment while facing a production reduction and contributing to the rise of land surface temperature (Hussain et al., 2020). While the Bangladesh facing the challenges of soil salinity, tidal flooding, and erosion which is imparing the production capacity of farmers and pressuring the food security outlook of the country (Parven et al., 2022). Alike Bangladesh Indonesia is also encountering the adverse effect of land-use change on the national food security levels (Chrisendo et al., 2020; Rozaki, 2021). Malaysia is also encountering a land use change phenomenon which is exerting sever pressure on the country’s ability to contribute locally in its food security outlook (Azizan and Hussin, 2015).



2.3 Food security and fertilizers

Fertilizers are generally classified as either organic or inorganic, where organic fertilizers are made up of enhanced organic matter derived from plants or animals, while inorganic fertilizers are made up of manufactured chemicals like nitrogen, phosphate, and potash (Heinrich, 2000) which are used as soil additive that provides certain nutritional levels to the soil to enhance the productivity of the crop (Hammed et al., 2019). Theriault et al. (2018) found that in the West African Sahel, fertilizers boost land productivity and crops yield 24.1 kg per ha by including nitrogen each kg per ha. Likewise, Belete et al. (2018) explained that wheat varieties Menze, ET-13 and Tsehay produced a high yield because of the fertilizer (nitrogen). Some researchers also argued that overuse of fertilizers does not increase productivity; sometimes, it increases the productivity of some products and sometimes does not have a significant effect (Sheahan and Barrett, 2017; Belete et al., 2018; Van Wesenbeeck et al., 2021). Therefore, it is crucial to understand the land nutrition values and crops that farmers will cultivate. For instance, wheat needs 17 essential nutritional components, three of which are hydrogen, carbon and oxygen, while the remaining 14 come from the soil and mostly from plants, animals, compost, manure, or mineral fertilizers (Panhwar et al., 2019). In this case, nitrogen (N) is only required at the time of the deficiency (Panhwar et al., 2019). China classifies its cultivated land through a 10-grade classification system where grade 1 classifies the best land for cultivation and the 10 attributes to the low-quality land. In 2019, the average grade of the land was 4.76, and two-thirds of the soil was of low to medium quality, indicating the deficiencies that needed to be covered to increase land productivity.18 Similarly, in India, 55% of the soil is nitrogen (N) deficient, and 42% is deficient in phosphorus (P), making India an intensive user of fertilizers to augment productivity.19 Soil nutrient deficiency, which has been attributed as a vital factor in low yielding, has also been reported by Pakistan. The deficient nutrients in Pakistani soil, like India, are also nitrogen (N), phosphorus (P), and potassium (K) (Saber et al., 2009; Thanh et al., 2018). The soil nutrient deficiency has been recorded in indonesia as well where the studies have reported the deficiency of nitrogen (N), phosphorus (P), potassium (K), and organic carbon; needing various areas to employ different proportions of fertilizers for the enhancement of land productivity (Prasetyo et al., 2022). In Bangladesh, significant reduction in potassium (K), boron (B), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn), whereas an increase in calcium (Ca), and magnesium (mg) was recorded; indicating the proportions of fartilizers needed for enhancing crop yields (Shamim et al., 2019). Malaysia is also encountering the potassium (K), phosphorus (P), sulfur (S), and boron (B) deficiency; requiring it to use fartilizers for augmenting productivity (Lai et al., 2019).



2.4 Food security and consumption of fixed capital

According to traditional consumption-based accounting research, fixed capital consumption is the fulfilment of the actual demand for household needs (Kanemoto et al., 2020; Kobayakawa, 2022) by food products from agriculture, fishing and forest that are the bare necessities and embedded in food security (Garcia et al., 2020). Likewise, the production and consumption of fixed capital are tightly intertwined (Södersten et al., 2018). Therefore, fixed capital allows us to utilize resources to enhance agricultural productivity, which assists in subsiding the food shortage problems (Fukase and Martin, 2020). Developing populous countries like China, India, Pakistan, Bangladesh, Indonesia, and Malaysia encounter the challenges of forming fixed capital and increasing consumption in the sector where the masses need it the most; they can overcome these shortcomings through foreign direct investment and strategic technology sharing in the food sector (Liu, 2014; Slimane et al., 2016) to attain the United Nations sustainable development goal of “Zero Hunger” and attain the food security for the masses.




3 Methodology


3.1 Data sample and processing

The study investigates the impact of environmental temperature surges, arable land, agricultural land, fertilizer and consumption of fixed capital on food security in the context of six populous Asian countries: China, India, Indonesia, Pakistan, Bangladesh, and Malaysia. The study analyzes these indicators spanning from 2016 to 2020. The study relies on the data available on public databases such as FAOstat,20 World Bank,21 Economist Impact22 and national statistics bureaus (see Table 1). The United Nations (UN) database reasonably defines the grasp of distinct indicators and explains the methods opted for their computation and the measures employed for the validation; the same criteria are considered while employing the data obtained from sources other than the UN. Moreover, the study analyzes the models through the panel data analysis approach, a widely used methodology that primarily accommodates the analysis entailing both spatial and temporal dimensions (Yaffee, 2003; Chen et al., 2019).



TABLE 1 Data description from 2016 to 2020.
[image: Table1]



3.2 Model selection

This article goes through the most common panel data analysis models in academic papers (Greene, 2003; Baltagi, 2008; Hsiao, 2022). The panel data approach sheds light on both temporal and spatial dimensions. The temporal dimension covers the data collected through periodic measurements, and the spatial dimension presents the level at which we observe phenomena such as individual actions and reactions, national and organizational decisions and trends (Wooldridge, 2015; Hsiao, 2022).

Mathematically generic regression model of panel data looks like this:

[image: image]

Where j is the observation unit, t time, k indicates the kth explanatory variable, β0 intercept, βk represents the coefficient of the kth explanatory variable, and [image: image] is the error term which is divided into two sub-components like [image: image]representing the unit-specific cross-sectional error that refers to the fixed effects, unobserved heterogeneity and also the unobserved effect in the literature, which does not vary over time and [image: image] represent the idiosyncratic error that changes with time and cross-sectional units (Baltagi and Kao, 2001; Greene, 2003; Baltagi, 2008; Wooldridge, 2015; Hsiao, 2022). Moreover, using panel data and separating the error terms into two categories allows us to alleviate some concerns about bias in omitted variables due to unquantified unit-specific characteristics.

[image: image]

Thus, by integrating Equations (1, 2):

[image: image]

Similarly, the model employed in this study is as follows:

[image: image]

In Equation 4, FS represents food security, TS is environmental temperature surges, ARL is arable land, AGL is agricultural land, N is Nutrient nitrogen, PH is Nutrient phosphate P2O5, and CFC is the consumption of fixed capital.


3.2.1 Fixed effects model

Researchers frequently employ the fixed effects model to account for unobserved heterogeneity, unobserved effect, or fixed effects [image: image]these factors remain constant over time but vary among units and are generally ignored in the pooled OLS model. Notably, the fixed effect model allows us to determine the Equation (3), along with the unit-specific cross-sectional error [image: image] and idiosyncratic error [image: image] which shows that [image: image] is correlated with [image: image] and idiosyncratic errors [image: image] are independent of the [image: image] (Greene, 2003; Xu et al., 2007; Wooldridge, 2015; Hsiao, 2022). Moreover, to obtain more accurate estimates, we can eliminate the unobserved heterogeneity [image: image]through the widely used technique know as the time demeaning or the within transformation (Wooldridge, 2015), which also means reducing biases due to omitted variables. Thus, we have more robust results from the fixed effect model. The fixed effect model estimation relies on the ordinary least squares (OLS) technique for generating results.



3.2.2 Random effects model

It is a common practice to employ the fixed effects model to eliminate the unobserved heterogeneity [image: image]when we are analyzing panel data due to the assumption of correlation between unobserved heterogeneity [image: image]and any explanatory variables [image: image] On the other hand, when unobserved heterogeneity [image: image]is not dependent on any of the explanatory variables; using the fixed effects model to get rid of unobserved heterogeneity [image: image]will become an ineffective estimator (Greene, 2003; Xu et al., 2007; Baltagi, 2008). In this situation, the random effect model becomes more effective because it treats the unobserved heterogeneity [image: image]randomly as compared to the fixed effect model, it is also known as variance components model (Baltagi and Kao, 2001; Baltagi, 2008). Moreover, the random effects model was measured in this study using the generalized least squares (GLS) method; if the variance structure across categories is known and unknown, then we use the feasible generalized least squares (FGLS) technique (Greene, 2003; Hsiao, 2022).



3.2.3 Adopted approach for model selection

In this study, we employed the fixed effect and the random effect models to analyze the proposed relationship significance level on time-varying explanatory factors, whether the fixed effects model is suitable or the random effect model is checked through the researchers’ recommend Hausman test, which allows identifying the unobserved heterogeneity [image: image]is independent of any of the explanatory variables [image: image] or not under the shed of the null hypothesis (Wooldridge, 2002; Xu et al., 2007; Baltagi, 2008). Random effects are preferred if the null hypothesis is accepted; otherwise, the fixed effects model is superior to random effects (Xu et al., 2007).





4 Results


4.1 Data distribution, descriptives, and normality

Scholars often assume the data has a Gaussian or normal distribution and conduct analyses like Pearson correlation, regression, and variance that rely on this assumption to draw valid conclusions about the results of the proposed models (Wooldridge, 2015; Hsiao, 2022). However, this assumption can backfire if the data does not actually follow a Gaussian or normal distribution; if this is the case, the scholars have invested their time and effort in the wrong direction instead of employing the non-parametric techniques such as the spearman correlation test, polynomial regression, Wilcoxon rank sum test, the Mann–Whitney U test, and the Kruskal test (Ghasemi and Zahediasl, 2012; Field, 2013; Derrick et al., 2020). Therefore, first, we checked the normal distribution of the data, which helped us to transform the data as per the valid and accurate transformation technique. Thus, in this study, we normalized (Yu et al., 2009) the data on the 0 to 100 scale and performed the normality test to confirm our assumption was valid, and Table 2 shows that Shapiro Wilk W results meet the minimum criteria (Ghasemi and Zahediasl, 2012; Derrick et al., 2020).



TABLE 2 Data descriptive statistics and normality test results.
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4.2 Baseline regression

We obtained the baseline regression results by relying on the more appropriate model between the fixed and the random; the Hausman test results (Baltagi, 2008; Bartels, 2008) provided the foundation for the model selection. For this reason, we utilized STATA 17 to analyze the model selection and proposed relationship association. First, in STATA, we set the data as a panel time series data, then we performed the fixed effect regression and stored their values. Afterwards, we performed the random effect regression and stored their values; then, we used the Hausman test command on the stored values. Results of the Hausman test favored the fixed effect because the p value of the Chi-square is less than 0.05 (see Table 3; Hausman, 1978; Baltagi, 2008; Bartels, 2008). Hence, the fixed effect is more suitable for the problem investigated in this study. However, it is also imperative to determine whether the time-fixed effect contributes to the baseline regression outcomes. Thus, we performed the testparm yearly and found Prob > F is non-significant, meaning that accounting for the time-fixed effect is not needed in the present situation (Torres-Reyna, 2007).



TABLE 3 Hausman (1978) specification test.
[image: Table3]

Finally, we selected the fixed effect model to investigate the impact of the change in temperature, arable land, agricultural land, fertilizers such as nutrient nitrogen and phosphate and the consumption of the fixed capital on food security. We found that temperature change and arable land have a significantly adverse effect on food security; meanwhile, expansion of the agricultural land, use of fertilizers based on the soil nutrient information and consumption of the fixed capital in the agriculture sector have a positive impact on food security (see Table 4).



TABLE 4 Linear regression.
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4.3 Post estimation diagnostic


4.3.1 Multicollinearity test

Moreover, we checked the multicollinearity via the variance inflation factor (VIF), and the VIF range is between 1.068 and 1.754, which falls under the threshold and indicates that the basic conditions have been satisfied. Model estimates and their respective p values are valid for concluding the problem statement (see Table 5).



TABLE 5 Multicollinearity test via VIF.
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4.3.2 Cross-sectional dependence check via Breusch-pagan LM test of independence

As per Baltagi (2008), small data does not have a cross-sectional dependency or contemporaneous correlation concern, and it has statistical significance if the data is of more than 20 or 30 years. Even though in this study, the time dimension is short (t = 5 years), we still have performed the Breusch-Pagan LM test of independence, and the non-significant Pr value indicates that the data does not have cross-sectional dependence (see Table 6).



TABLE 6 Cross-sectional dependence.
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4.3.3 Heteroskedasticity check

Heteroskedasticity is a source of bias in regression analysis (Baltagi, 2008). So, It is vital to check for heteroskedasticity to present a legitimate analysis. Therefore, we checked for the heteroskedasticity via Breuscha Pagan/ Cookac Weisberg test and found Prob>chi2 > 0.05, indicating that heteroskedasticity adjustment is not required in the present scenario (see Table 7; Robinson, 1991; Torres-Reyna, 2007; Baltagi, 2008).



TABLE 7 Heteroskedasticity test.
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4.3.4 Serial correlation check

When investigators deal with data that spans more than 20 years or is on a macro scale, serial correlation issues arise. These issues can significantly alter the outcome and impair the practical applicability of the findings (Baltagi, 2008). Thus, autocorrelation is not a problem because the study’s data, which span 5 years, are not long-span data. Additionally, the Wooldridge test we conducted revealed no first-order autocorrelation, and Prob>F is non-significant (see Table 8), which meets the threshold requirements (Robinson, 1991; Torres-Reyna, 2007; Baltagi, 2008).



TABLE 8 Wooldridge test.
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5 Discussion and conclusion


5.1 Theoretical implications

United Nations established 17 sustainable development goals along with 169 sub-targets as an urgent call for the globe to actively pursue the agenda of the greater good for the betterment of humanity and the entire world’s sustainability and prosperity. In this regard, the United Nations encourages developed and developing nations to have a global partnership to eradicate the world’s most critical problems; one of these critical problems is global hunger for the eradication of which the UN devised its second SDG with the focus of attaining “zero hunger” by 2030. Thus, this study investigates zero hunger through the lens of food security in populous Asia from the perspectives of the pre-and post-pandemic eras. The findings of this study explain that temperature change negatively affects food security. The temperature surge breeds unfavorable conditions for agricultural products and human life, evidenced by the low productivity of staple crops like wheat in India and Pakistan during unprecedented heat waves and loss of life due to heat strokes pointing toward the far-reaching consequences (Choufani et al., 2017; Watts et al., 2018). Notably, our findings are aligned with previous research, which highlights that the temperature changes (rise 0.08°C to 0.84°Celsius) around the globe cause unprecedented weather events like floods, drought, storms, and typhoons which are the primary source of natural resources’ impairment and threaten food security (including availability, safety, and sustainability) (Choufani et al., 2017; Watts et al., 2018; Godde et al., 2021). For instance, from 1981 to 2009, India saw a 5.2% decline in its wheat crop due to global warming, soil nutrient deficiency (Gupta et al., 2017), and related factors such as rising day and nighttime temperatures (Jha and Tripathi, 2017). In Pakistan, the impact was more devastating; it endured damage to 78,000 square kilometers (30,000 square miles) of agricultural land throughout 81 districts, and more than 80 per cent of the nation’s crops were ravaged. The Sindh province, which provides a significant portion of the nation’s food, is among the most severely impacted.23 We saw the same temperature rise trend, threatening the food supply in places like Indonesia, China, Bangladesh, and Malaysia.

Second, the results of this study show that arable land negatively affects food security due to the expansion of arable land and its use for grazing or home gardening and tree cultivation, indirectly affecting agricultural crop production. In contrast, agricultural land positively influences food security because it is the primary source of food production. While the world has an overpopulation burden, in 2018 global population was 7.6 billion which is projected to reach 9.7 billion by 2050 (Elferink and Schierhorn, 2016; Fukase and Martin, 2020); especially Asia contributing a significant portion of this rise. As a result, food consumption is bound to depict a surge of 59 to 102%.24 The impact of these issues can be diminished by extending the agricultural land area for agricultural production or boosting land productivity by utilizing fertilizers based on the soil nutrient deficiencies as it is garnering positive results in the under-instigation countries, coupled with the new technologies such as genetically modified (GM) crops and food in the agriculture sector (Ali et al., 2019; Fukase and Martin, 2020; Pawlak and Kołodziejczak, 2020). The adoption of GM crops is seeing a rising trend in China, India, and Pakistan mostly because of the tendency of these crops to perform in even harsh climatic conditions, protect themselves from insect attacks, have the reputation of a safe product, and be nutritionally rich (Ali et al., 2019, 2021). The option of agricultural land expansion can trigger deforestation (Bahar et al., 2020), harming the environment, ecosystem and food security. For a sustainable solution, experts usually suggest the mass production of crops and food on the existing land through innovative techniques such as drip irrigation, drone seeding, technologically modified crops and food cultivation without utilizing extensive natural resources (Ali et al., 2019, 2021; Pawlak and Kołodziejczak, 2020).

Third, this study’s findings show that nitrogen and phosphate positively influence food security. Fertilizers are considered soil additives that enhance land nutrient values that support the crop’s productivity (Hammed et al., 2019). Similarly, our findings align with previous research (Belete et al., 2018; Theriault et al., 2018; Hammed et al., 2019; Panhwar et al., 2019; Ghufran et al., 2024), explaining that fertilizers boost land productivity and crop yield. Evidence from all under-investigation countries (China, Pakistan, India, Bangladesh, Indonesia, Malaysia) also supports that using fertilizers based on soil nutrient deficiencies augments land productivity. The approach promoted by several experts for effective fertilizer utilization while warning about the misusage of fertilizers, causing productivity loss and adverse effects on human health (Sheahan and Barrett, 2017; Belete et al., 2018; Van Wesenbeeck et al., 2021). Hence, our findings endorse fertilizer utilization to cover the soil nutrient gap, bolstering land productivity and subsiding human health risks.

Fourth, in this study, we find that fixed capital consumption substantially influences food security because it is tightly intertwined (Södersten et al., 2018) and satisfies genuine household needs, such as essential foods products derived from agriculture, fishing, and forestry that contribute to food security (Garcia et al., 2020; Kanemoto et al., 2020; Kobayakawa, 2022). As a result, the availability of fixed capital enables economies to capitalize on opportunities for enhancing agricultural output and curtailing the challenges like food scarcity (Fukase and Martin, 2020). Hence, foreign direct investment and strategic technology sharing in the food sector can augment developing and underdeveloped countries’ ability to form fixed capital and direct its consumption in the sector where they need it the most (Liu, 2014; Slimane et al., 2016) to achieve the United Nations sustainable development goal of “Zero Hunger” from the perspective of food security.



5.2 Practical implications


5.2.1 For policymakers

This study provides essential guidance to multi-stakeholders – and opens the door for policymakers to understand the pressing issue of food scarcity, especially in Asia’s most populous countries, including India, Pakistan, China, Bangladesh, Indonesia, and Malaysia, which have a population of 4 billion and houses nearly 418 million undernourished people almost half the world’s famished population (768 million).25 In addition, these six Asian nations, accounting for approximately 56% of the world’s population, have a food security environment ranking below or around the global food security average of 50. Therefore, enhanced focus and segregation of the policy instruments and their implementation on various levels are paramount. First, policymakers of these nations and global stakeholders should keenly notice the situation among these countries and ensure the effective utilization of the existing and newly added agricultural land, enhancing crops and food production. Secondly, strongly discourage and strictly prohibit infrastructure development like housing schemes on agricultural land, impairing food security outlook and threatening human survival. Building infrastructure on agricultural land poses significant environmental and socio-economic challenges. The conversion of fertile and arable land for construction projects leads to the loss of valuable agricultural resources, diminishing the capacity for food production and compromising food security (Foley et al., 2011). The impact extends to biodiversity loss as the conversion disrupts ecosystems supporting diverse flora and fauna (Tsiafouli et al., 2015). Furthermore, the construction activities contribute to soil degradation through compaction, erosion, and contamination, rendering the land less suitable for future agricultural use (Montgomery, 2007). Water scarcity becomes a concern as irrigation systems are disrupted, affecting both agricultural and non-agricultural water needs (Liu et al., 2013). The displacement of traditional farming communities results in social and economic challenges, while the conversion of agricultural land contributes to increased greenhouse gas emissions and influences local climate patterns, exacerbating the impacts of climate change (Lobell et al., 2008; UNICEF, 2021). Sustainable land-use planning and environmental impact assessments are essential to mitigate these issues and promote alternative development practices that balance the need for infrastructure with the preservation of vital agricultural resources. Third, sharing information with farmers about soil nutrient deficiencies and advising about the correct proportion of fertilizer utilization, enhancing land productivity and subsiding the effects of excessive fertilizer usage on human health. Lastly, they also have to allocate fixed capital for research and development in the agriculture sector to determine the resilient seeds against the harsh environment and employ the vertical farming concept for enhancing production levels without deforestation and damage to the ecosystem.



5.2.2 For businesses

Asian nations are considered agricultural because of the cultivated area, which is highly suited for agricultural production and cultivation. Surprisingly, they face food insecurity and undernourishment, and their agricultural imports are rising: in China, 80% of consumed soybeans are imported;26 in Malaysia, 60% of consumed food is imported;27 in Indonesia, imports bills exceeded 24 billion dollars in 2021.28 Pakistan also imports food products, including wheat, rice, soybeans, and cooking oil, worth $1.65 billion,29 and Bangladesh imported 6.6 million tonnes of foodgrains, the highest amount in 3 years.30 These crucial facts give local and international investors opportunities to invest in the agriculture sector to enhance agricultural productivity by employing the latest agriculture tools and cultivation methods. In this regard, businesses can maximize their wealth by collaborating with the farmers and enhancing their social standing in the market by serving the greater good.



5.2.3 Future research and limitations

In this research, we have captured the overall impact on food security based on the data of six populous Asian countries from 2016 to 2020. Future research may add more years, use different attributes like corporate social responsibility, sustainable finance options, and compare the impact of different attributes among different countries. Furthermore, this research is Asia-focused future research may check the food security environment in other regions and capture a much deeper outlook by analyzing the situation at the city level in different countries. At last, future research may consider GM’s role in food security. We have provided some important standing of these six Asian countries. In detail, the augmenting demand for agricultural products (food and non-food) has encouraged considering GM products to fill this demand gap across all (China, India, Pakistan, Bangladesh, Malaysia, and Indonesia). According to Wang et al. (2023), the Chinese Ministry of Agriculture’s assurances that certified genetically modified (GM) food products are safe to consume even though most consumers are reluctant to purchase GM foods. Moreover, they found that Chinese consumers’ awareness, products’ available information, trust in sellers, long product life, GM foods’ taste, and consumers’ experience in buying GM food products are positively related to their willingness to buy GM foods. In 2022, China expanded the commercial adoption of genetic modification (GM) to two staple crops, corn and soybeans, making major strides in its plan to ensure food security despite persistent public controversy over the technology.31 Adopting GM corn and soybean is likely to increase average yields, possibly by as much as 50 per cent, effectively reducing China’s demand for large volumes of these two feeds.32

India has debated using genetically modified (GM) crops for over two decades. The Supreme Court of India has been hearing constitutional challenges to India’s regulatory regime for GM crops for nearly two decades.33 In 2022, the Union Ministry of Environment, Forests and Climate Change approved the University of Delhi’s GM mustard seeds for cultivation, which would have allowed the university to release GM mustard seeds to farmers. However, environmentalists immediately appealed against the approval before the Supreme Court, which temporarily halted the approval on 3 November 2022 (see footnote 34, respectively). Supreme Court eventually approved GM mustard, which will become India’s first GM food crop (see footnote 34, respectively). According to the Center for Science and Environment 2018, 21 out of 65 food samples tested from Delhi, Gujarat, and Punjab were GM positive.34 The study formed the basis of the latest regulations, which mandate that no person shall manufacture, store, distribute, sell or import any food or food ingredient derived from Genetically Modified Organisms in India.

Riansah et al. (2023) explained that genetically modified (GM) food is controversial in Indonesia, but the Indonesian government has regulations in place to ensure consumer protection by labeling food products with GM ingredients. However, Indonesia’s regulations on GM are still dependent on worldwide statements, and the country has limited capability to enforce regulations for the biosafety of genetically engineered (GE) products (Riansah et al., 2023). GM food is one of the results of a breakthrough in the application of biotechnology to increase food production. In Indonesia, many of these products have been mainly imported fruits and meat, as well as imported vegetables and food products. Most GM products contain vegetable and fruit products such as apples, oranges, bananas, and many more (Riansah et al., 2023). In 2017, the United States exported nearly $1.6 billion genetically engineered products to Indonesia. These products included Bt cotton, herbicide-tolerant soybeans and meal, Bt corn, and various food products derived from GE crops.35 The government of Indonesia and local universities are researching a number of GE crops, including virus resistance for tomatoes, rice, potatoes, and sugar canes (see footnote 36, respectively).

Wana et al. (2021) explained that Malaysia has regulations on genetically modified organisms (GMOs) and their presence in the marketplace. The presence of an unauthorized GMO in the marketplace is regarded as a regulatory non-compliance, to which the Malaysian government has a zero-tolerance approach.36 On the other hand, the Department of Biosafety in the Ministry of Natural Resources and Environment Malaysia, under the National Biosafety Act 2007, has approved eight genetically modified (GM) maize/corn products and 5 GM soybean products for food, feed, and processing purposes.37 Besides these, approvals have also been given for the field trials of GM mosquitoes and papaya and the release of GM products for use as pesticides and fertilizers.

In 2005, Pakistan established its federal regulatory framework for biotechnology, designed to approve emerging technologies under the Environmental Protection Act of 1997. This initiative led to the creation of the Pakistan Biotechnology Regulatory (PBR) in April 2005.38 In 2019, Pakistan imported approximately 3.73 million bales (375 lbs./bale) of cotton, with a major share sourced from the United States and Brazil (see footnote 39, respectively). Furthermore, Pakistan is a notable importer of various agricultural products, including soybeans, soybean meal, soybean oil, canola, and distillers dried grains (DDGs) derived from genetically engineered (GE) crops originating from the United States, Brazil, Canada, and Argentina (see footnote 39, respectively). Specifically, in CY 2019, Pakistan’s soybean imports amounted to about 1.92 million metric tons, valued at approximately $690 million. Around 60 per cent of these imports were sourced from the United States (see footnote 39, respectively).

Bangladesh has become the first South Asian country to approve commercial cultivation of a genetically modified (GM) food crop – brinjal (also known as eggplant or aubergine) spliced with a gene from the soil bacterium Bacillus thuringiensis.39 Moreover, In Bangladesh, the imminent approval of commercially cultivating genetically modified (GM) crops for food and feed raises concerns due to the lack of specific biosafety regulations.40 Existing laws covering agriculture, medicine, and the environment inadequately address GM-related issues (see footnote 41, respectively). Outdated environmental regulations and a lack of differentiation between GM and non-GM crops contribute to challenges (see footnote 41, respectively). Despite consumer rights in the present Consumer Protection Act, there is a dearth of research on the effects of GM crops (see footnote 41, respectively).
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Introduction: Stunting is a major public health issue with a significant influence on the health and development of children in low-income countries, where it affects up to 32% of children. Nutritional intake is impacted by alterations in intestinal permeability and underlying chronic inflammation, which hinder children’s normal linear growth. Environmental enteropathy is a poorly understood condition with chronic intestinal inflammation. The purpose of this study was to identify the magnitude of stunting, change in growth, and factors associated with stunting and change in height for the age Z-score of children with an elevated lactulose-to-mannitol ratio.

Methods: An observational follow-up study was conducted to follow children with an elevated lactulose-to-mannitol ratio for changes in their linear growth. A lactulose–mannitol test was performed to identify children with elevated lactulose-to-mannitol ratios, indicative of environmental enteropathy. After a 1-year follow-up, anthropometry was repeated to assess their linear growth. A multivariable logistic regression analysis was performed to identify the independent predictors for stunting in children with elevated lactulose-to-mannitol ratios. All tests were two-sided, and a p-value of <0.05 was considered significant.

Results: The prevalence of stunting in children with an elevated L:M at baseline and end line was found to be 72.4% (95% CI: 60.3, 84.5) and 78.4% (95% CI: 66.7, 90.2), respectively. In a multivariate analysis, a low dietary diversity score (<4 food groups), presence of flies and insects in the toilet area, poor handwashing practices during a critical time, and MUAC z < −2 were significantly associated with stunting. Flies and insects in the toilet area and unsafe disposal of feces were significantly associated with changes in HAZ in children with elevated lactulose-to-mannitol ratios, an indicator of environmental enteropathy.

Conclusion: Most of the children with an elevated lactulose-to-mannitol ratio in the study population were stunted, and no significant change in their linear growth was observed after 1-year follow-up. Therefore, further investigation and urgent intervention are needed to prevent environmental enteropathy and stunting among under-five children in this community who are exposed to very poor sanitary conditions and other risk factors for malnutrition.
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Introduction

Stunting affects one in five children before they reach the age of 5 years, making it a serious global public health concern. In low-income countries (LICs), where it is predicted to occur in 34.6% of cases, stunting is especially common (1). The prevalence decreased from 41.5% in 2000 to 30.7% in 2020 in Africa, even though the total number of cases increased from 54.4 million in 2000 to 61.4 million in 2020. Stunting in children is the most common problem worldwide with a height-for-age (HAZ) score of <−2. The World Health Organization (WHO) estimates that 155 million children worldwide, or 23% of children under the age of 5 years, are stunted (2).

In children, stunting is linked to irreversible harm and a host of detrimental health effects. It has been linked to children’s low developmental attainment and low IQ levels. Additionally, there is proof that children who are stunted are less likely to enroll in school, have a higher risk of mortality, and are more susceptible to infections (2).

Stunting is connected to both recurrent infections and inadequate nutrition. It can currently be caused by a variety of factors, including inadequate nutrition, poor hygiene, and recurrent infections. The complicated condition known as stunting can have many causes, with the most common being an imbalanced and inadequate diet and a lack of vitamins and other micronutrients. It also takes into account social elements, such as the makeup and resources of the family and the larger political and economic environments in which children live (3).

Studies from Africa, Asia, and South America have found increased lactulose-to-mannitol/L:M ratios [an indicator of environmental enteropathy (EE)] in asymptomatic children. A study of asymptomatic Gambian children aged 2–5 years found a correlation between L:M ratios and height for age (linear growth), which is hindered by underlying chronic inflammation and changes in intestinal architecture (4).

The biological level of stunting has been linked to three main hypotheses: EE, recurrent episodes of diarrhea, and infections (helminths) spread through the soil (5). Infants and young children are frequently exposed to fecal pathogens through the direct ingestion of fecally contaminated soil and/or animal feces, which is common in low-income environments. This exposure is linked to an increased risk of diarrhea, elevated markers of EED, and stunting (6).

In light of a study that revealed a significant knowledge gap in our understanding of growth stunting and its associated mortality that cannot be explained by food insecurity, the impact of subclinical yet pathological changes in the absorptive and immune functions of the gastrointestinal tract of infants and children in the developing world is being considered (7).

Stunting is caused by inadequate sanitation and hygiene, which results in EE, a subclinical condition that also causes diarrhea (8). EE is a vaguely defined condition of intestinal inflammation without obvious diarrhea that develops in people who are repeatedly exposed to substandard hygiene and sanitation. Pathologically, it is marked by inflammation and villous blunting in the small intestine. It is linked to stunting, poor cognitive development, and oral vaccine failure in children from low-income nations (9, 10). A solution to EE is urgently needed because of the burden of malnutrition alone, which affects 25% of children worldwide and is estimated to cause over a million deaths annually due to increased susceptibility to infection (9, 10).

Stunting continues to be a significant public health burden despite the Ethiopian government’s adoption and implementation of the national nutrition programs, strategies, and infant and young child feeding intervention programs in recent years to address this issue (11).

Numerous studies show that malnutrition is highly prevalent in underdeveloped nations and suggest nutritional interventions such as balanced diets, breastfeeding, and micronutrient supplements; yet, there is no discernible difference in the rate of malnutrition reduction. This indicates that there is a gap in the solution to decreasing malnutrition. As infection is one of the causes of malnutrition and also studies were done on the association of infection and malnutrition with the direct effect of clinical manifestation diarrhea, there is little evidence of an indirect effect with subclinical condition (environmental enteropathy). Therefore, this study aimed to observe the change in growth of children with an elevated lactulose to mannitol ratio/Indicative of Environmental Enteropathy.



Materials and methods


Study design

An observational follow-up study was used to determine if a single L: M ratio predicts subsequent linear growth in slum areas of Jimma town among children aged 12–59 months with an elevated lactulose-to-mannitol ratio. Jimma town is located in the southwest part of Ethiopia, at a distance of 357 km from the capital city, Addis Ababa. The town has 13 urban kebeles and 4 rural kebeles, with a total population of 207,573. The temperature in the area typically varies from 48°F to 83°F throughout the year and is rarely below 42°F or above 88°F. The wet season is mostly cloudy, while the dry season is partly cloudy. The town is bounded by Kersa woreda in the east, Manna woreda in the west, Mana and Seka woreda in the north, and Seka woreda in the south.



Data collection procedure

Native Oromia speakers who worked as lab technicians and health extension workers were hired from health posts and centers to collect data, and they received 2 days of training before beginning their work. Socioeconomic and demographic details, child feeding habits, personal hygiene routines, food preparation techniques, housing conditions, and morbidity reports were included in the data collection tool. Using an observation checklist, data collectors recorded observations of the water storage practice, restroom, and handwashing station. The repeated 24-h dietary recall method was used to calculate the dietary diversity score (DDS). The children’s caretakers were asked to recall everything their children had eaten or consumed during the preceding 24 h. The total number of distinct food groups that the children consumed in the 24 h before the assessment was added up to determine the DDS (5).



Measurements

The appropriate tools were utilized to gather data and apply accepted measurement practices. Children under the age of 2 years should lie on a suitable board to have their length measured, and children over the age of 2 years should stand up to have their height measured. For instance, the children were weighed in their underwear without shoes, and their mid-upper circumference (MUAC), weight, and height were measured appropriately. Children who met the WHO 2006 guidelines, the U.S. National Center for Health Statistics (NCHS), the Centers for Disease Control and Prevention, and the WHO reference population were classified as stunted, underweight, wasted, and thin, respectively.


Weight

The research subjects were weighed while barefoot on a hard board covering a level surface, either in a diaper or light underwear. A beam balance was utilized for this purpose, which was routinely calibrated against known weights. The weight was measured to the nearest 100 g.



Height

For children under the age of 2 years, the standard measuring board (sliding board) was used to measure height; for children over the age of 2 years, a stadiometer—a height-measuring instrument with a precision of 0.1 cm—was used to measure height in a standing position.



MUAC

Using a non-stretchable tap, the left arm’s MUAC was measured halfway between the olecranon and acromion processes, to the nearest 1 mm.




Urine collection

Two weeks before the lactulose/mannitol solution was administered, 300 children (140 male toddlers and 160 female toddlers) in the age range of 12–59 months (median age of 3 years) who were at risk of developing EE and had no significant medical histories or gastrointestinal symptoms were included in the test at baseline. The subjects drank the test sugar solution, which contained 250 mg/mL of lactulose and 50 mg/mL of mannitol, at a dose of 2 mL/kg up to a maximum of 20 mL, following an overnight fast. Urine flow was allowed to increase with a liberal intake of water after 30 min. Food was permitted after the initial 3 h.

Before the children consumed the test sugar solution, they were asked to empty their bladders. A urine collection bag (McKesson Medical-Surgical, Inc., MFR #4822, and Richmond, VA) was placed and changed as needed during the 5-h duration (9). After voiding, samples were aliquoted and kept on ice to prevent microbial growth. One or two drops of chlorhexidine (20 mg/mL) were added to measure the volume of urine. Before testing, urine aliquots were kept at −80°C (12). After the study was finished, the samples were kept in the Jimma University laboratory at −80°C until they were shipped on dry ice to the Ethiopian Conformity Assessment Enterprise laboratory for analysis.



Sample size determination

A total of 300 children in the age group of 12–59 months were selected by using the single population proportion formula with an assumption of an estimated prevalence (p) of EE of 50%, a 5% margin of error (d), and a 95% confidence level. A simple random sampling technique was used to select the study subjects. Of the 300 children who were eligible for the test, 58 were found to have an increased lactulose–mannitol ratio, an indicator of EE. Fifty-eight children (58) with elevated lactulose-to-mannitol ratios were followed for change in linear growth. After a 1-year follow-up, seven children were lost. As a result, data collection and analysis were performed on 51 children with an elevated lactulose-to-mannitol ratio, an indicator of EE.



Laboratory procedure

Sample preparation: A measure of 0.5 g of washed cation exchange resin was added to 2 mL of the thawed urine specimen, vortexed for 10 s and centrifuged for 10 min at 3000 rpm. The supernatant layer was withdrawn and filtered through a 0.2 L filter to inject into the high performance liquid chromatography (HPLC) system for analysis (13).


Chromatographic conditions and the HPLC system

The samples were analyzed using an Agilent 1260 Infinity Series HPLC system (Model SP 8810; Spectra-Physics, San Jose, CA) along with a carbohydrate column (4.6 × 150 mm, 5 μm; Zorbax, United States). The mobile phase was a mixture of acetonitrile/HPLC-grade water (70/30%v/v). The HPLC analysis was conducted at the column temperature, injection volume, and flow rate of ambient temperature, 10.0 μL and 1.0 mL/min, respectively. Calibration curves were prepared by analyzing appropriate concentrations of each compound in distilled water and plotting the peak height obtained at 1.0 × l0 refractive index unit (full scale) sensitivity of the detector. Urinary concentrations of sugar probes were calculated from the calibration curves by peak-area analysis (12) (Supplementary Figures S1, S2). Except for the lactulose–mannitol test, the baseline procedure was repeated after the follow-up period.




Variables of the study

The study was conducted to identify the outcome variable of stunting in children who had an elevated lactulose-to-mannitol ratio, an indicator of EE. Indicators for water, sanitation, and hygiene (WASH) problems and the DDS were taken as predictors for the outcome variable.



Data source

Face-to-face interviews with caregivers of children under the age of 5 years were conducted to gather information on sociodemographic characteristics, health status, and water, sanitation, and hygiene practices. The questionnaires were structured. To measure intestinal permeability, mannitol and lactulose solutions were administered, and then a urine sample was taken. Using an observation checklist, data collectors recorded observations of the water storage practice, restroom, and handwashing station.



Data analysis

The lactulose–mannitol test was performed on 300 children who were eligible for the test. In the test, mannitol recovery rates indicated absorptive capacity; lactulose recovery rates indicated permeability; and higher L:M ratios indicated greater intestinal abnormality, or EED. In this study, the lactulose–mannitol ratio, L: M, was calculated as the ratio of the lactulose-to-mannitol concentrations in the urine.

Data were entered using EpiData version 3.1 and were subsequently imported into SPSS version 26 for analysis. The study variables were compiled using descriptive statistics such as cross-tabulation and frequency distribution. The crude and adjusted odds ratios with 95% confidence intervals were estimated using both univariate and multivariable logistic regression methods. To account for possible confounding, a backward step-wise variable selection method was used. Only variables that achieved p-values of ≤0.25 in the bivariate analysis were included in the multivariable logistic regression analyses to control for associations among the independent variables, thereby eliminating excess variables and unstable estimates in the final model. The Hosmer–Lemeshow test was used to test the goodness of fit of the model, and a p-value of >0.05 was considered to be fit. When a regression coefficient was set at less than 2.0, the standard errors indicated that there was no multicollinearity among the independent variables. Using WHO Anthro software, the children’s height, length, and weight were converted to MUAC, the Z-score of height for age, and the weight for height and age. A standard deviation of less than 2 was considered stunted, wasted, underweight, and thin for HAZ, WHZ, WAZ, and MUACZ, respectively. The change in HAZ was determined by the difference between the end line and baseline height for age z-score. The difference of <0.25 Z was taken as a loss, and > 0.25 Z was taken as a gain in height for age z-score (14).



Ethical consideration

The University of Jimma Ethical Review Board, the College of Medicine and Health Sciences, the Institute of Public Health, and the Oromia Regional Health Bureau’s Ethics Committee all granted their ethical approval with the reference no of IHRPGD/456/2020. Official consent was obtained from the administrative and health offices in each study district before the start of the study. The participants received an explanation of the study’s goals and significance. As per the Declaration of Helsinki, a parent or guardian’s written informed consent was obtained. The study participants’ confidentiality was maintained, and participant identification by name was avoided. A nearby medical facility was contacted for follow-up and management of all the wasted and stunted children with an elevated lactulose-to-mannitol ratio (>0.15).




Results

The mean SD % lactulose excreted was found to be 0.6 ± 0.1, and the mean SD % mannitol excreted was found to be 4.5 ± 1.6. The mean SD of the L:M ratio was found to be 0.27± 0.06. The lactulose-to-mannitol ratio of >0.15 was taken in children with EE. Of the study participants, the lactulose-to-mannitol ratio of 58 children was >0.15/with EED, while those of 242 were < 0.15/ without EED (Table 1).



TABLE 1 Lactulose–mannitol test to determine the magnitude of environmental enteropathy (n = 300).
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The mean age (±SD) of study participants was 1.2 (+0.46). The majority of the children (i.e.,) 33(64.7%) of them, with an elevated lactulose-to-mannitol ratio fall within the age group of 1–3 years. Most of the children, 28 (54.9%), were male toddlers, and 44(86.3%) of the caregivers were between 18 and 35 years of age. The majority of children, 34(66.7%), with elevated lactulose-to-mannitol ratios were from families with a size of ≥5, and 36 (70.6%) of the caregivers were with an income of <3,000 Birr (Table 2).



TABLE 2 Socioeconomic and demographic characteristics of children with an elevated lactulose-to-mannitol ratio/environmental enteropathy and their caregivers at end line and follow-up (n = 51).
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The magnitude of stunting in children with an elevated L:M at baseline and end line was 42 (72.4, 95%CI: 60.3, 84.5) and 40 (78.4, 95%CI: 66.7, 90.2), respectively. The average HAZ of children at baseline and end line was found to be −1.84 z-score and − 2.46 z-score, respectively, with a difference of −0.6 z-score (Figure 1).
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FIGURE 1
 Distribution of stunting at baseline and end line in children with elevated lactulose to mannitol ratio/indicative of Environmental Enteropathy.


At the end line, most of the children with elevated lactulose-to-mannitol ratios from the age groups of 1–3 years,27(81.8%), from households with DDS of <4, 31 (88.6%), from practicing less than three critical times of handwashing, 25 (80.6%), from unsafe solid waste disposal, 25 (78.1%), from households with unsafe disposal of feces, 28 (80%), from being exposed to flies and insects at the toilet area, 23 (88.5%), and who are thinned, 28 (75.7%) were more stunted than their references.

Concerning the change in height for age at baseline and end line during the follow-up period, the majority of the children from age groups of 1–3 years, 25 (75.8%), from households with DDS of <4, 27 (77.1%), from households with less than three critical times of handwashing, 22 (71%), from households with unsafe disposal of feces, 28 (80%), from being exposed to flies and insects at the toilet area, 30 (81.1%), and who are thinned, 26 (70.3%), were more likely to lose their height for age z than their references. In the bivariate analysis, at the end line, children from the age groups of 1–3 years (COR = 1.578; 95% CI: 0.148–2.248, p = 0.429), those practicing less than three critical times of handwashing (COR = 1.389; 95% CI: 0.361–5.349, COR = 1.389; 95%CI:0.361–5.349, p = 0.633), those from households with unsafe disposal of feces (COR = 1.333, 95%CI: 0.328–5.419, p = 0.688), and children who are thinned (COR = 1.929, 95%CI: 0.361–10.294, p = 0.442) were more likely to be stunted than their references. Children with a DDS of <4 (p = 0.014) and who were exposed to flies and insects in the toilet area (p = 0.004) were significantly associated with stunting.

Children from the age groups of 1–3 years (COR = 1.640, 95%CI: 0.181–2.262, p = 0.488) and children who are thinned (COR = 1.551, 95%CI: 0.361–6.669, p = 0.555) were more likely to lose their height for the age Z-score than their references. Children who were exposed to flies and insects in the toilet area (p = 0.032) and unsafe disposal of feces (p = 0.044) were significantly associated with the loss of their height for the age Z-score during the follow-up period (Table 3).



TABLE 3 Bivariate analysis of factors associated with end line and change in HAZ of children with an elevated lactulose-to-mannitol ratio (n = 51).
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To rule out excess variables and unstable estimates in the final model, only variables that reached a p-value of less than 0.25 in the bivariate analysis were included in the multivariable analysis. After adjustment for potential confounders, at the end line, children from DDS <4 food groups, from unsafe solid waste disposal, from practicing handwashing less than three critical times of hand washing, and who are thinned were significantly associated with stunting of children with elevated lactulose-to-mannitol ratios.

Children who were exposed to flies and insects in the toilet area and unsafe disposal of feces were significantly associated with the loss of height for the age Z-score during the follow-up period. Children from the age groups of 1–3 years and MUAC z < −2 were more likely to lose their height for the age Z-score than their references (Table 4).



TABLE 4 Multivariate analysis for factors associated with end-line stunting and change in height for age z-score of children with elevated lactulose-to-mannitol ratio at end line and follow-up (n = 51).
[image: Table4]



Discussion

For as long as childhood EED has been acknowledged as a condition, it has been linked to stunting or low height for age. However, which of these two factors is the main cause and which is the result is not evident (5). This study used the lactulose–mannitol test to identify children with an increased lactulose-to-mannitol ratio, an indicator of EE. The lactulose–mannitol test is widely used to assess intestinal absorptive capacity and permeability. Among studies reporting LM ratios (or separate mannitol and lactulose excretion values) and growth in children, most, but not all, found inverse associations with linear growth (13). This study aimed to indicate the magnitude of stunting, change in growth, and factors associated with stunting in children with an elevated lactulose-to-mannitol ratio during the follow-up period. Severe, irreversible physical, physiological, and cognitive damage brought on by chronic malnutrition in early life is manifested as stunting (15). Stunted children living in unhygienic settings have a high prevalence of environmental enteric dysfunction, or EED, which is widespread in impoverished nations with few resources (2).

According to the findings of this study, the magnitude of stunting in children with an elevated lactulose-to-mannitol ratio was high at baseline and end line, with a little difference in change in height for the age Z-score between baseline and end line (the loss in height for the age Z-score was much greater than the gain). This is similar to different studies that support the idea that children with a high lactulose-to-mannitol ratio, indicative of EE, are at risk of malnutrition (9, 10).

Concerning factors associated with end-line stunting and the change between baseline and end-line height for the age Z-score, in this study, there is no significant difference between baseline and end-line height for age Z (much less loss than gain in HAZ). As a result, factors that determine end-line stunting were also factors for change in HAZ. In multivariate analysis, children from households of DDS <4 food groups, from households of practicing hand washing less than three critical times of hand washing, from being exposed to toilets with flies and insects, and with MUAC z < −2 were significantly associated with stunting of children with elevated lactulose-to-mannitol ratios. According to the FAO guidelines, the minimum DDS from the seven food groups on a scale of 0–7 was found in at least four of the seven groups: (1) staples (cereals, grains, roots, and tubers); (2) dairy products; (3) animal or flesh foods; (4) legumes and nuts; (5) vitamin A-rich fruits and vegetables; (6) eggs; and (7) other fruits and vegetables (16). Children with lower DDSs are more susceptible to infection. As one of the causes of stunting is low DDS, children with low DDSs were more susceptible to infection. The findings of this study indicated that children from households with a DDS of <4 had a significant association with an elevated lactulose-to-mannitol ratio and, in turn, were stunted. They are also more likely to lose their height for the age Z-score. This is similar to different studies (17, 18) that indicated that low DDS, infection, and stunting are in a vicious cycle. Young children who live in underdeveloped areas without access to clean water or proper sanitation are more likely to experience recurring and multiple intestinal infections, both with and without overt diarrheal illnesses (4). There is a cyclical association between vulnerability to infection and inadequate nutrition. A diet low in nutrients increases the risk of contracting infectious diseases, which in turn causes immunological dysfunction and metabolic reactions that further modify nutritional status and, when feasible, associated physiological mechanisms (17). The F Diagram’s “fluids, fingers, fields, flies, and food” channel, or the fecal–oral route, is believed to be a key conduit for enteric infections (18).

A high lactulose-to-mannitol ratio (EED) is linked to problems with WASH (9, 10). Due to the problem with WASH, the majority of children are more likely to become infected, which leads to EED (9, 10), which can also run the danger of becoming stunted (19).

This study was conducted in a slum with poor sanitation, hygiene, and access to water. Studies have shown that, while there are many potential causes of EE, inadequate sanitation, hygiene, and water quality are associated with a higher incidence of the condition. Environmental enteric dysfunction has also been linked to unsafe water, poor sanitation, and poor hygiene practices (9, 10).

Due to numerous variables, including overcrowding, poor sanitation, and inadequate drinking water supply in residential areas, which are linked to lower socioeconomic levels, children living in urban slums are extremely vulnerable to stunting and nutritional failure (20).

The health and nutritional status of children living in impoverished areas are significantly threatened by factors such as inadequate sanitation, crowded living situations, low drinking water quality, and substandard housing (21).

Furthermore, slum dwellers frequently use shared restrooms due to inadequate waste disposal facilities, and some even utilize open spaces or plastic bags, also known as “flying toilets,” to relieve themselves. When crawling or playing in contaminated areas linked to improper waste disposal techniques, children may ingest contaminated substances such as pica and fomites via fingers (21). As a result, children living in such conditions are always at a high risk of undernutrition and other health problems.

Stunting has been linked to poor WASH, repeated episodes of diarrhea, helminth infections in the soil, and EE (10). Children between the ages of 6 and 36 months exhibited an increase in height when WASH interventions, including sanitation education, hand washing with soap, the availability of sanitary facilities at HHs, a clean atmosphere at HHs, and separate housing for animals, were implemented (10). Similarly, the intervention has the objective of preventing the ingestion of harmful microbes by interrupting fecal–oral transmission (22).

The prevalence of childhood malnutrition and stunting can be decreased by providing access to clean drinking water, sanitation, and hygiene (WASH). These factors can prevent diarrhea, parasitic infections, and EE, which can impair the body’s capacity to absorb nutrients and impede healthy growth and cognitive development (11).

Stunting is a possibility for children with high lactulose–mannitol ratios (an indicator of EE). Numerous studies have revealed a connection between EE and stunting in children (9, 10). Globally, environmental enteric dysfunction, or EED, is the most common disorder linked to poor gut health. It is common in children from rural Africa and is linked to stunting (7).

According to this study, children who are thinned are significantly associated with stunting in children with an elevated lactulose-to-mannitol ratio. This is also similar to the study that indicated the effect of intestinal permeability on the absorption of nutrients, which leads to being wasted, thinned, and stunted (17). A follow-up study conducted on Kenyan children also indicated that a change in MUAC has a strong correlation with a change in HAZ (14). The possible justification for this might be that most of the children with an elevated lactulose-to-mannitol ratio, indicative of EE, were thinner than their references.

The WHO has designated stunting as a global health priority, and by 2025, it wants to see a 40% decrease in the number of children who are stunted (23). Accordingly, the capacity to identify, effectively prevent, and treat EED is severely constrained by significant knowledge gaps on the disease’s pathophysiology and relationship to stunting (19). Therefore, the goal of this study was to pinpoint EED as one of the elements causing stunting in children under the age of 5 years in the study area.


Limitation

The lactulose–mannitol test was not conducted throughout the follow-up period because there were not enough facilities in the nation where this study was conducted to diagnose intestinal permeability or EE. Owing to a lack of resources, further factors that affect children’s linear growth are not included here.




Conclusion

The majority of children with higher lactulose-to-mannitol ratios were stunted. As the study was conducted in impoverished locations and there is a cyclical relationship between intestinal leakage/malabsorption, infection, and stunting, there was no significant change in the growth of children with a high lactulose-to-mannitol ratio (EE) during the follow-up period. Based on the study’s findings, we suggest an intervention strategy that would target the following responsible sectors: the health sector to increase public awareness of ways to prevent problems associated with inadequate WASH and the WASH sector to concentrate on areas lacking WASH facilities. Additionally, efforts would focus on EE diagnostic measures for children to pinpoint the precise cause of stunting and reduce its prevalence both nationally and in the study area.
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Background: Maternal undernutrition is a major public health concern due to its association with mortality and overall disease burden for mothers and their children. Maternal nutrition determines pregnancy outcomes since reduced intake of nutrients influences gestational age length, placental function, and fetal growth during pregnancy. The complexity of the intergenerational aspects of maternal nutrition may also confound the design of interventions. Therefore, this research aimed to assess the prevalence of undernutrition and associated factors among pregnant women in Ethiopia.

Methods: We identified the literature from PubMed, EMBASE, Scopus, and CINAHL databases. Data were entered into Microsoft Excel and then exported to Stata version 17 statistical software for analysis. The I2 and Q-statistic values detect the level of heterogeneity, and meta regression was performed to investigate between-study heterogeneity using more than one moderator. JBI quality assessment tools were used to include relevant articles. Evidence of publication bias was indicated using the funnel plot and Egger's linear regression test. The effect size was expressed in the form of point estimates and an odds ratio of 95% CI in the fixed-effect model.

Result: In total, 19 studies fulfill the inclusion criteria. The pooled prevalence of undernutrition among pregnant women was 32% (95% CI 31.3–33.2 I2 = 97.5%, P < 0.0). Illiteracy (AOR = 3.6 95% CI; 2.3–5.6), rural residence (AOR = 2.6 95% CI; 1.2–3.5), a lack of prenatal dietary advice (AOR = 2.6 95% CI; 1.8–3.7), household food insecurity (AOR = 2.5 95% CI; 1.9–3.2), and low dietary diversity score (AOR = 3.7 95% CI; 2.2–5.9) appear to be significantly associated with undernutrition among pregnant women.

Conclusion: The review showed that the prevalence of undernutrition is still high among pregnant women. Illiteracy, rural residence, a lack of prenatal dietary advice, household food insecurity, and low dietary diversity score were significantly associated with undernutrition during pregnancy. Interventions should focus on educating the public and helping families access food or supplements they need through local markets, health systems, and community-based support, as undernutrition is caused by numerous interconnected causes.

Systematic review registration: https://www.crd.york.ac.uk/prospero/#myprospero, identifier: CRD42023417028.
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undernutrition, women, associated factors, meta-analysis, Ethiopia


Background

According to the World Health Organization (WHO), undernutrition is one of the top 10 ranked risk factors for the burden of disease worldwide (1). It results from either inadequate dietary intake in terms of quantity or quality, inadequate nutrient utilization brought on by infections or other disorders, or from either of the two (2). During the first 1,000 days of a child's life (from conception to 6 months of a baby's life), the mother is the only source of nutrition for the infant via the placenta and then through exclusive breastfeeding during the first 6 months of life (3).

Too many women, particularly young people and those who are nutritionally vulnerable, do not receive the nutrition they require for maintaining their health and providing their unborn children the greatest possible chance to live, grow, and develop (4).

Due to the physiological demands of pregnancy and lactation, pregnant women are frequently nutritionally susceptible (5). Inadequate dietary intakes before, during, and after pregnancy have the potential to harm mothers and their offspring. Comprehensive improvements in women's nutritional and physical wellbeing before and during pregnancy will support healthy fetal development, better labor and delivery outcomes, greater prenatal survival, and perhaps even longer-term health for both the mother and child. However, the quality of diet for pregnant women in many resource-poor settings is very low, and there are discrepancies between intakes and requirements for a variety of micronutrients (6, 7).

Approximately half of the deaths in children under 5 years in low- and middle-income countries are directly or indirectly caused by mothers who are undernourished (8). Based on a pooled estimate carried out in 137 developing nations, maternal undernutrition was responsible for 14.4% of stunting among 44.1 million children of < 2 years of age (9). On the other hand, mothers with better nutritional status take better care of themselves and provide their children with better care (10). Because an undernourished mother is more likely to give birth to an undernourished child, the cycle of undernutrition is perpetuated through generations (11–13).

Undernutrition during pregnancy can lead to preterm birth, intrauterine growth restriction, and reproductive loss through stillbirths. Recent research suggests that healthy eating throughout pregnancy and breastfeeding may also lower the child's risk of developing chronic diseases later in life (14–16). A vulnerability to undernutrition in utero is associated with stunted growth and development in children, short stature in adults, lower intellectual attainment, and lower economic production (17, 18).

Maternal undernutrition is commonly cited as a cause of retarded fetal growth, malformations associated with the central nervous system such as spinal bifida and hydrocephalus and prematurity (19, 20). Serious issues of maternal undernutrition are evident in most countries in Sub-Saharan Africa and south-central and southeastern Asia (7, 21). Previous studies have established that undernourished pregnant women suffer from a combination of chronic energy deficiency that leads their children to have a low birth weight (LBW) and also causes preterm birth and unsuccessful birth outcomes (22–24). Regardless of significant gains and signs of progress in the last decade, maternal undernutrition still remains a major public health problem in Ethiopia. Because the causes of malnutrition are complex, they should be addressed in a systematic way to find the right solutions for the problem. In general, malnutrition is not the result of a single consequence of a single factor but is caused by a mixture of different factors, and the extent of the contribution of each factor may vary. Therefore, this systematic review and meta-analysis aimed to assess the magnitude of undernutrition and associated factors among pregnant women in Ethiopia.



Methods


The protocol and registration

This systematic review and meta-analysis were reported using the Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P) (25) (Supplementary File 1). The protocol for this review was registered on the (PROSPERO) International Prospective Register of Systematic Reviews (registration number 2023: CRD42023417028).



Search strategy

We identified literature from PubMed, Medline, EMBASE, Scopus, and CINAHL databases (Supplementary File 2). A supplementary search was conducted to find gray literature from the Google search engine and Google Scholar. In addition, we contacted three authors to request for additional information missing from their papers. The study includes articles published from January 2016 to March 2023 in Ethiopia and published in English. We employed the Medical Subject Headings (MeSH) terms and combined keywords to identify studies in these databases.



Eligibility criteria

The study includes case-control, cross-sectional, and cohort studies, irrespective of sample size, published from January 2016 to March 2023 and published only in English. The review included articles defining undernutrition during pregnancy according to the researchers' categories and studies. We excluded the studies if they were not related to the title, were duplicates, were not carried out in Ethiopia, were anonymous reports, and were not published in English. The primary outcome of interest in this study is the prevalence of undernutrition among pregnant women.



Study selection procedure

We identified an initial set of studies by using the search terms, and then the retrieved studies were exported to the reference manager software, EndNote version 7. Duplicated studies were removed using the EndNote and also removed manually. Two independent reviewers (SB) and (MH) screened the title and abstract for relevance. During this preliminary assessment, primary studies that were found to be irrelevant were excluded. Differences between the two reviewers were resolved by consensus, or if necessary, the third reviewer (MA) was consulted for a disagreement based on the relevance of the stated objectives and inclusion criteria. Finally, studies with relevant information and those that fulfill inclusion criteria were selected for full-text review, and excluded studies were reasoned out via a flow chart.



Data collection process

We used an Excel spreadsheet for data extraction. Two reviewers (DA and DT) extracted the data using a data extraction format that includes authors, year of publication, study area, study design, and sample size. We extracted data on the percentage and factors affecting undernutrition among pregnant women with adjusted odd ratios. The extracted data were then edited and saved in a comma-delimited file for analysis.



Outcomes of interest

The study has two main outcomes: the prevalence of undernutrition among pregnant women and the factors associated with maternal undernutrition during pregnancy. The odds ratio was calculated for the common risk factors of the reported studies.



Individual study's risk of bias

The authors rigorously assessed the quality of all the selected studies for inclusion in the review. The JBI quality assessment tool was used to assess the quality of each individual study (26) (Supplementary File 3). For each study design, we included a study that scored above the mean value of the checking points.



Data synthesis and analysis

The data extracted and saved in the comma-delimited file format in an Excel spreadsheet were imported to Stata version 17.0 (Stata Corporation, College Station, TX, USA) statistical software for analysis. We used forest plots to graphically report the results. We checked the presence of heterogeneity among studies using the chi-squared test where a p < 0.05 denoted statistical significance. The I-squared (I2) statistic was used to quantify the level of heterogeneity among the studies. We assumed substantial heterogeneity among studies when the value of I2 was ≥50%. We used the fixed-effects model to conduct meta-analyses where the studies did not have substantial heterogeneity (i.e., I2 statistic < 50%). If the I2 statistic is ≥50% (as suggested by Higgins et al.), indicating high heterogeneity (27), a random effect model was used. We pooled the percentages of undernutrition during pregnancy. We carried out subgroup analyses according to different categories of publication years and regions, and meta regression was performed to investigate between-study heterogeneity by using more than one moderator by the random effect model (Sidik–Jonkman method) instead of the default restricted maximum-likelihood (REML) method. Sensitivity analyses were conducted using a leave-one-out meta-analysis to explore the influence of a single study on the overall effect size estimate on maternal undernutrition during pregnancy. Publication bias was assessed by an inspection of the funnel plot and formal testing for asymmetry of the funnel plot using Egger's linear regression test.




Result


Selection of studies

The database search yielded 430 studies; similarly, the gray literature yielded eight articles. In total, the search retrieved 438 articles. A total of 343 studies were not related to our title and not carried out in Ethiopia, 34 articles were found to be duplicates, and six articles were excluded since they were not related to our titles and were confirmed irrelevant to this review. Finally, 55 potential full-text articles were screened. From full-text articles, 36 were excluded for the following reasons: 29 articles had wrong outcomes and seven studies did not discuss factors affecting maternal undernutrition. Finally, 19 studies were included in this review (Figure 1).


[image: Figure 1]
FIGURE 1
 PRISMA flow diagram of search results for included studies.




Study characteristics

Regarding the study area, seven of the studies were conducted in the Oromia region (23, 28–33), six studies in the South Nation Nationalities and People region (SNNPR) (34–39) two studies each in the regions of Amhara (22, 40) and Tigray (41, 42), and one in the Afar (43) and Gambella regions (44) (Table 1). The most commonly associated factors included in this review were illiteracy, rural residence, pregnant women who were married before the age of 18, no antenatal care follow-up, substance use during pregnancy, a lack of prenatal dietary advice, not participating in women's Health Development Army meetings, intestinal parasite infection, skipping meals, household food insecurity, and low dietary diversity.


TABLE 1 The characteristics of studies included show undernutrition among pregnant women in Ethiopia.
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Individual study's risk of bias

The Joanna Briggs Institute (JBI) quality appraisal checklist was used for each study design. The disagreement between two reviewers (SB and MH) was resolved by consulting a third reviewer (MA). Cohen's Kappa statistics was used to calculate the degree of agreement between the two reviewers (SB and MH). The inter-rater agreement between the authors for study inclusion, data extraction, and methodological quality was assessed using Cohen's kappa coefficient (values ≤ 0 indicates no agreement, 0.01–0.2 indicates none to slight, 0.21–0.4 indicates fair, 0.41– 0.6 indicates moderate, 0.61–0.8 indicates substantial, and 0.81–1 indicates almost perfect agreement). Kappa coefficient of >0.63 was accepted (45).



Pooled estimate of undernutrition among pregnant women

The overall pooled prevalence of undernutrition among pregnant women is presented with a forest plot (Figure 2). Therefore, the estimated prevalence of undernutrition among pregnant women in Ethiopia was 32% (95% CI: 31.3–33.2 I2 = 97.5%, P < 0.0).


[image: Figure 2]
FIGURE 2
 Forest plot for magnitude of undernutrition among pregnant women in Ethiopia, 2023.




Publication bias

The presence of a small study effect was checked by using funnel plots and Egger's test from the log-odds ratio of the proportion for a better property of meta-analysis. The SE is dependent on the value of log odds and the underlying proportion. Hence, the funnel plot showed a symmetric distribution, and Egger's test value was 0.92; both results revealed that there was no publication bias (Figure 3).


[image: Figure 3]
FIGURE 3
 Funnel plot and Egger's test to assess publication bias for undernutrition among pregnant women in Ethiopia, 2023.




Subgroup analysis

Subgroup analysis was employed with the evidence of heterogeneity using I-squared (I2) tests. In this study, the I2 statistic was 97.5%, P < 0.0, which showed evidence of marked heterogeneity. Therefore, subgroup analysis was carried out by using region and publication year as moderators (Figures 4, 5).


[image: Figure 4]
FIGURE 4
 Subgroup analysis by region of studies and pooled effect of undernutrition among pregnant women in Ethiopia, 2023.
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FIGURE 5
 Subgroup analysis by publication year of studies and pooled effect of undernutrition among pregnant women in Ethiopia, 2023.




Heterogeneity test using meta-regression

Using meta-analysis regression, we collected a summary report of the heterogeneity statistics test among 19 primary studies included in this review. We used a different type of random effect model (Sidik–Jonkman method) instead of the default restricted maximum-likelihood (REML) method since REML assumes that the error distribution is normal, whereas the Sidik–Jonkman estimator does not. After the heterogeneity test, using meta regression reported an I2 statistic of 96%, which suggested very high heterogeneity even after including publication year and sample size as the moderators. The adjusted R2 statistic was used to assess the proportion of between-study variance explained by the covariates (publication year and sample size). In this study, approximately 14% of the between-study variance is explained by the covariate (Figure 6).


[image: Figure 6]
FIGURE 6
 Meta-regression to assess heterogeneity and meta-analysis model using a publication year and sample size as moderators for undernutrition among pregnant women in Ethiopia, 2023.




Sensitivity analysis

Leave-one-out meta-analysis was performed to explore the influence of a single study on the overall effect size estimate on maternal undernutrition during pregnancy. The prevalence of undernutrition among pregnant women was high (35.8%) in Dadi AF. et al.'s study and low (31.1%) in Gebremichael B. et al.'s study (Figure 7).


[image: Figure 7]
FIGURE 7
 Leave one out meta analysis for studies included in a systematic review and meta-analysis of undernutrition during pregnancy in Ethiopia, 2023.




Factors associated with undernutrition among pregnant women

Factors such as illiteracy, rural residence, pregnant women who were married before the age of 18, no antenatal care follow-up, substance use during pregnancy, a lack of prenatal dietary advice, not participating in women's Health Development Army meetings, intestinal parasite infection, skipping meals, household food insecurity, and low dietary diversity were associated with undernutrition among pregnant women.

Illiterate (AOR = 3.6 95% CI; 2.3–5.6) women were 3.6 times more undernourished than literate women during pregnancy. The odds of undernutrition among rurally residing (AOR = 2.6 95% CI; 1.2–3.5) pregnant women were 2.6 times more likely than their urban counterparts. The pregnant women who have had low prenatal dietary advice (AOR = 2.6 95% CI; 1.8–3.7) were 2.6 times more likely undernourished than women who got the prenatal dietary advice. Women who have had high household food insecurity (AOR = 2.5 95%CI; 1.9–3.2) had 2.5 times higher odds of developing undernutrition during pregnancy. The odds of undernutrition among pregnant women who have had low dietary diversity (AOR = 3.695%CI; 2.2–5.9) were 3.6 times more likely than their counterparts.




Discussion

Undernutrition is defined as a person's inability to consume enough calories and other nutrients to meet their needs and maintain their health (46). Worldwide, nearly about 462 million pregnant women are malnourished, and Africa is the most heavily overburdened continent (14, 47). Undernutrition during pregnancy occurs due to a dual load caused by increased demands during pregnancy and inadequate intake of food (48). Undernutrition is a key contributor to maternal mortality and morbidity and adverse birth outcomes (49). This review aimed to identify the national burden of undernutrition among pregnant women and the factors associated with it.

The pooled estimate of undernutrition among pregnant women remains high in Ethiopia with a 34% prevalence 32% (95% CI 31.3–33.2). This is quite more prevalent compared with the neighboring country Sudan (12.5%) (50). However, this finding is in line with the World Health Organization (51) report on Africa with prevalence rates of undernutrition being above 15% (51). A review performed on Sub-Saharan Africa indicates that maternal undernutrition during pregnancy is 23.5%; however, heterogeneity of studies in the measurement of undernutrition during pregnancy affected the outcomes of interest (52). The finding provides remarkable evidence that in Ethiopia, undernutrition among pregnant women continues to be a public health problem, and its adverse birth outcomes are still not halted (34).

This review aims to identify illiterate pregnant women who are known to be at risk for undernutrition. Education at higher levels increases knowledge of healthy prenatal and nutritional practices. Illiteracy has a direct correlation to women's ignorance of the importance of eating a balanced diet while being pregnant (53). Although significant nutrition interventions have been made, nutrition remains the primary priority area in Ethiopia (54). Given this, evidence from the region and other comparable settings demonstrates that significant rates of undernutrition persist, even in areas and households where food is abundant. In order to properly plan nutrition interventions for vulnerable population groups including nursing mothers and pregnant women, nutrition knowledge is a crucial component of dietary practices (55, 56). Additionally, women with low levels of education may have little to no influence over financial decisions, consumables food purchases, and food distribution in the home, which may contribute to their poor nutritional health (22).

According to this review, women who lived in rural areas had 2.6 times the likelihood of being undernourished compared to women who lived in urban areas. This result is in line with a systematic review and meta-analysis that highlights the burden of malnutrition among pregnant women in Africa (52). This could be explained by the fact that women in rural areas might not have access to antenatal health care services, information about eating a balanced diet, and other maternal health services (57).

Our analysis found a link between maternal undernutrition and a lack of prenatal dietary advice. Mothers who did not receive prenatal dietary recommendations were 2.6 times more undernourished than mothers who did receive recommendations. These findings highlight the value of nutritional counseling and appropriate feeding practices as interventions. According to a study from Bangladesh, pregnant women who are counseled to alter their eating habits can satisfy the increased nutritional requirements (58). This finding explains the critical necessity for healthcare providers to set up suitable monitoring and feedback mechanisms for antenatal nutrition education and counseling and doing so could increase women's understanding of proper nutrition.

The analysis also found that one of the characteristics that were independently linked to undernutrition during pregnancy was a lack of maintaining household food security. Compared to pregnant women from food-secure homes, those from food-insecure households had a 2.5 times higher risk of being undernourished. When families lack access to food, they frequently fall short of their daily nutritional needs and have inadequate dietary intake, which causes women to be undernourished (59). Our finding of an increased prevalence of maternal undernutrition in food-insecure households may reflect inequitable intra-household food allocation, whereby the nutritional needs of the child or other household members are given priority over those of the mother (60–62).

Women with low dietary diversity scores were 3.6 times more likely to be undernourished than women with dietary diversity scores above the mean values. Scientific literature backs up the strong link between nutrient adequacy and dietary variety (63, 64). This has been explained by the fact that there is no single food that contains all the required nutrients for optimal health (65). In the majority of developing countries, micronutrient inadequacy continues to pose a substantial threat to public health (66). Unfortunately, pregnant women and other women of reproductive age are the most vulnerable due to their higher dietary needs (67). Iron deficiency-related anemia and other micronutrient deficiencies are still widespread in impoverished countries because pregnant women are not getting adequate nutrition (68–70).


Limitations of the study

The search strategy was limited to studies published in English and observational studies, causing reporting bias. The estimated magnitude of undernutrition during pregnancy in Ethiopia may need precaution in the interpretation of findings because no data were found in some regions.




Conclusion

This review showed that the prevalence of undernutrition is still high among pregnant women. Illiteracy, rural residence, a lack of prenatal dietary advice, household food insecurity, and low dietary diversity were significantly associated with undernutrition during pregnancy. Interventions should focus on educating the public and assisting families in obtaining the food or supplements they require through local markets, healthcare systems, and community-based assistance. It also emphasizes the need for better prenatal counseling on dietary diversity. The study also highlights that there is a nutritional disparity between pregnant women in urban and rural areas and that it is important to focus on the nutritional practices of rural women. Even though anemia and malaria may not be connected directly to nutritional habits, it is almost inevitable that malaria infection will be associated with anemia; thus, the interaction between these interconnected health determinants should be the prime agenda, especially in malaria-affected heavily endemic areas.
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The post will begin in a slightly unconventional fashion. Two of the three authors were raised in the Southern Tapanuli region (TABAGSEL), which is part of Indonesia's North Sumatra Province. South Tapanuli, Mandailing Natal, Padang Sidempuan, North Padang Lawas, and Padang Lawas are the five current regencies and cities that make up the Tabagsel area. The agricultural, plantation, livestock, and mineral industries, among others, stand to benefit greatly from the region's famed fertile soil and abundant natural resources. The five districts were previously part of South Tapanuli Regency, an administrative unit that existed before the reform era that began in 1998 and ended with the overthrow of the authoritarian Suharto regime. However, in response to calls for greater decentralization of authority and regional autonomy, this Regency was split into four additional Regencies and one Municipality. The combined landmass of the five regencies is about 18,965 square kilometers, or about 25% of North Sumatra Province's total landmass of 72,981 square kilometers. These five districts are home to 1,557,798 people, or 10.31% of North Sumatra Province's total population of 15,115,206 (1).

What does this have to do with the subject of this investigation? Here is a comprehensive explanation. As a local resident, we must acknowledge that it is disheartening to learn that your hometown has the highest prevalence of stunting in North Sumatra Province, and there is a desire to blame the government for its inability to solve the problem. As the director of a survey and research institute, we are aware that blaming the government alone would compromise the researchers' objectivity. We are aware, based on the available data, that the solution to the problem of stunting is not as simple as blaming the government alone. Thirdly, as academics at one of the province's universities, we feel an academic and moral obligation to contribute ideas that can be examined scientifically, impartially, and comprehensively in relation to the various questions raised by this issue. At least these questions remain within the realm of science, particularly in the social sciences: What is the problem, what has been done, and what has been overlooked?


What is the problem?

The problem stems from the results of the Indonesian Nutrition Status Survey (SSGI) of the Ministry of Health of the Republic of Indonesia, which will be conducted in 2022 and indicate that the prevalence of stunting among children under the age of five in the province of North Sumatra reaches 21.1%. North Sumatra ranks nineteenth among Indonesia's 34 provinces in 2022 with respect to the prevalence of stunting among children under the age of five. North Sumatra is able to decrease the stunting rate among children under five by 4.7 percentage points compared to the previous year. This province will still have a stunting prevalence of 25.8% in 2021 among children under the age of five. Five districts in the Tabagsel region rank among the ten regions in North Sumatra Province with the highest rates of stunting (Table 1).


TABLE 1 Top 10 districts with the highest stunting prevalence of 33 districts/cities in North Sumatra Province, Indonesia.
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In North Sumatra, 21 districts/cities have a higher prevalence of under-five stunting than the provincial average, while 12 districts/cities have a lower prevalence. In 2022, South Tapanuli district had the highest prevalence of under-five stunting in North Sumatra at 39.4%. This figure increased by 8.6 percentage points from 2021 to 30.8% in 2022. With a prevalence of 35.8%, Padang Lawas Regency ranks second in North Sumatra for the incidence of under-five stunting. Then, Mandailing Natal Regency followed with a prevalence of stunting in toddlers of 34.2%. Labuhan Batu Utara Regency has the lowest prevalence of stunting in North Sumatra at 7.3%, and Medan City, the capital of North Sumatra Province, ranks 27th with a stunting rate of 15.4%.



What has been done; an approach to policy analysis

In 2017, the Indonesian government unveiled STRATEGI, or the National Strategy for the Acceleration of Stunting Prevention. This project is a comprehensive initiative designed to enhance efforts to prevent stunting, with the goal of constructing a comprehensive framework to effectively address stunting issues. Prioritizing the fields of nutrition, health, education, and social protection is among the measures taken (3). The government has implemented numerous initiatives that prioritize particular nutritional components, such as promoting exclusive breastfeeding, expanding the use of complementary feeding, and distributing vitamin supplements to children and pregnant women. In addition, nutrition-sensitive interventions include efforts to improve WASH (water, sanitation, and hygiene) practices and maternal and child health services (4).

The government also integrates health and nutrition services to provide prenatal, immunization, and other essential health services for mothers and children (5). Increased emphasis on community involvement and awareness campaigns is a further step. Information on nutrition, breastfeeding, and child care practices was disseminated to households with the help of community leaders, health professionals, and volunteers. The government also introduced Direct Cash Assistance Programs (BLT), which provide money to families who are having financial difficulties. One such program is the Family Hope Program (PKH). These initiatives' primary goal is to lessen the effects of poverty by enhancing children's nutrition and education (6). The government also implements nutrition education in educational institutions with the goal of promoting the adoption of healthy eating practices and raising awareness of the significance of consuming a balanced diet.

Additionally, the Government has taken steps to enhance data collection and monitoring systems in order to properly track the development of stunting mitigation and evaluate the effectiveness of interventions (7). The government is also aware of the value of inter-agency cooperation in reducing stunting because this issue calls for effective collaboration and coordination between numerous government departments and agencies. This group effort aims to efficiently address this issue by implementing a thorough strategy spanning several sectors (8). Local government programs in Indonesia have also been adopted strategically to combat the critical issue of stunting in their respective regions. These projects are designed to address the diverse needs and challenges faced by various communities, thereby ensuring a targeted solution (9, 10).



What's missing; a policy problem identification approach

In the context of the stunting prevention policy in the Tabagsel region, we identified three crucial aspects that have eluded the government's attention at all levels, namely problem identification and inadequate policy analysis. First, the issue is connected to the emancipation of women. In this context, women should ideally play an essential role in terms of nutrition and infant care, and women's empowerment must be increased through education, economic opportunities, and household decision-making authority. Second, in terms of intervention specifics. Taking into consideration local contexts and needs, the intervention in this instance is intended to address various obstacles in overcoming stunting in various regions and communities. The third relates to behavior modification through communication. Communication campaigns for behavior change that are accepted by the community and can generate positive, long-lasting behavior changes are also essential for addressing the issue of stunting.

The preponderance of Tabagsel's ethnic groups are comprised of Angkola, Mandailing, and Batak peoples. In the past, these three ethnic groups adhered to a strong patrilineal system in which males dominated various social aspects. In the context of the cultures and social structures of the Angkola, Mandailing, and Batak ethnic groups, patrilineal elements are present, including:

1) The family name or ancestry is derived from the name of the male ancestor in the father's line. This reflects the patrilineal system, which counts descendants through the line of the father.

2) Inheritance of Property and Status: property and social status are inherited according to paternal lineage. Family property or land ownership may be passed down the patrilineal line to male descendants.

3) Gender Roles: in the traditions of the Angkola, Mandailing, and Batak tribes, the patrilineal system can also reflect gender roles. Men are viewed as family leaders and are responsible for continuing the family lineage.

In practice, the patrilineal system adopted by these three ethnic groups has a significant impact on the pattern of interaction between children and their parents in this region. The interviews we conducted with 250 young fathers in five districts revealed that the majority of men in this region acknowledged that child care is a woman's responsibility. Even though men participate in child rearing and caregiving, this is not a requirement but rather a choice. The logical consequence of this type of social practice is that it adds to the burden of many mothers, because in addition to caring for and caring for their children, the majority of them also work to provide for their families' economic needs, such as farming, trading, private sector employment, and government employment. With some caution, we also assert that the strong tradition of Sunni Islam and the religion practiced by the majority of the population in this region influence and strengthen this condition.

In addition, we discovered that the Lopo/Lapo culture is one of the strong traditions that may have a high correlation with the problem of stunting in this region. Lopo refers to a traditional café that serves a variety of beverages, including coffee, tea, juice, and snacks. This lopo culture can be described simply as a culture of unwinding, chatting with family or friends, watching various television programs, and playing card games, dominoes, chess, or playing the guitar and singing together. Each father spends anywhere between 4 and 7 h per day in this area of the lopo. With specifics for 1–2 h in the morning before work, 1 h during the day, and 3–4 h in the afternoon or evening after returning home. This time coincides with the busy hours of mothers preparing all the family's needs in the morning, including cooking, washing clothes, cleaning the house, preparing for their children's needs, and taking their children to school, before going to work. In the afternoon and evening, the mother's responsibilities remain largely unchanged, but are supplemented by accompanying the child to study, such as helping the child complete schoolwork. Our interviews with 150 pregnant women in this region revealed that they maintained this daily routine from the first week of pregnancy until 3 weeks before the due date. In terms of gender equality, it is evident that women are permitted to work and pursue careers. However, this is not the case when it comes to managing, caring for, and focusing on the growth and development of children. In this regard, women are treated as inferior beings who must bear the heavy burden of conception, childbirth, childrearing, and child education.

This mother's arduous responsibilities lead us to believe that the high stunting rate in the Tabagsel region is caused by a combination of issues, including a divided attention, a tired body, and a husband who spends a lot of time relaxing in traditional cafes. Specifically, we propose that lopo culture must be identified as a problem prior to the government conducting a policy analysis to address the issue of stunting in Tabagsel. In addition, the government must implement detailed interventions and communication campaigns to alter people's behavior. As far as we can tell, no policy has been issued by the federal, provincial, or local governments that addresses this issue. Thus, fathers continue to play a minimal role in raising and caring for their children.

We emphasize the importance of establishing quantifiable measures to identify invisible but long-standing local customs or practices in order to combat stunting. Frequently, the customs and practices of this community can affect the efficacy of policies designed to combat stunting. In many instances, the government disregards cultural aspects of the community and does not involve social science experts who are qualified to design appropriate policies. Therefore, in the future we will emphasize the significance of thoroughly identifying problems for governments in various regions of the world prior to formulating policies. This step reduces the likelihood of employing the incorrect, ineffective, and inefficient strategy to combat stunting.
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Background: Despite various interventions to combat child malnutrition in sub-Saharan Africa, wasting remains a critical public health concern for children aged 6–59 months. Wasting is a significant predictor of child survival and development, with a heightened risk of mortality among children. However, there is a lack of recent comprehensive data on the prevalence, severity level, and factors contributing to wasting in this age group.

Objective: To identify the severity levels of wasting and its individual and community-level factors contributing to wasting among children aged 6–59 months in Sub-Saharan African countries.

Methods: This research utilized Demographic and Health Survey data from 34 Sub-Saharan African countries, spanning the period from 2007 to 2022. The study included a weighted sample of 180,317 6–59-month-old children. We employed a multilevel proportional odds model to identify factors predicting the severity of wasting. Adjusted odds ratios and 95% confidence intervals were reported to demonstrate significant relationships (p < 0.05) in the final model.

Results: In Sub-Saharan Africa, 7.09% of children aged 6–59 months experience wasting (95% CI: 6.97, 7.20%). Among these children, the prevalence of moderate wasting is 4.97% (95% CI: 4.90, 5.10%), while severe wasting affects 2.12% (95% CI: 2.0, 2.20%). Factors such as term/post-term babies, wealth, frequency of feeding, improved toilet facilities, water sources, employed and educated mothers, rural residence, high community maternal education, and community media exposure are strongly associated with a lower chance of experiencing severe form of wasting. Conversely, birth order, family size, breastfeeding, diarrhea, cough, and fever, high community poverty, female household heads, and all Sub-Saharan Africa regions are linked to higher levels of wasting.

Conclusion: The study findings underscore the persistent challenge of wasting among Sub-Saharan Africa’s children, with 7.09% affected, of which 4.97% experience moderate wasting and 2.12% severe wasting. The identified predictors of wasting highlight the complex interplay of socio-economic, environmental, and health-related determinants. To address this issue improve access to healthcare and nutrition services, enhance sanitation infrastructure, promote women’s empowerment, and implement community-based education programs. Additionally, prioritize early detection through routine screening and strengthen health systems’ capacity to provide timely interventions.
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 wasting; 6–59 months children; SSA; multilevel ordinal logistic regression analysis; DHS


Background

Wasting in under-five children is a serious global health issue (1). The World Health Organization (WHO) defines wasting as low weight-for-height or less than −2 SD (1). This typically signifies a recent and drastic reduction in weight, although it can also be a long-lasting condition.

Wasting in children is a critical health issue that arises from inadequate nutrition or repeated illnesses. It weakens the immune system, increases the risk of mortality, and can lead to long-term developmental issues, especially when it’s severe (2, 3). In 2022, 45 million children under the age of 5, which is 6.8% of this age group, were affected by wasting. Out of these, 13.7 million (2.1%) were experiencing severe wasting (4). More than three-quarters of all children with severe wasting live in Asia and another 22 percent live in Africa (5).

Though various strategies have been implemented to combat child malnutrition in Sub-Saharan Africa, wasting remains critically prevalent. This persistent high rate of malnutrition continues to be a major obstacle to achieving better health outcomes for children in the region (6, 7). In sub-Saharan Africa in 2017, 7.1% of children under five were wasted, or about 13.8 million children. Of these, 4 million were severely wasted (8). Furthermore, an estimated 6.3 million children under 5 in six countries in Africa’s Sahel region will be malnourished this year (9). In the East and Southern African region, over 1.5 million children are lacking critical treatment for severe malnutrition, which could save their lives (10). Childhood wasting has severe consequences, including increased mortality, susceptibility to illness, developmental delays, and long-term impacts on the economic and social potential and progress of the countries (11, 12). In countries where child mortality rates are high, being underweight contributes to approximately 15% of the overall burden on disability-adjusted life years (DALY) (13).

Previous studies revealed that inadequate energy and nutrient intake, nutrient loss due to infection, or a combination of both low energy or protein intake and high nutrient loss, maternal characteristics such as BMI, and education, as well as socio-economic condition and availability of services including water, sanitation, and hygiene, family size, and parental occupation were significant factors associated with wasting (14–19).

Several studies have proven that wasting among 6–59-month-old children is a serious public health problem in SSA. However, there is a paucity of recent evidence on the prevalence, severity level, and predictors of wasting in this age group in SSA. In addition, even though wasting has an ordinal nature, previous studies treat wasting as a binary outcome (have wasting vs. have no wasting). Therefore, simply classifying waste as either present or absent can miss important details and is not helpful for those who need to make choices or develop public health programs. Thus, this study identified both the individual and community-level predictors of wasting among children aged 6–59 months in SSA using a multilevel ordinal logistic regression model. Knowing the nuanced severity levels of wasting enables policymakers to refine strategies, enhancing public health programming and decision-making across the region.



Methods data source and sampling procedure

We used the 2007 to 2022 DHS data from 34 Sub-Saharan African countries. The DHS is a survey conducted every 5 years to provide updated health and related indicators. The study subjects were chosen using a two-stage stratified sampling method. The first stage involved randomly selecting enumeration areas (EAs). The second step involved selecting households from the EAs. Each country’s survey comprises various datasets, such as those for men, women, children, births, and households. We used the Kids Record (KR) file. We selected relevant data from the KR dataset based on previous research. We then combined this data with another dataset using the STATA command “append using.” The total weighted sample size in this study was 180,317.



Study variables and measurements


Dependent variable

Our dependent variable was severity levels of wasting among 6–59 months children, We classified it into three ordinal categories.; (ordinal variable, which was categorized as severely wasted if a child’s WHZ score was below −3 SD, moderately wasted (− 3 ≤ WHZ < − 2), and not wasted WHZ ≥ − 2 SD).



Independent variables

The predictor variables were based on two sources: individual-level and community-level factors.

Household factors: wealth index, sex of household head, family size, number of under-five children in the household, visit to a health facility, source of drinking water, and type of toilet facility (16, 20).

Maternal characteristics: maternal education and maternal working status, maternal media exposure (16, 21, 22).

Child characteristics: age of child, sex of child, twin status, order of birth, duration of pregnancy (preterm, term, post-term), breastfeeding status, fever, diarrhea, and cough within the past 2 weeks, and number of times a child feeds (23–26).

Community-level factors: a place of residence, SSA region, community poverty, media exposure, and maternal literacy.

Media exposure was measured by adding up three variables: watching television, listening to the radio, and reading newspapers. Mothers who were exposed to at least one of the three media sources listed were categorized as having media exposure. Mothers who were not exposed to any of the three media sources were categorized as not having media exposure. Three community-level variables were created: community maternal education, community media exposure, and community poverty. We derived these by aggregating individual-level data on maternal education, media exposure, and wealth status within each cluster or enumeration area. These variables were then classified as higher community maternal education, media exposure, and poverty based on the national median value of the proportion of maternal education and poverty. This classification was done since the distribution of these variables was not normal.


Operational definitions

Protected drinking water sources: include piped water, public taps, standpipes, tube wells, boreholes, protected dug wells and springs, rainwater, and bottled water (27).

Unprotected drinking water sources: include unprotected wells and springs, surface water (river, dam, lake, pond, stream, canal, irrigation channel), tanker trucks, carts with small tanks, and others (27).

Improved toilet facilities: include flush/pour flush toilets to piped water systems, septic tanks, and pit latrines; ventilated improved pit (VIP) latrines, pit latrines with slabs, and composting toilets (27).

Unimproved toilet facilities: include flush to somewhere else, flush do not know where, pit latrine without a slab/open pit, no facility/bush/field, bucket toilet, hanging toilet/latrine, and others (27).




Data management and analysis

The statistical software STATA, version 17, was employed for data management and analysis. The WHO Anthro software was employed to generate WHZ scores. Descriptive results were presented using frequencies and percentages. Wasting, being a polychotomous variable with an ordinal nature, underwent analysis through an ordinal logistic regression model. Several types of ordinal logistic regression models were considered, such as the proportional odds model, partial proportional odds model with restrictions, partial proportional odds model without restrictions, continuous ratio model, and stereotype model. The proportional odds model, often utilized in epidemiological studies, was selected due to its frequent application.

This model assumes that the relationship between independent variables and the outcome variable is proportional; meaning the effect of each independent variable on the outcome is consistent across categories. The Brant test was conducted to assess the proportional odds assumption. Results indicated that the assumption was met (p > 0.05). Since the DHS data had a hierarchical structure, with children and mothers grouped within clusters, it was crucial to consider the variation between these clusters. To address this, a multilevel proportional odds model was used.

We calculated Likelihood Ratio (LR) tests, Variance Partition Coefficients (VPCs), and Median Odds Ratios (MORs) to figure out how much wasting changed between different clusters.

The VPC tells us how much of the total variation in wasting can be explained by the differences between the clusters, compared to the variation within each cluster. (28). The VPC was calculated using the formula.

[image: image]

Where π2/3 represents the variance of the standard logit distribution and σμ2 is the cluster variance.

The MOR measures the heterogeneity in wasting among clusters on the odds ratio scale. It represents the median odds ratio between the cluster with a high likelihood of wasting and the cluster at lower risk when individuals are randomly selected from two clusters (EAs) (29).

[image: image]

In the multilevel logistic regression analysis, four distinct models were developed. The initial model, known as the null model, did not include any explanatory variables and was used to gauge the degree of cluster variation in wasting. The second model incorporated variables at the individual level, while the third model was adjusted for variables at the community level. The fourth model was a comprehensive one, integrating both individual and community-level variables. We compared the models using their deviance, represented by the -2Log-Likelihood Ratio (LLR). The model with the smallest deviance was deemed to be the most suitable for the data.

In the null model, unobserved factors at the community level accounted for approximately 1.05% of the total variation in wasting (VPC = 1.05%). This finding did not necessarily favor a multilevel ordinal model over a single-level one. However, further examination with the LR test, it was revealed that the multilevel ordinal logistic regression model outperformed the single-level ordinal logistic regression analysis. Additionally, the MOR suggested that transferring children from clusters with lower likelihoods of higher wasting levels to clusters with higher likelihoods could lead to 1.2 times higher levels of wasting. Therefore, the LR test and MOR supported the use of a multilevel ordinal logistic regression model.

Variables with a p-value of<0.25 in the bivariable multilevel proportional odds model were included for consideration in the multivariable multilevel proportional odds model. In the multivariable model, the strength of association was represented by the AOR with a 95% CI, and statistical significance was determined at p < 0.05.




Ethical consideration

The current study utilized publicly available survey data from the MEASURE DHS program, eliminating the requirement for ethical review and informed consent. Permission to access and utilize the dataset for this research was obtained from http://www.dhsprogram.com. The datasets used do not contain any personal identifiers such as names or household addresses.



Results


Characteristics of the individual study participants

The study encompassed a total of 180,317 children between the ages of 6 and 59 months. Out of the total, 90,978 (50.45%) were males. About 39.8% of mothers did not receive any formal education. Around 21.85% of the children experienced fever, 21.25% had a cough, and 15.93% reported diarrhea within 2 weeks. Over half of the mothers (54.37%) were not exposed to any media, and the vast majority (83.45%) of the children were term babies (Table 1).



TABLE 1 Characteristics of the individual study participants (n = 180,317).
[image: Table1]



Community-level features of participants

Among the study participants 41.2% were from West Africa, and 35.61% were from East Africa More than two-thirds (68.96%) of participants were rural residents. Concerning community maternal literacy, media exposure, and poverty, about 95,993 (53.24%), 83,406(46.26%), and 90,917(50.42%) of the participants were from the community with the highest levels of maternal literacy, media exposure, and poverty, respectively (Table 2).



TABLE 2 Community-level characteristics of the respondents in sub-Saharan Africa (n = 180,317).
[image: Table2]



Prevalence of wasting among children aged 6–59 months in SSA

7.09% of children 6–59 months in SSA are wasted (95% CI: 6.97, 7.20%). The percentage of wasted children varies from 4.30% in Southern Africa to 7.1% in West Africa. By the severity of wasting, the prevalence of moderate and severe wasting among children of the 6–59 month age group in Sub-Saharan Africa were 4.97% (95% CI: 4.90, 5.10%) and 2.12% (95% CI: 2.0, 2.20%), respectively (Table 3).



TABLE 3 Prevalence of wasting among 6–59 months children in sub-Saharan African countries evidence from DHS data (n = 180,317).
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Multivariable multilevel proportional odds model analysis results


Individual and community-level factors associated with wasting

Being born term/post-term, family wealth, frequency of child feeding, improved toilet facilities, improved water sources, health facility visit, employed mother, rural residence, formal maternal education, media exposure, high community maternal education, high community media exposure were strongly linked to a lower chance of having a more severe form of wasting. In contrast, higher birth order, family size, breastfeeding status, diarrhea, cough, and fever in the past 2 weeks, high community poverty, female household heads, and all sub-Saharan Africa regions were strongly linked with higher levels of wasting.

The likelihood of having higher levels of wasting among children who feed 3to4 times a day decreased by 37% (AOR = 0.63, 95% CI: 0.59–0.66) compared to children who did not get food. The odds of having higher levels of wasting have decreased by 8% (AOR = 0.92, 95% CI: 0.87–0.98) for children born at term compared to preterm children. Children of mothers with primary and secondary education were at reduced risk of having severe wasting by 33 and 23%, respectively, than children of mothers without formal education. Children who never breastfed had1.72 times (AOR = 1.17, 95% CI: 1.6–1.84) times higher odds of having higher levels of wasting compared to those who still breastfed.

Children born sixth or later were 1.15 times (AOR = 1.15, 95% CI: 1.08–1.23) more likely to experience higher levels of wasting than first-born children. The likelihood of children experiencing higher levels of wasting was reduced by 53% (AOR = 0.47, 95% CI: 0.44–0.51) for those from middle-income households and by 51% (AOR = 0.49, 95% CI: 0.46–0.53) for those from rich households when compared to children from low-income households.

Children who had experienced diarrhea in the past 2 weeks were 1.53 times more likely (AOR = 1.53, 95% CI: 1.45–1.60) to exhibit higher levels of wasting compared to children who had not experienced diarrhea.

Children in East and West African regions had 1.42 times (AOR = 1.42, 95% CI: 1.25–1.61) and 1.19 times (AOR = 1.19, 95% CI: 1.04–1.36) higher odds of higher levels of wasting than those in South Africa.

A 16%(AOR = 0.84, 95% CI: 0.80–0.88) reduction in the odds of higher levels of wasting is observed among children who live in communities with higher levels of maternal education, compared to children who live in communities with lower levels of maternal education (Tables 4, 5).



TABLE 4 Bivariable multilevel proportional ordinal logistic regression analysis of individual and community level variables associated with levels of wasting among children aged 6–59 month in sub-Saharan African countries.
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TABLE 5 Multilevel ordinal logistic regression analysis of individual and community level variables associated with severity levels of wasting among children aged 6–59 months in sub-Saharan African countries.
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Discussion

The primary objective of this study was to delve into the severity levels of wasting and pinpoint both individual and community-level factors that contribute to wasting among children aged 6–59 months in Sub-Saharan African countries. This aim stems from the pressing need to address the critical issue of child malnutrition, particularly wasting, which poses a significant threat to child health and survival in these regions.

Our findings reveal a diverse range of severity levels of wasting, highlighting the complexity of the issue at hand. The factors contributing to these levels are multifaceted, encompassing both individual and community-level elements. This underscores the necessity for a comprehensive approach to tackling wasting, one that goes beyond addressing individual nutritional needs and includes broader community and societal interventions their own nutritional challenges. Empowering communities to address their own nutritional challenges is paramount for effective intervention strategies in combating wasting among children in Sub-Saharan Africa (30). By involving local stakeholders in identifying priorities, designing solutions, and implementing programs tailored to their specific needs and contexts, a participatory approach fosters ownership and ensures the sustainability of interventions (6). Furthermore, integrating individual and community-level interventions can yield synergistic effects, amplifying the impact on reducing wasting and improving child health outcomes. Community-level interventions complement individual efforts by creating supportive environments that reinforce healthy behaviors and access to resources (31, 32). Recognizing the significance of community-level factors, policy changes must prioritize these interventions in health programming and decision-making processes. This may necessitate reallocating resources, forging stronger partnerships with community-based organizations, and incorporating community perspectives into policy development. Such measures are essential for addressing wasting effectively and promoting child health across Sub-Saharan Africa.

In this study wasting, a serious form of malnutrition, affects 7.09% (95% CI, 6.9, 7.20%) of children aged 6–59 months in Sub-Saharan African countries (SSA), with prevalence varying across regions, indicating that wasting is a significant health issue in SSA. This higher than theglobal prevalence of wasting (6.8%) among under five children (33) and studies conducted in Brazil and China (34, 35). This is because children in SSA have been malnourished for a long time as a result of enduring poverty in the region (36). Additionally, the low economic status of many African countries can restrict people’s ability to obtain enough nutritious food, which can lead to wasting (37).

Children from households in the middle and upper wealth quintiles are less likely to experience severe wasting than children from households in the poor wealth quintile. This conclusion aligns with these studies (16, 20, 24, 38–42). The potential explanation for this is that insufficient financial resources often lead to limited access to nutritious food, as impoverished families may struggle to afford a balanced diet that provides essential vitamins and minerals. Additionally, impoverished living conditions may expose children to unsanitary environments and unsafe water sources, increasing the risk of infections that further exacerbate nutritional challenges. Limited access to healthcare and educational resources within impoverished communities can also hinder parents’ awareness of proper nutrition practices, perpetuating the cycle of poor dietary habits (43–45).

Children who had diarrhea, fever, and cough in the past 2 weeks were more likely to be wasted than children who did not have these illnesses (17, 46–48). This is because infections significantly compromise children’s nutritional status by disrupting their dietary intake, absorption, and metabolism. Illnesses such as fever, cough, and diarrhea increase the body’s metabolic demands, necessitating higher energy and nutrient intake. However, the accompanying symptoms, such as decreased appetite, difficulty breathing, and gastrointestinal disturbances, often lead to reduced food consumption and nutrient absorption. Diarrhea, in particular, exacerbates the situation by causing rapid loss of fluids and essential nutrients. Moreover, the cyclical relationship between malnutrition and susceptibility to infections perpetuates a vicious cycle that poses long-term threats to a child’s overall health and well-being (49).

Children who fed less than three times per day were more prone to being wasted than their counterparts. This finding was aligned with the findings from similar studies (17, 50, 51). This is because, when a child is not fed regularly, it often leads to a chronic energy deficit, where the calories consumed are insufficient to meet the energy expenditure required for growth and development. This imbalance can result in the body utilizing its stores for energy, leading to unintended weight loss and a higher risk of wasting. Inadequate intake of essential nutrients, such as proteins and micronutrients, due to infrequent meals, further exacerbates the problem, compromising the child’s ability to build and maintain tissues. Additionally, irregular feeding patterns can disrupt metabolic processes, impacting the body’s ability to utilize nutrients efficiently (52).

The current study found that children who are part of a family with more than four members are at greater risk of being wasted than those from families with fewer than four members. This result is consistent with research done in Vietnam and Bangladesh (53, 54). This is attributable to larger families may face more financial pressure when it comes to food consumption, which could potentially lead to poorer nutritional status among the children.

The present results showed that employed and educated mothers were less likely to have wasted children than those who are not employed and uneducated. Unemployed mothers may face challenges due to financial constraints, such as providing nutritious food at the required frequency, ensuring adequate care, and accessing health care services. This finding is in line with research done in Nigeria, Ethiopia, and Afganistan (55–57).

Children in rural areas are less likely to be malnourished than children in urban areas. This finding is consistent with previous studies (58–60) On the other hand, some studies have found the opposite (18, 61, 62) the reason behind this is, that malnutrition is more common in rural areas due to factors such as low education levels, low social status, poor water quality, and high rates of infectious disease. However, rapid urbanization and the resulting high levels of poverty and hunger are now thought to be the main causes of malnutrition in urban areas (63).

Protected water sources and improved toilet facilities reduce the risk of wasting among children. This finding agrees with this stud (64–65). This is because a child who lives in a community with improved sanitation is less likely to be exposed to fecal matter in the environment, which reduces the risk of diarrhea and other infections and they will have a good appetit (66).

Maternal media exposure reduces the level of wasting among their children compared to their counterparts. This finding corresponds to the study conducted in North Africa (66). This can be explained by, improved access to information empowering mothers to adopt healthier behaviors and adhere to recommended feeding practices, ultimately contributing to better child nutrition outcomes. Furthermore, media exposure can also influence social norms and community perceptions regarding nutrition, fostering an environment that supports and encourages proper child-feeding practices (70).

This study indicates that children from households headed by females are more likely to experience wasting compared to those from households headed by males. This is in line with the study conducted in Nepal (57). The justification behind this conclusion is that female heads of households often carry a double burden in caring for their dependents and being the sole breadwinner of the family. This can lead to stress and limited time for proper child care, including feeding practices (67).


Strengths and limitations of this study

The findings of our study should be considered with certain restrictions. The cross-sectional design of the DHS data prevents us from determining cause-and-effect relationships. Furthermore, our study only accounted for children who were alive during the data collection period, omitting any fatalities that might have resulted from wasting-related complications (indicating survivor bias). However, despite these constraints, our study possesses several notable advantages. It utilizes a combined, nationally representative DHS survey encompassing 34 sub-Saharan African countries. Additionally, the substantial sample size of our study ensures adequate power to discern the genuine impact of the independent variables.




Conclusion

The study findings underscore the persistent challenge of wasting among children aged 6–59 months in Sub-Saharan Africa, with 7.09% affected, of which 4.97% experience moderate wasting and 2.12% severe wasting. The identified factors associated with wasting highlight the complex interplay of socio-economic, environmental, and health-related determinants. To address this issue effectively, interventions should adopt a multifaceted approach that targets vulnerable populations, improves access to healthcare and nutrition services, enhances sanitation infrastructure, promotes women’s empowerment, and implements community-based education programs. Additionally, prioritizing early detection through routine screening and strengthening health systems’ capacity to provide timely interventions are crucial steps toward reducing the burden of wasting and improving child health outcomes in the region.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: Data is available online and you can access at: www.measuredhs.com.



Ethics statement

Ethical approval was not required for the studies involving humans because The current study utilized publicly available survey data from the MEASURE DHS program, eliminating the requirement for ethical review and informed consent. Permission to access and utilize the dataset for this research was obtained from http://www.dhsprogram.com. The datasets used do not contain any personal identifiers such as names or household addresses. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements because The current study utilized publicly available survey data from the MEASURE DHS program, eliminating the requirement for ethical review and informed consent. Permission to access and utilize the dataset for this research was obtained from http://www.dhsprogram.com. The datasets used do not contain any personal identifiers such as names or household addresses.



Author contributions

HA: Conceptualization, Data curation, Formal analysis, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing. ZA: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. KM: Conceptualization, Formal analysis, Methodology, Writing – original draft. BK: Data curation, Methodology, Writing – original draft. TT: Conceptualization, Software, Writing – original draft. YA: Formal analysis, Writing – original draft. AH: Methodology, Software, Writing – review & editing. AL: Writing – original draft, Writing – review & editing. KS: Data curation, Writing – review & editing. BF: Data curation, Writing – original draft, Writing – review & editing. MB: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. BS: Conceptualization, Data curation, Methodology, Software, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

We would like to gratefully acknowledge the DHS programs, for the permission to use all the relevant DHS data for this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


AIC, Akaike Information Criteria; AOR, Adjusted Odds Ratio; BIC, Bayesian Information Criteria; CI, Confidence Interval; DHS, Demographic health survey; EAs, Enumeration areas; LLR, Log-likelihood ratio; LR, Likelihood ratio; POM, Proportional Odds Model; PPOM, Partial Proportional Odds Model; SSA, Sub-Saharan Africa; WHO, World Health Organizations; WHZ, Z-score for Weight-for-Height; MOR, median odds ratio; VPC, variance partition coefficent.




References

 1. WMGRS Groupde Onis, M. WHO child growth standards based on length/height, weight and age. Acta Paediatr. (2006) 95:76–85. doi: 10.1111/j.1651-2227.2006.tb02378.x,

 2. UNICEF INDIA Care for Severly Wasted Children. Available at: https://www.unicef.org/india/what-we-do/care-severely-wasted-children (Accessed November 1, 2023).

 3. Obembe, TA, Adenuga, WU, and Asuzu, MC. Determinants of wasting among schoolchildren in a southwestern state of Nigeria: implications to strengthen the nutritional component of primary health-care model. J Family Med Prim Care. (2018) 7:671–7. doi: 10.4103/jfmpc.jfmpc_324_17 

 4. United Nations Children’s Fund (UNICEF), World Health Organization (WHO). International Bank for Reconstruction and Development/the World Bank In: Levels and trends in child malnutrition: UNICEF / WHO / World Bank Group joint child malnutrition estimates: Key findings of the 2023rd edition. New York: UNICEF and WHO (2023)

 5. UNICEF/WHO/World Bank Group Joint ChildMalnutrition Estimates Levels and trends in child malnutrition: key findings of the 2023edition.

 6. Akombi, BJ, Agho, KE, Hall, JJ, Wali, N, Renzaho, AM, and Merom, D. Stunting, wasting and underweight in sub-Saharan Africa: a systematic review. Int J Environ Res Public Health. (2017) 14:863. doi: 10.3390/ijerph14080863 

 7. WHO. Global nutrition targets 2025: Breastfeeding policy brief (WHO/NMH/NHD14. 7). Geneva: World Health Organization. (2014).

 8. Strategic plan to reduce malnutrition in Africa adopted by WHO Member States. Available at: https://afro.who.int/news/strategic-plan-reduce-malnutrition-africa-adopted-who-member-states

 9. Scale-up action to combat child malnutrition in Africa’s Sahel. Available at: https://news.un.org/en/story/2022/04/1115662.

 10. lack treatment for severe wasting in Eastern and Southern Africa. Available at: https://news.un.org/en/story/2022/01/1110282 (Accessed November 1, 2023).

 11. WHO. Interpretation guide. Nutrition landscape information system (NLIS) Country Profile. 2017. p. 50. Available at: www.who.int/nutrition (Accessed September 10, 2021).

 12. Briend, A, Khara, T, and Dolan, C. Wasting and stunting—similarities and differences: policy and programmatic implications. Food Nutr Bull. (2015) 36:S15–23. doi: 10.1177/15648265150361S103

 13. Rodgers, A, Ezzati, M, Vander Hoorn, S, Lopez, AD, Lin, R-B, Murray, CJL , et al. Distribution of major health risks: findings from the global burden of disease study. PLoS Med. (2004) 1:e27. doi: 10.1371/journal.pmed.0010027

 14. United Nations Children’s Fund (UNICEF), World Health Organization, International Bank for Reconstruction and Development/The World Bank. Levels and trends in child malnutrition: key findings of the 2019 Edition of the Joint Child Malnutrition Estimates. Geneva: World Health Organization (2019).

 15. Balogun, TB, and Yakubu, AM. Recent illness, feeding practices and father’s education as determinants of nutritional status among preschool children in a rural Nigerian community. J Trop Pediatr. (2015) 61:92–9. doi: 10.1093/tropej/fmu070 

 16. Harding, KL, Aguayo, VM, and Webb, P. Factors associated with wasting among children under five years old in South Asia: implications for action. PLoS One. (2018) 13:e0198749. doi: 10.1371/journal.pone.0198749 

 17. Verma, P, and Prasad, JB. Stunting, wasting and underweight as indicators of under-nutrition in under five children from developing countries: a systematic review. Diabetes Metab Syndr Clin Res Rev. (2021) 15:102243. doi: 10.1016/j.dsx.2021.102243

 18. Dabale, GA, and Sharma, M. Determinants of wasting among under-five children in Ethiopia:(a multilevel logistic regression model approach). Int J Stat Med Res. (2014) 3:368–77. doi: 10.6000/1929-6029.2014.03.04.5

 19. Khan, S, Zaheer, S, and Safdar, NF. Determinants of stunting, underweight and wasting among children < 5 years of age: evidence from 2012-2013 Pakistan demographic and health survey. BMC Public Health. (2019) 19:358. doi: 10.1186/s12889-019-6688-2 

 20. Hossain, MM, Abdulla, F, and Rahman, A. Prevalence and determinants of wasting of under-5 children in Bangladesh: quantile regression approach. PLoS One. (2022) 17:e0278097. doi: 10.1371/journal.pone.0278097 

 21. Rahman, A, Chowdhury, S, and Hossain, D. Acute malnutrition in Bangladeshi children: levels and determinants. Asia Pacific J Public Health. (2009) 21:294–302. doi: 10.1177/1010539509335399 

 22. Iftikhar, A, Bari, A, Bano, I, and Masood, Q. Impact of maternal education, employment and family size on nutritional status of children. Pak J Med Sci. (2017) 33:1401–5. doi: 10.12669/pjms.336.13689 

 23. Karlsson, O, Kim, R, Guerrero, S, Hasman, A, and Subramanian, S. Child wasting before and after age two years: a cross-sectional study of 94 countries. EClin Med. (2022) 46:101353. doi: 10.1016/j.eclinm.2022.101353

 24. Yeshaneh, A, Mulu, T, Gasheneit, A, and Adane, D. Prevalence of wasting and associated factors among children aged 6-59 months in Wolkite town of the Gurage zone, southern Ethiopia, 2020. A cross-sectional study. PLoS One. (2022) 17:e0259722. doi: 10.1371/journal.pone.0259722 

 25. Paré, BC, Dahourou, DL, Kabore, A, Sana, A, Kinda, R, Ouaro, B , et al. Prevalence of wasting and associated factors among 6 to 23 months old children in the Sahel region of Burkina Faso. Pan Afr Med J. (2019) 34:164. doi: 10.11604/pamj.2019.34.164.19886 

 26. Wali, N, Agho, KE, and Renzaho, AMN. Wasting and associated factors among children under 5 years in five south Asian countries (2014–2018): analysis of demographic health surveys. Int J Environ Res Public Health. (2021) 18:4578. doi: 10.3390/ijerph18094578 

 27. Improved sanitation facilities and drinking-water sources. Available at: https://www.who.int/data/nutrition/nlis/info/improved-sanitation-facilities-and-drinking-water-sources.

 28. Rodrıguez, G, and Elo, I. Intra-class correlation in randomeffects models for binary data. Stata J. (2003) 3:32–46. doi: 10.1177/1536867X0300300102

 29. Merlo, J, Ohlsson, H, Lynch, KF, Chaix, B, and Subramanian, S. Individual and collective bodies: using measures of variance and association in contextual epidemiology. J Epidemiol Community Health. (2009) 63:1043–8. doi: 10.1136/jech.2009.088310 

 30. WHO. (2021). The UNICEF/WHO/WB Joint Child Malnutrition Estimates (JME) group released new data for 2021.

 31. Sakeah, E, Bawah, AA, Asuming, PO, Debpuur, C, Welaga, P, Awine, T , et al. Impact of community health interventions on maternal and child health indicators in the upper east region of Ghana. BMC Pregnancy Childbirth. (2023) 23:298. doi: 10.1186/s12884-023-05577-7 

 32. Otiti, MI, and Allen, SJ. Severe acute malnutrition in low- and middle-income countries. Paediatr Child Health. (2021) 31:301–7. doi: 10.1016/j.paed.2021.05.001

 33. Elmighrabi, NF, Fleming, CAK, and Agho, KE. Wasting and underweight in northern African children: findings from multiple-Indicator cluster surveys, 2014&ndash;2018. Nutrients. (2023) 15:3207. doi: 10.3390/nu15143207

 34. Li, H, Yuan, S, Fang, H, Huang, G, Huang, Q, Wang, H , et al. Prevalence and associated factors for stunting, underweight and wasting among children under 6 years of age in rural Hunan Province, China: a community-based cross-sectional study. BMC Public Health. (2022) 22:483. doi: 10.1186/s12889-022-12875-w 

 35. Horta, BL, Santos, RV, Welch, JR, Cardoso, AM, dos Santos, JV, Assis, AMO , et al. Nutritional status of indigenous children: findings from the first National Survey of indigenous People’s health and nutrition in Brazil. Int J Equity Health. (2013) 12:23. doi: 10.1186/1475-9276-12-23

 36. Harttgen, K, Klasen, S, and Vollmer, S. Economic growth and child undernutrition in sub-Saharan Africa. Popul Dev Rev. (2013) 39:397–412. doi: 10.1111/j.1728-4457.2013.00609.x

 37. Ahmad, D, Afzal, M, and Imtiaz, A. Effect of socioeconomic factors on malnutrition among children in Pakistan. Future Bus J. (2020) 6:30. doi: 10.1186/s43093-020-00032-x

 38. Bloss, E, Wainaina, F, and Bailey, RC. Prevalence and predictors of underweight, stunting, and wasting among children aged 5 and under in Western Kenya. J Trop Pediatr. (2004) 50:260–70. doi: 10.1093/tropej/50.5.260 

 39. Yalew, B, Amsalu, F, and Bikes, D. Prevalence and factors associated with stunting, underweight and wasting: a community based cross sectional study among children age 6-59 months at Lalibela town, northern Ethiopia. J Nutr Disorders Ther. (2014) 4:13–14.

 40. Motbainor, A, and Taye, A. Wasting in under five children is significantly varied between rice producing and non-producing households of Libokemkem district, Amhara region, Ethiopia. BMC Pediatr. (2019) 19:1–11. doi: 10.1186/s12887-019-1677-2

 41. Amadu, I, Seidu, A-A, Duku, E, Frimpong, JB, Jnr, JEH, Aboagye, RG , et al. Risk factors associated with the coexistence of stunting, underweight, and wasting in children under 5 from 31 sub-Saharan African countries. BMJ Open. (2021) 11:e052267. doi: 10.1136/bmjopen-2021-052267 

 42. Siddiqa, M, Zubair, A, Kamal, A, Ijaz, M, and Abushal, T. Prevalence and associated factors of stunting, wasting and underweight of children below five using quintile regression analysis (PDHS 2017–2018). Sci Rep. (2022) 12:20326. doi: 10.1038/s41598-022-24063-2 

 43. Amare, D, Negesse, A, Tsegaye, B, Assefa, B, and Ayenie, B. Prevalence of undernutrition and its associated factors among children below five years of age in bure town, west Gojjam zone, Amhara National Regional State, Northwest Ethiopia. Adv Public Health. (2016) 2016:1–8. doi: 10.1155/2016/7145708

 44. Siddiqui, F, Salam, RA, Lassi, ZS, and Das, JK. The intertwined relationship between malnutrition and poverty. Front Public Health. (2020) 8:453. doi: 10.3389/fpubh.2020.00453 

 45. van Cooten, MH, Bilal, SM, Gebremedhin, S, and Spigt, M. The association between acute malnutrition and water, sanitation, and hygiene among children aged 6–59 months in rural E thiopia. Matern Child Nutr. (2019) 15:e12631. doi: 10.1111/mcn.12631 

 46. Awoke, A, Ayana, M, and Gualu, T. Determinants of severe acute malnutrition among under five children in rural Enebsie Sarmidr District, east Gojjam zone, north West Ethiopia, 2016. BMC Nutr. (2018) 4:1–8. doi: 10.1186/s40795-018-0211-5

 47. Fekadu, H, Adeba, A, Garoma, S, and Berra, W. Prevalences of wasting and its associated factors of children among 6–59 months age in Guto Gida district, Oromia regional state, Ethiopia. J Food Process Technol. (2014) 5:2. doi: 10.4172/2157-7110.1000289

 48. Habtamu, E, Chilo, D, and Desalegn, D. Determinants of wasting among children aged 6–59 months in Wonago woreda, South Ethiopia. A facility-based unmatched case-control study. PLoS One. (2022) 17:e0269380. doi: 10.1371/journal.pone.0269380 

 49. Rodríguez, L, Cervantes, E, and Ortiz, R. Malnutrition and gastrointestinal and respiratory infections in children: a public health problem. Int J Environ Res Public Health. (2011) 8:1174–205. doi: 10.3390/ijerph8041174

 50. Egata, G, Berhane, Y, and Worku, A. Predictors of acute undernutrition among children aged 6 to 36 months in east rural Ethiopia: a community based nested case-control study. BMC Pediatr. (2014) 14:1–10. doi: 10.1186/1471-2431-14-91

 51. Olack, B, Burke, H, Cosmas, L, Bamrah, S, Dooling, K, Feikin, DR , et al. Nutritional status of under-five children living in an informal urban settlement in Nairobi, Kenya. J Health Popul Nutr. (2011) 29:357–63. doi: 10.3329/jhpn.v29i4.8451 

 52. Saunders, J, and Smith, T. Malnutrition: causes and consequences. Clin Med (Lond). (2010) 10:624–7. doi: 10.7861/clinmedicine.10-6-624 

 53. Lesiapeto, MS, Smuts, CM, and Hanekom, SM. Risk factors of poor anthropometric status in children under five years of age living in rural districts of the eastern cape and KwaZulu-Natal provinces, South Africa. South Afri J Clin Nutr. (2010) 23:202–7. doi: 10.1080/16070658.2010.11734339

 54. Islam, MM, Alam, M, Tariquzaman, M, Kabir, MA, Pervin, R, Begum, M , et al. Predictors of the number of under-five malnourished children in Bangladesh: application of the generalized poisson regression model. BMC Public Health. (2013) 13:1–8. doi: 10.1186/1471-2458-13-11

 55. Danso, F, and Appiah, MA. Prevalence and associated factors influencing stunting and wasting among children of ages 1 to 5 years in Nkwanta south municipality, Ghana. Nutrition. (2023) 110:111996. doi: 10.1016/j.nut.2023.111996

 56. Donatus, E, Nwadiaro, E, Idu, R, and Eja, K. A study of malnutrition-dependent factors among under-five children in Ekureku community, Abi local government area of Cross River state, Nigeria. British J Med Med Res. (2017) 21:1–10. doi: 10.9734/BJMMR/2017/30204

 57. Pradhan, A. Factors associated with nutritional status of the under five children. Asian J Med Sci. (2010) 1:6–8. doi: 10.3126/ajms.v1i1.2927

 58. Amare, ZY, Ahmed, ME, and Mehari, AB. Determinants of nutritional status among children under age 5 in Ethiopia: further analysis of the 2016 Ethiopia demographic and health survey. Glob Health. (2019) 15:62. doi: 10.1186/s12992-019-0505-7 

 59. Kavosi, E, Hassanzadeh Rostami, Z, Kavosi, Z, Nasihatkon, A, Moghadami, M, and Heidari, M. Prevalence and determinants of under-nutrition among children under six: a cross-sectional survey in Fars province, Iran. Int J Health Policy Manag. (2014) 3:71–6. doi: 10.15171/ijhpm.2014.63 

 60. Janevic, T, Petrovic, O, Bjelic, I, and Kubera, A. Risk factors for childhood malnutrition in Roma settlements in Serbia. BMC Public Health. (2010) 10:1–8. doi: 10.1186/1471-2458-10-509

 61. Tariku, A, Bikis, GA, Woldie, H, Wassie, MM, and Worku, AG. Child wasting is a severe public health problem in the predominantly rural population of Ethiopia: a community based cross–sectional study. Arch Public Health. (2017) 75:1–9. doi: 10.1186/s13690-017-0194-8

 62. Almasian Kia, A, Rezapour, A, Khosravi, A, and Afzali, AV. Socioeconomic inequality in malnutrition in Under-5 children in Iran: evidence from the multiple Indicator demographic and health survey, 2010. J Prev Med Public Health. (2017) 50:201–9. doi: 10.3961/jpmph.17.028 

 63. Ghosh, S, and Shah, D. Nutritional problems in urban slum children. Indian Pediatr. (2004) 41:682–96.

 64. Alaofè, H, and Asaolu, I. Maternal and child nutrition status in rural communities of Kalalé District, Benin: the relationship and risk factors. Food Nutr Bull. (2019) 40:56–70. doi: 10.1177/0379572118825163 

 65. Rahman, A. Significant risk factors for childhood malnutrition: evidence from an Asian developing country. Sci J Public Health. (2016) 4:16–27. doi: 10.11648/j.sjph.s.2016040101.14

 66. Water, Sanitation and Hygiene (WASH). Available at: https://www.unicef.org/wash.

 67. Yoosefi Lebni, J, Mohammadi Gharehghani, MA, Soofizad, G, khosravi, B, ziapour, A, and Irandoost, SF. Challenges and opportunities confronting female-headed households in Iran: a qualitative study. BMC Womens Health. (2020) 20:183. doi: 10.1186/s12905-020-01046-x 

 68. Fact sheet-malnutrition -Worldhealthorganization (WHO). Available at: https://www.who.int/news-room/fact-sheets/detail/malnutrition (Accessed June 9, 2021.

 69. Seifu, BL, and Tesema, GA. Individual-and community-level factors associated with anemia among children aged 6-23 months in sub-Saharan Africa: evidence from 32 sub-Saharan African countries. Arch Public Health. (2022) 80:183. doi: 10.1186/s13690-022-00950-y 

 70. Zarnowiecki, D, Mauch, CE, Middleton, G, Matwiejczyk, L, Watson, WL, Dibbs, J , et al. A systematic evaluation of digital nutrition promotion websites and apps for supporting parents to influence children’s nutrition. Int J Behav Nutr Phys Act. (2020) 17:17. doi: 10.1186/s12966-020-0915-1


Copyright
 © 2024 Asebe, Asmare, Mare, Kase, Tebeje, Asgedom, Hailu Shibeshi, Lombebo, Sabo, Fente, Bezie and Seifu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 22 July 2024
doi: 10.3389/fsufs.2024.1325915








[image: image2]

County-level total factor productivity of food in China and its spatio-temporal evolution and drivers

Yang Liu1, Hui Jiang2 and JunFu Cui1*


1School of Economics, Shandong Women’s University, Jinan, China

2School of Economics and Trade, Shandong Management University, Jinan, China

Edited by
 Mary Beth Arensberg, Abbott, United States

Reviewed by
 Siyu Wang, Tianjin University of Finance and Economics, China
 Gui Jin, China University of Geosciences Wuhan, China

*Correspondence
 JunFu Cui, 30087@sdwu.edu.cn 

Received 14 November 2023
Accepted 10 July 2024
Published 22 July 2024

Citation
 Liu Y, Jiang H and Cui J (2024) County-level total factor productivity of food in China and its spatio-temporal evolution and drivers. Front. Sustain. Food Syst. 8:1325915. doi: 10.3389/fsufs.2024.1325915
 

In the context of the ongoing process of high-quality development in the new era, which is focused on improving total factor productivity, it is of great importance to explore the spatial and temporal variations of total factor productivity growth and its driving factors in China’s county regions’ grain cultivation industry. This paper employs a three-stage DEA-Malmquist productivity method, the Gini coefficient method, and a panel fixed-effects model to analyze data from Chinese counties between 2009 and 2019. The analysis indicates that the growth of county food total factor productivity (FTFP) exhibits a fluctuating upward trend during the examination period, with an average annual growth rate of 2.43%. This is primarily driven by technological progress, yet the core driving role of technological efficiency is not effectively played. The average annual growth rate of county FTFP varies across different regions. The highest average annual growth rate of county FTFP in the eastern region and the primary grain-producing area is 2.75 and 3.04%, respectively. The lowest growth rates were observed in the western region and the main grain marketing area, at 1.44 and 1.23%, respectively. Secondly, the Gini coefficient of county FTFP continues to demonstrate a persistent upward trend during the examination period, with an average annual growth rate of 14.729%. The primary factor contributing to the observed variation in total factor productivity growth of the food sector at the regional level is the existence of disparate technological progress. Thirdly, there is a notable positive correlation between county financial deepening and financial self-sufficiency rates and county FTFP growth, with impact coefficients of 0.0503 and 0.0924, respectively. Conversely, county population density, degree of economic development, farmers’ income level, and industrial structure exert a significant negative influence on county FTFP growth and technological progress.
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1 Introduction

The simultaneous occurrence of multiple crises, including the global spread of the novel coronavirus, climate-related shocks, and geopolitical conflicts, has led to a significant increase in the number of individuals experiencing hunger globally. The most recent edition of the State of Food Security and Nutrition in the World 2023 report indicates that there are currently approximately 735 million individuals experiencing hunger globally, representing a 122 million increase in the number of hungry people since the pre-New Crown outbreak in 2019. As the world’s most populous country, China’s food production is not only critical for domestic food security, but also has a significant impact on achieving Sustainable Development Goal 2, which is to eradicate hunger by 2030.

In order to cope with the ongoing food crisis, there is an urgent need to increase factor resource inputs for food production and improve total factor productivity for food (FTFP). Nevertheless, resource and environmental constraints have tightened in recent times, and the factor-driven approach to food production growth has been increasingly constrained (Gao and Wang, 2020). Consequently, the sustainable development of grain farming in the contemporary era is contingent upon the growth of FTFP. Despite the consistent expansion of China’s grain production, there remains considerable scope for enhancement in grain yields relative to global benchmarks. This presents a promising avenue for the advancement of total factor productivity. China’s grain production is concentrated in counties. It is of great importance to study the evolutionary trends and spatial and temporal differentiation characteristics of FTFP growth in these county areas in order to accurately assess the sustainable development of China’s grain farming industry. Moreover, an investigation into the driving forces and influencing factors behind the growth of FTFP in the counties can provide a realistic basis for ensuring food security and achieving the global sustainable development goal of “zero hunger”.

The literature on FTFP growth rate has been subjected to extensive study by scholars at both the national and international levels. These studies have employed a variety of perspectives and methodologies to measure the growth rate of FTFP and to explore the factors that influence it. Initially, scholars concentrated on measuring broad agricultural TFP, including Gong (2018), Wang et al. (2020), and Hu et al. (2021). Nevertheless, subsequent research has broadened the scope to encompass grain-specific TFP. Some studies have concentrated on the TFP growth of individual grain crops, such as rice, wheat, corn, soybean, and so forth, within the plantation industry. For example, Muftiadi (2018), Wang and Gao (2020), and Wu et al. (2022) have examined the TFP growth of specific grain crops. Although studies on food crop varietal productivity offer insights into the sustainable development of individual crops, they may not fully represent overall changes in food productivity.

A further category of literature concerns the overall technical progress of the food planting industry. For example, Gao and Song (2014) identified spatial autocorrelation in China’s grain production technical efficiency, emphasizing notable disparities in technical efficiency across diverse grain production functional zones. Zheng and Cheng (2021) measured China’s FTFP growth during the period between 1980 and 2018 and identified an accelerated growth pattern, which was primarily driven by technological progress. Some studies have also considered environmental issues and measured the green TFP of food production. The majority of scholars, including Min and Li (2012), Tian and Wang (2016), and Li (2021), posit that China’s eco-efficiency in grain production evinces a fluctuating trend after accounting for environmental factors. Furthermore, scholars have investigated a range of factors influencing FTFP growth. These include production factors, such as an aging labor force (Peng and Wen, 2016), land transfer (Zeng et al., 2018), and agricultural mechanization (Peng and Zhang, 2020), as well as socioeconomic factors, including financial support for agricultural subsidies (Li et al., 2021) urbanization (He and Qiang, 2019), and natural factors, such as climate change (Yin et al., 2016).

Two principal methodologies exist for measuring total factor productivity in the food industry. One category is the parametric approach, represented by stochastic frontier analysis (SFA). Aigner et al. (1977) initially proposed the SFA framework using cross-sectional data. The SFA permits the existence of technical inefficiencies and divides the error term into two components: stochastic errors that are beyond the producer’s control (stochastic perturbation term) and technological errors that are within the producer’s control (technological inefficiencies).

Subsequently, two broad directions for improving technical inefficiency have been explored. The first direction is to model the technological frontier in a more flexible way. For instance, Sun and Kumbhakar (2013) and Yao et al. (2018) proposed the semiparametric smooth coefficient (SPSC) stochastic production frontier model. In this model, the input elasticities are unknown smooth functions of some non-traditional inputs. These inputs can be viewed as firm characteristics, policy variables, or any variables that describe the production environment. Guo et al. (2024) proposed the generalized Luenberger productivity indicator (GLPI) to analyze urban GTFP in China. This indicator uses distance elasticity shares as input weights in the production function and employs SFA for parameter decomposition to obtain technological change (TC), technical efficiency change (TEC), and scale efficiency change (SEC). The second direction of inquiry is to examine the manner in which error components of an SF model can be modeled in different ways. Badunenko and Kumbhakar (2017) proposed a four-component cost frontier model, and Lai and Kumbhakar (2018) suggested the use of maximum simulated likelihood to estimate a four-component production frontier model. Baležentis and Sun (2020) proposed a four-component stochastic frontier model in which the frontier function is represented by an unknown smooth input distance function, and inefficiency is decomposed into persistent and transient inefficiencies.

The second method is the non-parametric approach, which is represented by the Data Envelopment Analysis (DEA) method. The DEA method considers multiple inputs to produce multiple outputs without setting a specific function, thereby becoming the mainstream method of measuring TFP and being widely used in many fields, including industry (Liu F. et al., 2023), banking (Zha et al., 2016), the environment (Baležentis et al., 2024), and so on. Nevertheless, the non-parametric method does not fully consider the influence of external environmental factors and random factors, which results in certain limitations in the obtained results. To address these limitations, Fried et al. (2002) proposed a three-stage DEA model that combines the advantages of SFA and DEA. This model incorporates the SFA method into the DEA framework, enabling the consideration of random errors and the removal of heterogeneous effects caused by external environmental factors and managerial inefficiencies. Furthermore, the three-stage DEA model incorporates the Malmquist index, allowing the analysis of changes in technical progress and efficiency over different time periods. Parichatnon et al. (2018) applied a three-stage DEA- Malmquist model to measure the efficiency of rubber production in four regions of Thailand from 2005 to 2014. Liu et al. (2022) employs a nonseparable undesirable output modified three-stage DEA- Malmquist to evaluate the AGTFP of China’s 30 provinces from 2000–2018.

In this study, we acknowledge and build upon the valuable contributions of existing research in exploring the spatial and temporal evolution of FTFP growth and its driving factors in China’s county areas. Nevertheless, there are some limitations in the existing literature. Firstly, the existing studies primarily focus on measuring FTFP growth at the inter-provincial level or from the perspective of farmers, with a notable absence of analysis specifically at the county scale. As China’s grain production is predominantly concentrated in county areas, this gap in the literature impedes a comprehensive understanding of the changes in FTFP growth in these regions. To address this, the present study conducted empirical research based on panel data from 729 counties in China spanning the period from 2009 to 2019. Secondly, a significant number of studies fail to adequately account for external environmental factors and random errors, resulting in biased assessments of China’s FTFP growth and its dynamic evolution. To provide a more accurate analysis, we employ a three-stage DEA combined with the Malmquist productivity index. This approach is designed to effectively eliminate factors such as managerial inefficiency, external environment variations, and random errors from the analytical framework, thereby enabling more precise measurement and analysis of FTFP growth in Chinese counties. Thirdly, the existing literature lacks an in-depth analysis of the spatial and temporal variations in FTFP growth, particularly in the county areas. To address this gap, we propose utilizing the Gini coefficient method to reveal and analyze regional differences in county FTFP growth across the three major geographic regions and grain functional areas. Furthermore, there is a paucity of attention devoted to identifying the key drivers behind the growth of FTFP in these regions. To this end, a panel fixed-effects model will be constructed with the objective of identifying and exploring the driving factors of county FTFP growth.



2 Methods and data


2.1 Methods


2.1.1 Three-stage DEA dynamic analysis mode

The traditional DEA methods are unable to distinguish between non-input technical inefficiencies caused by environmental changes or stochastic shocks, which leads to biased measurement results. The three-stage DEA model effectively removes the heterogeneous effects of external environmental factors, random errors, and managerial inefficiency by introducing the SFA method. This allows for the accurate reflection of the real productivity of decision-making units under multiple-input and multiple-output situations. This is achieved by placing them in the same environment and under the same conditions for comparison (Fried et al., 2002). For this reason, this paper constructs a three-stage DEA-Malmquist productivity index to measure the total factor productivity of grain in Chinese counties. First, the DEA-Malmquist index model is utilized to measure the initial data to obtain the efficiency values and slack variables. Then, the environmental variables are selected to utilize the SFA-like regression to eliminate the effects of external environmental factors and random errors in the input variables. Finally, based on the input variables and output variables that have eliminated the influence of external environmental factors, the actual production efficiency is measured using the DEA-Malmquist index model. The specific model is constructed as follows:

Stage 1: construction of the DEA-Malmquist index model. The Malmquist productivity index is defined in accordance with the distance function, which quantifies the total factor productivity change between two data points by calculating the ratio of the distance of each data point with respect to the generalized technology distance. The TFP index is calculated by employing the geometrical mean of the Malmquist productivity index between the specified periods of t to (t + 1). The geometric mean of the Malmquist productivity index is employed to calculate the output-oriented TFP index in the following form:
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Where, [image: image] denotes the technical distance between periods from t to (t + 1), when [image: image] represents the growth of TFP from t to (t + 1), [image: image] represents the stabilization of TFP from t to (t + 1), and [image: image] represents the decline of TFP from t to (t + 1). Since Eq. (1) is the geometric mean of the TFP index for the two periods, it is collapsed at the base:
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The Malmquist productivity index is the result of the joint action of technical efficiency changes and technological progress. Technical efficiency is defined as the ability of producers to obtain the maximum output under the given factor inputs. This is achieved through the implementation of scientific management decision-making methods and organization, which reflect the effective degree of utilization of the existing technology by economic agents in the production process. Technological progress is reflected in productivity changes through the introduction of the time trend factor, which reflects productivity changes. The progress of production technology is manifested in the upward shift of the production frontier. In accordance with Eq. (2), the Malmquist productivity index can be further decomposed into two constituent parts: technical efficiency change (TE) and technical progress change (TC). This is expressed as follows:
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The distance function required for the Malmquist productivity index is calculated using the linear programming method in DEA on the basis of the basic form of the Malmquist productivity index and its decomposition. Subsequently, TFP and its decomposition components are obtained. In light of the fact that variable returns to scale align with the empirical reality of county FTFP growth, this paper employs the variable returns to scale (VRS) DEA model to calculate the distance function requisite for the Malmquist productivity index. The model is specified as follows:

[image: image]

In Eq. (5), [image: image] denotes the inputs of the ith decision unit, [image: image]denotes the outputs of the ith decision unit, n is the number of decision units, [image: image] is the combination coefficient of input indexes of the decision unit, [image: image] is the slack variable reflecting the lack of outputs, [image: image] is the residual variable reflecting the redundancy of inputs, and [image: image] is the efficiency of the decision unit, and when [image: image]indicates that the DEA is effective, and the other way around, it indicates that the DEA is ineffective. The above model can be measured to obtain the traditional TFP, TC and TE indices, as well as the target values and slack variables of the input indicators for each sample.

Stage 2: Construction of a panel SFA model. In light of the fact that a multitude of intricate elements, including external environmental factors, random errors, and managerial inefficiency, will inevitably exert an influence on the decision-making units in question, a parallel panel SFA is devised with the objective of adjusting the slack variables derived in the initial phase. This is done with the intention of eliminating environmental factors and statistical noise, and subsequently placing each decision-making unit under identical conditions for the purpose of measuring efficiency. The particular SFA model is as follows:
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[image: image] is the input slack variable of the nth type of input factor for the ith decision unit in period t, [image: image]represents the stochastic frontier production function, [image: image] and [image: image] are the environmental variables and parameter estimates, respectively, [image: image] is the composite error term, [image: image] is the stochastic error term, and [image: image], [image: image] are the managerial inefficiency terms, and [image: image], [image: image] and [image: image] are independently un-correlated.

In order to distinguish between managerial inefficiency and random error terms and to place the input indicators of each decision unit under comparable conditions, this paper draws upon the study of Luo (2012) and employs the managerial inefficiency formula proposed by Sun and Kumbhakar (2013), which is as follows:
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Eq. (7), [image: image], [image: image], [image: image] and [image: image] are the density function and distribution function of the standard normal distribution, respectively. Meanwhile the estimation formula of the random error term is as follows:

[image: image]

In order to eliminate the effects of external environmental factors, managerial inefficiency and random error terms of slack variables, according to Fried et al. (2002), it is necessary to place each decision unit in the same external environment for efficiency assessment, with the following adjustment formula:
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where [image: image] and [image: image] are the adjusted and pre-adjusted input variables, respectively, and the two parentheses on the right-hand side of the equation indicate that all decision-making units are placed under the same conditions after removing environmental factors and random errors, respectively, independent of other factors.

Stage 3: Construction of an adjusted DEA-Malmquist index model. The DEA-Malmquist index model is employed to recalculate the adjusted data, thereby eliminating the influence of external environmental factors, management inefficiency, and random errors on the production efficiency value of each decision-making unit. Given that each decision-making unit is situated within the same environment, the adjusted efficiency values are more realistic and objective.



2.1.2 Panel fixed effects model

In order to analyze the driving factors of county FTFP growth, this paper constructs a panel fixed effects model, the model is as follows
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In Eq. (10), [image: image] is the FTFP of the ith county (county-level city) in year t, [image: image] denotes the driver variable of FTFP, [image: image] denotes the area fixed effect, [image: image] denotes the time fixed effect, [image: image] is the random disturbance term, and [image: image] and [image: image]are the coefficients to be estimated. The corresponding variables are natural logarithmized in model parameter estimation to mitigate heteroskedasticity and multicollinearity among variables. In order to further explore the ways through which each driver affects FTFP, referring to the existing studies, the index of change in technological progress and the index of change in technological efficiency are taken as the dependent variables for regression estimation, and the model is as follows:
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In Eqs. (11, 12), [image: image] is the index of change in food technology progress in year t of the ith county (county-level city), and [image: image] is the index of change in food technology efficiency in year t of the ith county (county-level city). The rest of the variables are explained as in Eq. (10).




2.2 Data description

To guarantee the reliability of the empirical data presented in the paper, specific criteria were employed in the selection of county samples. In view of the unavailability or significant absence of data pertaining to rural economic development indicators in a number of counties, a selection criterion was introduced. Consecutive years of missing data were identified in counties, resulting in their exclusion from the sample. Consequently, the paper ultimately selected 729 county samples for analysis. The paper focuses on calculating the Malmquist index, which requires a two-year efficiency change calculation. To assess the growth of FTFP over the 2010–2019 period, input–output variables from the 2009–2019 data of the selected 729 county samples were utilized. It is important to note that the statistical data does not include municipal districts, special districts, forest districts, and certain regions such as Beijing Municipality, Shanghai Municipality, Tianjin Municipality, Tibet Autonomous Region, and the Hong Kong, Macao, and Taiwan regions. This exclusion is due to the differences in economic and financial characteristics between municipal districts and counties (county-level cities) and the division of financial power and authority. Furthermore, China’s county-level administrative divisions have undergone adjustments and changes in recent years, which have resulted in the exclusion of a small number of county samples due to county withdrawals or the division of counties into districts.

The county sample data presented in this paper is representative in two key respects. Primarily, the selection of samples is focused on China’s principal grain-producing areas and the regions exhibiting a balance between production and marketing. In accordance with the standard delineation set forth in the Medium- and Long-Term Plan for National Food Security (2008–2020), the 729 county samples selected for analysis in this study are distributed across 381 counties in the primary grain production region, 277 counties in the production and marketing balance area, and 71 counties in the primary marketing region. This selection ensures that the samples are representative of the areas with significant grain production and marketing activities. Secondly, the samples were selected from different geographic regions, with consideration given to the variations in resource endowment, economic development level, and food production across these regions. In accordance with the regional divisions delineated by the National Bureau of Statistics (NBS) in 2017, the 729 county samples presented in this paper encompass 233 counties in the eastern region, 315 counties in the central region, and 181 counties in the western region. The inclusion of samples from these disparate regions ensures a certain level of representativeness across the entire country. In conclusion, the selection of county samples in this paper considers both the concentration of grain production areas and the representation of different geographic regions in China. This approach guarantees the representativeness of the data and, to a certain extent, enhances the generalizability of the findings.



2.3 Selection of variables

The FTFP is a measure of the comprehensive use efficiency of all input factors in the grain production process. In accordance with the calculation requirements of the three-stage DEA method, the relevant variables primarily encompass grain output variables, production input variables, and environmental variables. The grain output variable is derived from the study of Liu and Yan (2022), and the total grain output for each county area is selected for measurement.

The food production input factors include land, labor, and capital factors such as machinery and fertilizer. In this paper, we refer to the study of Zhao and Zhou (2020) and select the sown area of grain the labor input for grain cultivation, the total power of machinery for grain cultivation, and the amount of fertilizer applied for grain cultivation as input factor variables. The measurement of each input factor must be based on the production input data of food crops. As the China County Statistical Yearbook does not distinguish between factor input data for grain crops and cash crops, this paper draws on the studies of Wang et al. (2013) and employs the weight coefficient method to isolate the production input factor data for grain crops from generalized agriculture. The following formulae may be employed to calculate the input factors for grain cultivation:

• Grain cultivation labour input = number of employees in agriculture, forestry, animal husbandry and fishery × (agricultural output value/total output value of agriculture, forestry, animal husbandry and fishery) × (grain sown area/crop sown area)

• Grain cultivation total mechanical power = total power of agricultural machinery × (grain sown area/crop sown area)

• Grain cultivation fertilizer application (discounted pure quantity) = agricultural fertilizer application (discounted pure quantity) × (grain sown area)/(sown area of crops).

In order to eliminate the influence of external environmental factors on the efficiency evaluation of decision-making units, this paper selects the population conditions, industrial structure, and human capital of each county area as uncontrollable external social conditions. Among these factors, the demographic conditions are quantified by the ratio of the population size to the administrative area of each county. The industrial structure is quantified by the ratio of the sum of the value added of the secondary and tertiary industries to the gross regional product. The quality of human resources is measured according to the study of Liu and Xie (2016), which defines it as the ratio of the number of students enrolled in secondary schools in each county region to the regional population (Liu et al., 2024).

The data for the aforementioned variables were primarily sourced from the China County Statistical Yearbook, the China County (City) Social and Economic Statistical Yearbook, the Wind database, and the EPS database. In order to address the issue of missing values, the paper employs a number of different strategies. Firstly, some missing data are supplemented based on the statistical bulletins of counties (county-level cities and flags). Secondly, missing data are supplemented and improved using the statistical yearbooks of the provinces, cities, where the sample counties (county-level cities and banners) are located. This process helps to fill in any gaps in the data. Finally, linear interpolation and linear extrapolation methods are employed to mitigate the impact of missing data on individual indicators. Furthermore, in order to accurately reflect economic growth, the relevant nominal economic variables are adjusted using the provincial GDP price deflators of the sample counties. This process ensures that the data is deflated to account for changes in prices over time, thereby providing a more accurate representation of economic growth.



2.4 Descriptive statistical analysis

The results of the definition and descriptive statistical analysis of the sample data are presented in Table 1. The principle of “homogeneous correlation” represents a fundamental assumption in the field of DEA. In order to test the correlation between input and output variables, the Pearson correlation test method was employed. The results of this test are presented in Table 2 of the paper. As evidenced by the data presented in the table, the correlation coefficients between the input variables and the output variables are positive and statistically significant at the 5% level. The positive correlation coefficient indicates that as the values of the input variables increase, so too do the values of the output variables. This confirms that the selected input and output variables in this study comply with the principle of isotropy or homogeneous correlation, thereby corroborating the accuracy and validity of the DEA analysis presented in the paper.



TABLE 1 Descriptive statistics of variables.
[image: Table1]



TABLE 2 Pearson test for variables.
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3 Measurement of county FTFP and spatio-temporal divergence


3.1 Measurement and decomposition of county FTFP growth rates

In order to ascertain the genuine county FTFP growth rate, this paper considers the input slack variables of agricultural fertilizer, agricultural machinery, labor, and grain sown area, which are measured by traditional DEA, as dependent variables. Furthermore, the paper considers external environmental variables, including industrial structure, population density, and the level of human capital, as independent variables. The parameters are estimated using SFA-like regression to exclude the effects of managerial inefficiencies, external environment factors, and random errors on the effects of input slack variables. The resulting estimation results are presented in Table 3.



TABLE 3 SFA-like regression results.
[image: Table3]

As evidenced in Table 3, the γ value and LR one-sided test in the SFA regression of all slack variables surpassed the 1% significance test, with the γ value approaching 1. This indicates that managerial inefficiency exerts a dominant influence on the composite error term, or the deviation error between the actual input value and the target input value, which is predominantly affected by the external environment. Consequently, employing the SFA model to account for the stochastic factor and managerial inefficiency factor for each input variable is a suitable approach. If the coefficients are positive, an increase in the environmental variables will lead to an increase in the input slack variables or output. If the coefficients are negative, an increase in the environmental variables will lead to a decrease in the input slack variables or output. This is analyzed as follows:

The regression coefficients of the slack variables of industrial structure on agricultural machinery inputs are significantly positive, indicating that the optimization and upgrading of industrial structure promote agricultural mechanization inputs. This indicates that as industrial structure undergoes transformation and upgrading, there is an increase in the input of agricultural machinery, which consequently enhances the efficiency of agricultural production. It is, however, important to note that the transformation and upgrading of regional industrial structure may also result in a loss of food production efficiency. This is due to the marginalization of the food cultivation industry as other industries become dominant. This suggests that while industrial restructuring may promote agricultural mechanization, it may also result in a decline in food production efficiency as the focus shifts away from agriculture. Conversely, the regression coefficients of the slack variables of industrial structure on fertilizer, arable land, and labor inputs are significantly negative. This suggests that the optimization and upgrading of the county’s industrial structure result in a reduction in the production and input of agricultural fertilizers. This reduction is achieved through the gradual elimination of high-pollution chemical industries, which improves the efficiency of food production, particularly in the stage of diminishing marginal effect of fertilizer input. Furthermore, the growth of non-agricultural industries facilitates the transfer of residual factors of production from the agricultural sector to the industrial and commercial sectors. This process optimizes the efficiency of agricultural factors and contributes to the growth of FTFP. The growth of non-agricultural industries results in the reallocation of surplus production factors from agriculture to other sectors, thereby enhancing the overall allocation of agricultural resources.

Moreover, the regression coefficients of population density on the slack variables of fertilizer, labor, and arable land inputs are negative. The significance test indicates that the fertilizer and labor inputs are particularly affected. In regions with elevated population density and constrained arable land, the labor force is compelled to transition to the non-agricultural sector. This rational allocation of labor resources helps to protect regional grain cultivation through the use of intensive cultivation methods. This ultimately enhances grain production efficiency by reducing excessive fertilizer inputs. Finally, the regression coefficients of human capital on the slack variables of fertilizer, machinery, labor, and cropland inputs are all significantly positive. This suggests that regions with higher levels of human capital tend to have higher employment thresholds in the industrial and commercial sectors. Consequently, there is an increase in the agricultural labor force and land inputs due to the structural adjustment of human capital. Furthermore, individuals with higher levels of human capital are more likely to engage in non-agricultural employment, which in turn leads to higher disposable incomes. This leads family farmers to increase the inputs they make, such as those related to the use of fertilizers and machinery for food cultivation. However, an excessive input of production factors can result in an imbalance in factor allocation, which in turn hinders the growth of FTFP.

The input variables, with the exception of the influence of external environmental factors, were derived through the use of SFA-like regression. Subsequently, these variables were employed, in conjunction with the initial output data, to calculate the county’s FTFP index, EC (Efficiency Change) index, and TC (Technological Change) index. Tables 4, 5 illustrate the dynamic evolution of these indices. A review of the tables reveals that the annual average growth rates of the TFP index, EC index, and TC index for the county as a whole are 1.0257, 0.9956, and 1.0335, respectively. These values indicate that the FTFP and EC indices for the county have exhibited an overall upward trend during the examination period. However, the EC index has demonstrated a downward trend, suggesting the potential for improvements in management practices. Upon examination of the subregions, it becomes evident that the EC indexes of the central region, western region, main grain-producing region, and production and marketing balance region have exhibited an upward trend. This indicates that these regions have experienced improvements in agricultural management efficiency. Moreover, all regions have exhibited an increasing trend in both the TFP and EC indexes. This indicates that there have been advancements in overall food production efficiency and technological progress across all subregions. In conclusion, after accounting for external environmental factors, management inefficiencies, and random error factors, the county’s FTFP index, TC index, and EC index have exhibited notable growth characteristics during the examination period. The growth of the county’s FTFP has been influenced by the combined effect of technological progress and changes in technical efficiency.



TABLE 4 Changes in county FTFP, EC & TC indices.
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TABLE 5 Changes in county FTFP, EC & TC indices in different regions.
[image: Table5]



3.2 Trend analysis of the dynamic evolution of county FTFP growth

The Malmquist productivity index was employed to ascertain the cumulative multiplication characteristics. In accordance with the study conducted by Zhang and Guo (2021), the county FTFP and its decomposition term for the period between 2010 and 2019 were calculated with 2009 as the base period. In addition, county FTFP and its decomposition terms were calculated for the three major geographic regions (East, Central, and West) and the three major grain functional areas (main grain producing areas, production and marketing balance areas, and main marketing areas), respectively. The results of the calculations are presented in Tables 6–8.



TABLE 6 Evolution of county FTFP trends.
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TABLE 7 Evolution of county food TC trends.
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TABLE 8 Evolution of county food EC trends.
[image: Table8]

As illustrated in Table 6, the county FTFP exhibited a fluctuating upward trajectory during the 2010–2019 period, with an average annual growth rate of 2.43%. With regard to regional heterogeneity, the average annual growth rate of county FTFP in the three major geographic regions is highest in the east region at 2.75%, while the western region exhibits the lowest growth rate at 1.44%. In general, the eastern region is characterized by a high concentration of talent and a robust technological innovation capacity, which collectively contribute to enhanced food production efficiency. The western region is not only less technologically innovative than the eastern region, but also has a lower population density, which hinders the dissemination and adoption of new technologies and methods of food cultivation. Consequently, the growth of county FTFP is lower than that of the developed regions in the east and center.

Among the food production functional areas, the annual average growth rate of FTFP in the main production areas is the highest at 3.04%, while that in the main marketing areas is the lowest at 1.23%. Although the economy of the main marketing areas is more developed, with a high degree of technological innovation agglomeration, which contributes to the overflow of new technologies into the agricultural sector to bring about the growth of FTFP. This is also reflected in the economic and industrial structure of the main marketing areas, which is more inclined towards the secondary and tertiary industries. The level of urbanization is relatively high, which has led to a significant number of farmers moving out of the agricultural sector to enter the non-agricultural sector in search of employment and a better quality of life. This has resulted in a decline in the number of rural laborers and the level of human capital. Consequently, the number of rural laborers and the level of human capital have declined at a more rapid pace, and the phenomenon of “de-farming” and “de-fooding” in the countryside has become pronounced, with the food plantation industry becoming increasingly marginalized. In comparison, in the context of the strategy of guaranteeing national food security, the main grain-producing areas and areas with balanced production and marketing attach a high degree of importance to grain cultivation. Furthermore, the allocation efficiency of agricultural capital and labor factor inputs is relatively high, resulting in a higher growth of FTFP in the main grain-producing areas and areas with balanced production and marketing than in the main marketing areas.

Table 7 illustrates that the level of technological advancement in food production exhibited an upward trajectory with fluctuations, both at the county level and within each notable region, from 2010 to 2019. This trend aligns with the changes in county FTFP and suggests that technological progress is the primary driver of growth in county FTFP. When considering geographic regions, the eastern counties exhibit the highest average value of food TC, followed by the central counties, and the western counties have the lowest average value. This pattern is consistent with the varying levels of economic development observed across these regions. Regions with higher economic development tend to allocate a greater proportion of resources towards technological research and development, thereby enhancing their innovation capabilities. This, in turn, facilitates advancements in food cultivation technology. Conversely, the western regions encounter greater obstacles in agricultural technological innovation and adoption due to geographical and economic factors. Consequently, their levels of technological progress are comparatively lower. In terms of grain functional areas, the main grain-producing areas have the highest average value of grain TC, followed by the main marketing areas and the balance of production and marketing areas. The primary food-producing regions typically exhibit a higher ratio of food cultivation output to gross domestic product (GDP) compared to other regions. As income from food cultivation represents a significant source of revenue for farmers in these regions, there is a greater focus on activities related to food cultivation, including agricultural technology research and development, as well as the promotion and adoption of new agricultural machinery and equipment. Consequently, the main food-producing and marketing regions, as well as the balance-of-production and marketing regions, exhibit a higher level of technological progress.

Table 8 illustrates that the overall grain EC growth in counties and that of each significant region exhibit a cyclical pattern, characterised by an upward-declining fluctuation. This pattern reflects the relatively low level of technological efficiency in grain production within China’s counties, which has hindered the improvement of FTFP. However, beginning in 2016, the grain EC growth in counties exhibited an upward trend with fluctuations, indicating that in recent years, advancements in management knowledge and planting experience, facilitated by the application of agricultural socialization services and agricultural production trusteeship, have been contributing continuously to the grain cultivation industry in counties. Consequently, the supportive role of FTFP growth in counties has gradually emerged. In contrast, the technical efficiency value of the principal grain marketing areas is the lowest. There are several potential explanations for this phenomenon. Firstly, the main grain marketing areas are predominantly comprised of economically developed regions along the eastern coast, such as Zhejiang. These regions have a dominant industrial structure in the secondary and tertiary sectors, with a relatively low percentage of agricultural output value in GDP. Consequently, the grain cultivation industry is undervalued in these areas. Furthermore, the main marketing areas have a high level of urbanization and industrialization, which has resulted in a significant transfer of the rural labor force from agricultural employment to non-agricultural sectors. This shift results in a decline in the levels of human capital in rural areas and an aging of the labor force, which in turn leads to a continuous decline in the technical efficiency of food production.

Secondly, there is a notable shift towards a “non-food” agricultural cultivation structure in the primary grain marketing regions. The high levels of urbanization and population concentration in these areas result in an increased demand for cash crops such as green fruits and vegetables. The high levels of urbanization and population concentration in these areas result in increased demand for cash crops such as green fruits and vegetables, thereby driving structural adjustments in the agricultural industry. As the income generated from cash crops is significantly higher than that from grain crops, farmers who are rational in their decision-making, when faced with a decline in agricultural labor and land resources and an increase in prices, adjust the internal planting structure by increasing the planting area of cash crops and reducing the area of grain crops. This reduction in the area dedicated to food crops is intended to generate higher agricultural operating income while simultaneously reducing factor inputs in the food cultivation industry. Consequently, the food cultivation industry becomes increasingly marginalized, impeding the improvement of technical efficiency in food production.



3.3 Analysis of regional differences in county FTFP growth based on the Gini coefficient

Table 9 presents the Gini coefficients for county FTFP and its decomposition terms from 2010 to 2019. The analysis demonstrates that both the overall Gini coefficients for county FTFP and technical progress demonstrate a consistent upward trend over the examination period. Conversely, technical efficiency evinces a cyclical pattern, typified by a “downward-rising” cycle. It is noteworthy that there are considerable structural discrepancies between the overall Gini coefficients for county FTFP and its decomposition terms. Furthermore, the overall discrepancy in county food technical progress is markedly greater than that observed in technical efficiency. This finding indicates that regional disparities in county FTFP growth are predominantly influenced by variations in regional technical progress.



TABLE 9 Overall Gini coefficient for county FTFP.
[image: Table9]

Table 10 presents the intra-group Gini coefficients for county FTFP and its decomposition terms within the three major geographic regions. Upon examination of the longitudinal dynamics, it becomes evident that the Gini coefficients for FTFP and technological progress in the eastern counties exhibit an increasing trend. Conversely, in the central and western regions, these coefficients exhibit an increase from 2010 to 2016, followed by a decrease from 2017 to 2019. This indicates that the discrepancies in FTFP and technological progress within the eastern regions continue to widen, while the disparities within the central and western regions are gradually diminishing. When comparing horizontally, the Gini coefficients for FTFP and technical progress in western counties are found to be higher than those in the east and central regions, suggesting a higher degree of imbalance in food production and a “polarization effect” in the west. Nevertheless, the Gini coefficients for technical efficiency across disparate geographic regions are relatively modest, suggesting that the divergence in technical efficiency is not pronounced across these regions. In conclusion, it is imperative to enhance the spatial coordination and linkage mechanisms among different geographical regions and counties within the region.



TABLE 10 Intra-group Gini coefficients by geographic region.
[image: Table10]

Table 11 presents the intra-group Gini coefficients of county FTFP and the decomposition terms for various food functional areas. When a vertical dynamic comparison is undertaken, the Gini coefficient of county FTFP is observed to demonstrate an upward trajectory within the primary production area. However, a cyclical pattern is observed in the production and marketing balance area and the main marketing area, with fluctuations in the overall trend remaining relatively stable. The Gini coefficients of county food technological progress demonstrate a fluctuating trend in different functional areas, with a relatively stable fluctuation amplitude. Furthermore, the Gini coefficients of county food technology progress also exhibit a “rising-declining-rising” trend in different functional areas. It is noteworthy that the Gini coefficient of technical efficiency in different food functional areas experiences cyclical fluctuations of “down-up,” with some years exhibiting significant volatility. A horizontal comparison of the Gini coefficients of county FTFP and technical progress in the investigated period reveals that the Balance of Production and Marketing Area exhibits the greatest difference in terms of the other two areas, namely the Main Producing Area and the Main Marketing Area. This indicates that the greatest discrepancy between county FTFP and technical progress can be observed in the Balance of Production and Marketing Area, whereas the Gini coefficients of technical efficiency are typically smaller. In general, the differences between counties within different food functional zones with regard to FTFP and its decomposition terms are on the rise. The most pronounced intra-group differences are observed in the main production and marketing balance zones.



TABLE 11 Intra-group Gini coefficient for food functional areas.
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4 Analysis of drivers of county FTFP growth


4.1 Drivers and variable selection

This paper examines the impact of county financial deepening (finas), financial self-sufficiency (govz), population density (popu), farmers’ income level (income), economic development level (pgdp), and regional industrial structure (indust) on the FTFP. The variables selected and described below are as follows:

• The level of county financial deepening is measured by the county financial correlation ratio indicator, which is defined as the ratio of financial institution loans to GDP in each county area. The modern food production mode, driven by TFP, places greater emphasis on the contribution of various factors, in addition to traditional factor inputs, to the growth of food output. These include agricultural scientific and technological progress, the optimization of the factor allocation structure, the quality of factors, and so forth (Gautam and Yu, 2015). Furthermore, the process of scientific and technological research and development, as well as the rational allocation of factors and numerous other economic links, cannot be dissociated from the financial support of financial capital. Consequently, the level of financial deepening in the county area is positively correlated with the FTFP.

• The fiscal self-sufficiency of a government is gauged by the ratio of its general budget revenues to its general budget expenditures. A higher fiscal self-sufficiency of a government is indicative of greater financial self-sufficiency, which in turn implies stronger local economic strength, greater government “self-blood-creation” ability, and potentially higher government investment in the field of agricultural production. Consequently, the fiscal self-sufficiency of a government may have a positive impact on the FTFP.

• It is possible that there may be a negative correlation between population density and FTFP. This is because, as the population density increases, the land area per capita decreases, and the land parcels become smaller. Consequently, the characteristics of the area become less conducive to food production, and it becomes more challenging to improve the level of food yields through the economy of scale. The population density of a county is quantified by dividing the county’s total population by its administrative area.

• The income level of farmers (expressed in terms of disposable income of rural residents) is related to their incentive to grow food and investment capacity. A higher level of farmers’ income increases the investment of agricultural capital in the process of food production and the adoption of advanced agricultural production technology. This, in turn, positively affects the growth rate of FTFP. Nevertheless, at present, the proportion of farmers’ income derived from wages has been on the rise, while that derived from agricultural production has been on the decline. This shift in income sources will inevitably result in a reduction in farmers’ capital investment in food cultivation. Such a reduction will be detrimental to the application of advanced agricultural production technology and production methods, and will have a negative impact on the FTFP growth rate. Consequently, the relationship between the impact of farmers’ income and FTFP is uncertain in theory.

• The level of economic development is quantified by the gross domestic product (GDP) per capita. As economic development progresses, the transfer of non-agricultural employment from the agricultural labor force with a high level of human capital becomes increasingly pronounced. This transfer, however, has the unintended consequence of reducing the quality of the labor force in the food planting industry. Consequently, this is not conducive to the growth of FTFP. Concurrently, the higher the level of economic development, the greater the agricultural capital investment, which in turn stimulates agricultural technology progress, thereby promoting FTFP growth. Consequently, the relationship between the impact of economic development and FTFP is uncertain in theory.

• The regional industrial structure plays a pivotal role in determining the quality of economic development and the strength of the resources received. The development of the non-agricultural sector is conducive to the deepening of the agricultural capital, but if the relationship between agriculture and industry, and urban–rural relations is improperly dealt with, it will not be conducive to the “three rural” industry. In this paper, the proportion of the added value of the secondary industry and the tertiary industry in the GDP of a county is employed as a metric for gauging the alterations in the industrial structure of the county.



4.2 Empirical analysis


4.2.1 Smoothness testing

To guarantee the accuracy of the estimated parameters in the model and circumvent the phenomenon of “pseudo-regression,” it is standard practice to assess the degree of smoothness exhibited by panel data series prior to conducting regression analysis. This entails evaluating whether the panel data exhibit smoothness through unit root tests. There are two principal types of unit root tests: the LLC test and the Breitung method for homogeneous panel hypotheses, and the IPS, ADF-Fisher, and PP-Fisher methods for heterogeneous panel hypotheses. In order to ensure the robustness and persuasiveness of the results, this paper employs a number of different unit root tests, including the LLC test, the HT test, the Fisher-ADF test, and the Fisher-PP test. If the variables fail to reject the null hypothesis of the existence of a unit root in two or more tests, it can be concluded that the series is smooth. Conversely, if the variables are rejected, it indicates instability. The results of the tests are presented in Table 12. The table indicates that all variables pass the LLC test and Fisher-ADF test, while the majority of variables also pass the HT test and Fisher-PP test. Consequently, it can be concluded that all variables are stationary and can be subjected to regression analysis.



TABLE 12 Smoothness test results for variable data.
[image: Table12]



4.2.2 Empirical tests of drivers

This paper employs a random effects model along with a two-way fixed effects model (Two-way FE) for estimation. The optimal estimation model is determined through the application of the Hausman test. To mitigate the influence of data outliers on the regression results, the shrinking-tail method is employed prior to conducting the benchmark regression. The corresponding estimation results are presented in Table 13. It is observed that the Hausman test rejects the original hypothesis for all regression equations at a significance level of 5%. This indicates that the estimation results obtained from the two-way fixed effects model outperform those of the random effects model. Consequently, the analysis primarily focuses on the estimation results derived from the two-way fixed effects model.



TABLE 13 Analysis of Drivers of County FTFP.
[image: Table13]

As demonstrated by columns (2), (4), and (5) of Table 13, county financial deepening has a positive and significant impact on FTFP and technological progress at a 1% significance level. This indicates that county financial deepening exerts a considerable impact on FTFP and technological progress. Nevertheless, the estimation of technological efficiency is not significant, indicating that the impact of county financial deepening on FTFP primarily originates from its influence on food production technological progress rather than technical efficiency in food production. In general, financial savings in county areas serve as a crucial source of funds for agricultural technology innovation and technological advancement. Historically, rural areas in China’s counties have faced common financial constraints and interest rate control issues, which have constrained social savings growth. The implementation of interest rate control policies has resulted in the suppression of deposit interest rates in financial institutions, which has in turn hindered the efficiency with which county residents’ income is transformed into social savings. As financial reform progresses in counties, the government is gradually relaxing its interest rate control policies. The liberalization of interest rates in response to market forces is conducive to the establishment of equilibrium interest rates within the county’s financial market. Consequently, there has been a considerable increase in the propensity to save among residents and the overall amount of regional savings, which has resulted in an expansion of the pool of credit funds within the county’s financial system. Consequently, this enhances the supply of rural finance and credit, thereby facilitating agricultural technological innovation, transformation, and the acquisition of advanced agricultural machinery and equipment by agricultural entities. In conclusion, these financial support measures contribute to the growth of FTFP.

As illustrated in Table 13, there is a discernible correlation between the financial self-sufficiency rate and both FTFP and technological progress. Although the coefficient of food technical efficiency is positive, it did not meet the criteria for statistical significance. This indicates that the fiscal self-sufficiency variable exerts a significant influence on food production, particularly in terms of technical progress. A higher financial self-sufficiency rate is indicative of enhanced local economic strength and a government’s capacity to invest more in food production in accordance with the strategy of ensuring food security. In conclusion, the financial self-sufficiency rate allows for the expansion of FTFP.

As illustrated in Table 13, the population density variable is defined as the number of individuals per unit area. The population density variable has a significant negative impact on both FTFP and technological progress at the 1% level of significance. This indicates that a higher regional population density is an impediment to the growth of FTFP. As population density increases, the characteristics of “many people and little land, land parcels are scattered” become more prominent in the region. These characteristics are not conducive to large-scale food cultivation, thereby impeding the realization of economies of scale. Conversely, regions with low population density may facilitate the growth of FTFP by prioritizing the scale and intensification of grain cultivation.

According to Table 13, it can be seen that the coefficient of the farmers’ income variable on FTFP and technological progress is negative. Additionally, the coefficient of technological progress in food production passes the significance test at a 10% level. These findings suggest that an increase in farmers’ income leads to a reduction in FTFP. Currently, farmers’ wage income has become the primary component of their income structure, while income from agricultural production has declined. Consequently, farmers’ capital investment in food cultivation has decreased, impeding the adoption of advanced agricultural production technology and methods. This situation has a negative effect on FTFP and technological progress.

Table 13 indicates that the level of regional economic development exerts a net substitution effect on the impact of FTFP and technological progress, which aligns with the direction of the farmers’ income variable. A higher level of regional economic development is associated with a faster urbanization process and increased opportunities for farmers to earn non-farm income. This dynamic results in a continuous decline in the quantity and quality of the labor force engaged in food cultivation, as well as low profitability and high-risk attributes associated with food cultivation. Consequently, it becomes challenging to attract industrial and commercial capital to rural areas. In light of the constraints on labor and capital in food cultivation, agricultural businesses tend to adopt relatively unsophisticated management practices, which impede the growth of FTFP.

As illustrated in Table 13, the variable of industrial structure exerts a pronounced negative influence on FTFP, technological progress, and technical efficiency. The process of upgrading the regional industrial structure has the effect of further weakening the food plantation industry. As the production efficiency of the industrial and commercial sectors surpasses that of the agricultural sector, factors such as capital and talent are drawn to the non-agricultural sector, where higher returns are anticipated. Consequently, this results in a reduction in capital input for the food plantation industry, which ultimately has a negative impact on the growth of FTFP.




4.3 Discussion of environmental factors

The growth of FTFP is closely related to a number of factors, which, in addition to the economic system factors mentioned above, are influenced by climate, the state of arable land, water availability, and a number of other environmental factors. It is important to acknowledge that the lack of data on climate, natural conditions, water resources, and other pertinent factors at the county level in China presents a significant challenge in empirically analyzing the impact of these environmental factors on the FTFP in counties. Next, we will theorize the mechanisms by which these environmental factors affect FTFP.

The high degree of dependence of food production processes on climatic resources renders them susceptible to the effects of climate change. An increase in temperature results in a greater caloric requirement for food production, necessitating longer crop growing periods. Additionally, there is a northward shift in cropping system boundaries, with one- or two-crop areas being gradually replaced by two- or three-crop areas, which results in an increase in grain yields (Yang et al., 2010). However, extreme temperature changes can result in an increase in the frequency of disasters such as high temperatures and droughts, which directly impact the growth and production of food crops (Yang et al., 2022). Furthermore, the occurrence of extreme high temperatures has been observed to result in an increase in the prevalence and severity of pests and diseases, which in turn has been linked to a reduction in the viability of food crops, thereby impeding the growth of FTFP.

Cropland fragmentation refers to the spatial division of cropland owned by farmers, which is of different sizes, and the utilization of cropland is dispersed and disordered. In the case of fine fragmentation, the existence of ridges not only results in the waste of arable land resources (Chen et al., 2022), but also causes inconvenience with regard to field management. Furthermore, it restricts the large-scale operation of farmers and hinders the use of factors of production, such as agricultural mechanization, and the construction of farmland infrastructure (Zhao et al., 2023). Consequently, the fine fragmentation of arable land will result in a reduction in the efficiency with which agricultural production factors are allocated and will also lead to a decline in the technical efficiency of agricultural production.

The scarcity of water represents a significant constraint on food crop production. The scarcity of water can impede the growth and development of plants, affecting their photosynthetic processes and biomass accumulation (Gautam and Yu, 2015). This can ultimately result in a reduction in yields or even the extinction of food crops, which is detrimental to the growth of FTFP. In addition, the natural terrain is also a significant factor influencing the FTFP. Flat terrain provides optimal conditions for the implementation of mechanized farming and irrigation systems, thereby enhancing production efficiency. In contrast, complex and variable terrain may present challenges to farming operations, impede the implementation of technology, and diminish overall efficiency. Concurrently, topography serves to delineate regional climatic attributes and hydrological conditions, which in turn influence crop growth cycles and yields. These factors, in conjunction with the economic factors previously discussed, exert an influence on the overall FTFP.




5 Conclusions and policy implications


5.1 Conclusions and discussions

In this paper, the three-stage DEA-Malmquist productivity index model was employed to assess the FTFP in Chinese counties from 2009 to 2019. Subsequently, the Gini coefficient method with a fixed panel efficiency model was utilized to investigate the spatio-temporal divergence of FTFP growth in counties and its underlying drivers. The study’s principal conclusions are as follows:

Firstly, the county FTFP demonstrates a fluctuating upward trend during the period under examination, with an average annual growth rate of 2.43%. This is comparable to the findings of the studies conducted by Wang et al. (2020) and Zheng and Cheng (2021) for the corresponding period. However, the average annual growth rates of FTFP and TC estimated in this paper are lower than the average annual growth rates of agricultural TFP and TC estimated in existing studies (Gautam and Yu, 2015; Gong, 2018; Yin et al., 2022). Over the past two decades, China has witnessed a surge in technological advancement and output growth in livestock, aquaculture, and horticultural plantations, including vegetables, fruits, flowers, and other crops. In contrast, technological advancement and output growth in traditional grain farming have exhibited a slower pace of advancement relative to these other sectors. Accordingly, the TFP growth rate of the food plantation sector under examination is lower than the TFP growth rate of agriculture estimated by the majority of existing studies. This finding aligns with both theoretical expectations and realistic observations. Moreover, the findings of this study exceed the mean annual growth rate of ecological total factor productivity for food, as determined by Tian et al. (2024), which was 0.98% over the period 2012–2020. This is due to the fact that the calculation of ecological total factor productivity takes into account not only the inputs and desired outputs inherent to the production process, but also non-desired outputs, such as environmental pollution and resource waste. These non-desired outputs serve to increase production costs and reduce production efficiency. In contrast, total factor productivity primarily measures production efficiency without accounting for environmental costs. Consequently, the value of ecological total factor productivity is typically lower than that of TFP when environmental factors are taken into account.

Secondly, this paper also identifies that the average annual growth rate of county FTFP in different regions is uneven. The highest average annual growth rate of county FTFP is observed in the eastern region and the main grain-producing region, at 2.75 and 3.04%, respectively. In contrast, the western region and the main grain marketing area exhibited the lowest rates, at 1.44 and 1.23%, respectively. Furthermore, the Gini coefficients of county total factor productivity and technological progress demonstrate an upward trajectory throughout the examined sample period. This indicates that the discrepancy between food total factor productivity and technological progress is still expanding among different counties. This finding aligns with the conclusions of Yin et al. (2022), who analyzed panel data from 1,173 counties in China from 2000 to 2017 and reported a widening trend in regional differences in agricultural TFP growth. In addition, the county FTFP growth is primarily driven by changes in technological progress, while the core driving role of technical efficiency is not effectively played. This is also consistent with the findings of Yue et al. (2022) and Min et al. (2023) that FTFP changes are mainly influenced by the technical progress index.

Thirdly, with regard to the driving factors, county financial deepening and financial self-sufficiency exert a considerable positive influence on FTFP, primarily through their impact on technological progress. This is consistent with the findings of Liu Y. et al. (2023), which indicate that county financial development acts with FTFP through the promotion of technological progress. The level of county population density, the degree of economic development, the income level of farmers, and the industrial structure all exert a significant negative influence on county FTFP and technological progress. This is not consistent with the findings of Liu and Xie (2016), who found that farmers’ income and financial subsidies do not have a significant impact on food production. Over the course of the past four decades, the structure of farmers’ income has undergone a significant transformation, shifting from a predominantly agricultural income base to a primarily wage-based income stream. This shift has also witnessed a decline in the proportion of income derived from grain cultivation, and it has constrained farmers’ capacity to invest in food production. Consequently, the growth of food production efficiency is not influenced by farmers’ income, and may even be hindered by it, which aligns with the current state of China’s agricultural economy. Furthermore, the fiscal subsidy effect may be offset by the rising prices of production materials, resulting in a negligible impact. However, this paper’s research indicates that the fiscal input can indirectly influence the growth of FTFP by promoting the advancement of agricultural technology.

In addition to the economic factors previously discussed, food productivity growth is also influenced by a number of environmental factors, including climate, the status of arable land, and the availability of water sources. This is also consistent with the findings of Mohammadi et al. (2023), Rezaei et al. (2023), and Vadez et al. (2024).



5.2 Policy implications

In light of the aforementioned research conclusions, the following insights can be derived:

Currently, there are discernible disparities in FTFP growth across counties in disparate geographic regions and grain functional areas in China. It is thus imperative to devise differentiated grain industry development strategies. On the one hand, it is imperative to vigorously develop production organization modes such as cross-area operation of agricultural machinery and agricultural socialized services. This will effectively improve the county grain production efficiency differences between regions through the common sharing of resources, specialized division of labor and collaboration, and integrated construction of infrastructure between different counties. On the other hand, the strategic positioning and development direction of the grain industry in each county must be fully defined according to the characteristics of the industrial structure, development mode, and geographical characteristics of each county. This is essential for the precise design and implementation of urban and rural factor mobility, factor reconfiguration, and food-related industrial layout, as well as the formation of the staggered development and complementary advantages of the grain industry strategy.

From the viewpoint of driving factors, financial deepening and financial self-sufficiency in counties significantly and positively affect FTFP growth by promoting technological progress. Consequently, it is imperative that counties cultivate and develop novel technologies and innovative production methods that are compatible with food production. This will reinforce the core driving function of agricultural technological innovation, transformation, and the application of achievements, thereby promoting the continuous improvement of county FTFP. Concurrently, it is imperative to persist in the county’s financial market-oriented reform, prioritize the construction of a robust county financial ecology, and foster a fair, open, and secure financial environment. Concurrently, it is imperative to reinforce the notion that county financial institutions must cater to the advancement of agriculture and rural regions. Furthermore, it is essential to expedite the growth of inclusive finance within the county and enhance the accessibility of credit for rural customers with limited financial resources.

The level of population density in a county, the state of economic development, the income level of farmers, and the structure of the industrial sector have a considerable negative impact on the FTFP and technological progress of the county in question. Consequently, it is imperative to hasten the urbanization of counties, attract the remaining rural population to work and settle in cities, optimize the allocation of factors and the structure of the agricultural industry, and facilitate the transfer of rural land and the implementation of large-scale operations. Furthermore, while underscoring the necessity of industrial restructuring and economic growth, it is imperative to facilitate the transfer of sophisticated production techniques and industrial and commercial capital from the county’s industrial sector to rural areas. The promotion of agriculture through industry will facilitate the deepening of agricultural capital and the overall improvement of agricultural TFP.
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Criteria  Insect farming

Land use Low requirements for land
Wateruse | Low requirements for water
Low production of
Pollutants
greenhouse gases
“Transforms low-value
Recyding | matter into nutritious
insects by feeding
Insects can be used as
Use as feed

fishmeal

Madau etal. (97).

Livestock farming
High requirements for land
High requirements for water

Greenhouse gases such as carbon
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fishmeal
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Variable Underweight Normal p-value

(n=77)  weight (n =37)

Age (years) 240 (30) 226(33) 0021
Height (cm) 159.6(52) 1586 (6.2) 0483
Weight (kg) 44.1(3.1) 527(59) <0.001
BMI (kg/m?) 17.3(07) 209(16) <0.001
Hb (g/dL) 128(09) 13.1(10) 0021
He (%) 393(27) 40327) 0.081
Ferritin (ng/mL) 19.9(185) 240 (12.9) 0.146
Serumiron (g/dL) 81.6(31.1) 88.4(323) 0227
TIBC (pg/dL) 3327 (43.7) 3369 (33.9) 0511

Values are expressed as median (IQR) for ferritin and mean (SD) for other variables. Mann—
Whitney U test was used to calculate the p-values. BMI, body mass index; Hb, hemoglobin:
Ht, hematocrit; TIBC, total iron-binding capacity.
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Insect Compound Isolated compound  Biological activity References

isolated from

Blattodea
Periplaneta americana American Adult Isocoumarins periplatins A-D | Cytotoxic activities against 6)
(Linnaeus) cockroach human liver (HepG2) and
breast cancer (MCF-7) cells
Polyphaga plancyi (Bolivar) Chinese cockroach | Not determined Plancyamide A Antiproliferative 7
Plancypyrazine A
Plancypyrazine B
Plancyol A
Macrotermes spp. Termites Body surface Roseoflavin, Antibacterial (38,39)
8-methylamino-8-demethyl-  Antifungal
D-riboflavin
Natalamycin
Termisoflavones A-C
Coleoptera
Blaps japanensis Adult Blapsols A-D Anti-inflammatory 0
Holotrichia diomphalia (Hope) Larvae Tricin, palmitinic acid Antifungal (1)
eicosane
Hycleus oculatus (Thunberg) African blister Adult (R)- (+)-palasonin Anticancer (42,43)
H. tinctus (Walsingham) beetles Palasonimide
H. lunata (Smith) Cantharimide
Palasonin
Diptera
Hermetia Hlucens (L.) Black Soldier Fly Larvae wpyrone Antibacterial )
diketopiperazine
Hemiptera
Aspongopus Chinese stinkbug Not determined ()-Aspongamide A ‘Therapeutic agents for chronic (45, 46)
Chinensis (Dallas) kidney disease
Dactylopius Not determined Carminic acid Antioxidant 0

coccus (Costa)

Hymenoptera
Perga affinis (Kirby) Australian sawfly | Larvae Macrocarpal and grandinol ~ Antimicrobial against Bacillus 7
subtils
Polyrhachis dives (Smith) Chinese blackants  Adult (+)-Polyrhadopamine A, Used to treat rheumatoid and (48,49)
(+)-Polyrhadopamine B, osteo arthritis, inflammatory
(+)-Polyrhadopamine C, diseases, and central nervous
trolline, system.
(+)-Polyrhadopamine C Antiproliferative against
f-carboline-3-carboxamide  T-lymphocytes
5-(-indolylmethy)-
nicotinsaureamide
Tetraponera rufonigra (Jerdon)  Iron ant Adult Tetraponerines Neurotoxic 0
Antiproliferative
Apis mellfera (Linnaeus) Brazilian red Not determined Lupeol, lupenone, lupeol Antitumor [E)
propolis acetate
Lepidoptera
Byasa polyeuctes (Doubleday)  Taiwan butterfly Adult Papilistatin Antibacterial (2)
Anticancer
Orthoptera
Brachystola magna (Girard) Texas grasshopper | Adult Pancratistatin Anticancer (0
Narciclasine
Ungeremine
Schistocerca gregaria (Forsskil) | Desert locust Adult gut Desmosterol, (35, 50) Antimicrobial properties (%)

cholesta-8, 14, 24-trien-3-0l, 4, under investigation
4-dimethyl, (39, 20R)
cholesta-5, 24-dien-3, 20-diol
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Family Species Pollination Decomposition Reduction Food Reference

of food chain or
waste food web

Blatodea Termitidae Macrotermes spp. v v (©9)
Blattidae Periplaneta americana (L) v v
Coleoptera | Curculionidac  Rhynchophorus ferrugineus v v v (70-72)
(Olivier)
Dytiscidae Schoolhouse acupunctatus v v v
(Gyllenhal)
Dytiscus latissimus (L) v v v
Hydrophilidae  Cybister spp. v v v
Curculionidae  Metamasius spp. v v v
Scarabacidae  Anoplognathus viridiaeneus v v v
(Donovan)
Phyllophaga spp. N v v
Oryetes spp. v v
Tenebrionidae  Tencbrio spp. v v v
Zophobas morio (Fabr.) v v v
Lucanidac Lucanus cervus (L.) v v v
Lepidoptera | Cossidae Comadia spp. v vV v v (73,74)
Redtenbacheri spp. v v v v
Hesperiidae Aegiale hesperiaris (Walker) v v v %
Saturniidae Cirina butyrospermi (Vuillet) v v v v
Gonimbrasia belina (Westwood) v v v v
Psychidae Psychidae gen. N v v v
Crambidae Omphisa fuscidentalis (Hampson) v v v v
Sphingidae Macroglossum stellatarum (L.) v % v v
Bombycidae Bontbyx mori (L) N v v v
Hymenoptera |~ Vespidae Vespula vulgaris (L.) v 75)
Formicidae Occophylla smaragdina (Fabr.) v v v (76,77)
Camponotus inflatus (Lubbock) v v v
Occophylla longinoda N v v
(Latreille) v v v
Myrmelachista schumanni v v v
(Emery)
Atta spp. v v
Apidae Apis spp. v v
Bombus spp. v v
Xylocopa spp. v v
Trigona spp. v v
Orthoptera Pyrgomorphidae  Sphenarium purpurascens v (78-81)
(Charpentier)
Acrididae Locusta migratoria (L) v
Gryllidae Oxya hyla (Serville) v
Acheta domestica (L.) v v
Gryllidae Gryllus veletis (Alexander & v v
Bigelow)
Tettigonioidea | Tettigonia viridissima (L.) v v
Hemiptera | Aphididac Aphididac spp. v on
Cicadidae Magicicada spp. v

indicates the service rendered.
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Insect species Common name Consumption stage ost pla E Y
Coleoptera
Heteroligus mele (Billberg) Yam beetles Adult Dioscorea spp. (©9)
Rhynchophorus phoenicis Fabr) | African palm weevil Larvae Elacis guineensis (100)
Oryctes monaceros ( Coconut beetle Phoenix dactylifera
Raphia spp., and
Cocos nucifera
Lepidoptera
Leuconodeslaisalis Walker Egg fruit borer Larvae Solanum anguivi, Solanum oy
incanum, Solanun linnacantum,
Solantum macrocarpon, Solanum
melongenum, Lycopersicon
esculentum and Capsicum annuum
Spodoptera frugiperda (Smith) | The fall armyworm Larvae Zea mays and (102,103)
Spodoptera littoralis African cotton leafiorm Larvae Ricinus communis
(Boisduval)
Cirina forda Larvae Vitellaria paradoxa 102)
Hemiptera
Agonoscelis versicolor (Fabr)  Sudan millet bug Adult Sorghuum spp. (109)
Orthoptera
Ruspolia spp. Long-horned grasshopper Adult Ageratum conyzoides (L., Citrus 3
R differens (Serville) depressa Hayata, Cynodon dactylon
R nitidulis vicinus (Walker) (L), D. gayana, Eragrostis
‘mexicana Hornem, Eucalyptus
saligna SM., Indigofera arrecta
Hochst. ex A. Rich, Persicaria
nepalensis (L.), and Sorghum
halepense (L)
Kraussaria angulifera (Krauss) | Senegalese grasshopper Nymph and adult Cenchrus americanus (103)
Nomadacris septemfasciata Red locust Adult Echinochloa pyramidalis, Cynodon a3
(Audinet-Serville) dactylon and Cyperus spp.
Schistocerca gregaria (Forsskil) | Desert locust Adult Sorghum spp., Vigna unguiculata, )
Manihot esculenta,
Abelmoschus esculentus and Zea
mays
Acrida turrita (L) Long-headed Adult Vigna unguiculata, ©9)
grasshopper Manihot esculenta and
Abelmoschus esculentus
Zonocerus variegatus (L.) Variegated grasshopper Adult Chromolaena odorata, 102)

Vigna unguiculata,
Manihot esculenta and

Abelmoschus esculentus
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Vector Pathogen group  Type of pathogen Pathology notes Reference

Crickets Bacteri Acinetobacter, Enterococcus Water- or food-borne disease in humans (109)
Crickets Bacteria Bacillus cereus isted as biologically hazardous in edible insects a1y
Crickets and locust Gordiidac Intestinal parasites (119
Crickets and locusts Fungi Nosema spp. Decrease dry matter consumption, increase

mortality in mass-reared insect colonies and reduce

profitabli
Cockroaches Protozoans Gregarine spp; Nyctotherus spp. | Deprive insects of nutrients and compromise the

immune system, reproduction and lifespan
Cockroaches Nematode Thelastoma spp; Lower fat content of insect body

Hammerschmidiiclla diesigni

it)

(Hammerschmi
Crickets and locusts - Steinernema spp. Have a special structure for storing the bacteria.

Once inside the insect’s body, the bacteria are

released that produce toxins, which kill the insect,
Mealworms, house crickets, Protozoans Cryptosporidivum spp. Cause chronic diarrhoea in reptiles

cockroaches and locusts

Mealworms, house crickets, Protozoans Isospora spp. Cause isosporiasis in both immunosuppressed

cockroaches and locusts humans and in animals who ingest oocytes

Mealworms, cockroaches and | Protozoans (Ciliates) | Balantidium spp. Can cause balantidiasis in humans and animals a7
Tocusts

Mealworms, cockroaches and  Amoeboids Entamocba spp. (E. histoytica | Can cause dysentery in humans, animals, reptiles, i)
Tocusts and E. invadens) and amphibians

Mealworms, house crickets, | - Cestoda Colonize insects and aids in transmitting tapeworms (110)
cockroaches and locusts 10 birds, insectivorous animals, and humans

Mealworms and cockroaches | Nematodes Pharyngodon spp. Colonize wild and captive animals, e.g, lizards

Mealworms, house crickets, | Nematodes Physaloptera spp. Influence insect behavior

cockroaches and locusts

Mealworms and cockroaches | Spiruroidea Colonize mainly animals, but can also infec thumans
who consume infcted intermediate hosts

Mealworms and cockroaches  Thorny-headed worms  Acanthocephala Decreases immune reactivity in cockroaches. Can

compromise glycogen and lipid levels in crustaceans

Cockroaches Arthropods Pentastomida Causes pentastomiasis in wild and captive reptiles
Black soldier fly larvac/rearing  Bacteria Staphylococcus aureus, Could be pathogenic to livestock fed contaminated (1)
substrates Clostridium, Escherichia coli, feed supplements (larval meal)

Salmonella and Enterococcus

Frass of black soldier fly larvae | Phytopathogenic fungi | Cercospora Cause irregular and unhealthy leaf appearance in 13

lettuce plants
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Enroliment

Households Assessed for

eli

bility n=150

Excluded =40
Not meeting the inclusion criteria= 35
Decline to participate = 5

110 children 6-23 months of age

January 2018-June 2018
(Assesment,recurutment & baseline data
collection period)

Allocated to Intervention Arm, n=57
Baseline information along with
Anthropometric and dietary data collection. Blood
sample collection for Vitamin A, Vitamin D, Zinc,
Hb, and Albumin

Allocation

1

Supplementation & follow-up period
July 2018 ~June 2019
follow-up, n=57
(Declined follow up n = 0)

January 2018-June 2018
(Assesment,recurutment & baseline data
collection period)

Allocated to control Arm, n=53
Baseline information along with
Anthropometric and dietary data collection. Blood
sample collection for Vitamin A, Vitamin D, Zinc,
Hb, and Albumin

I

Follow-Up

Endline Analysis :

Completed the study &provided final blood
sample (n=57)
No loss to follow-up
Endiine assessment including collection of
Anthropometric,comorbidity data and dietary
data. Blood sample collection for Vitamin A,
Vitamin D, Zinc, Hb, and Albumin

Supplementation & follow-up period :
June 2018 - January 2019
follow-up, n=53
(Declined follow up n = 0)

G —— .
Analysis

Endline Analysis :

Completed the study &provided final
blood sample (n=53)
No loss to follow-up
Endiine assessment including callection of
Anthropometric,comorbidity data, and dietary
data. Blood sample collection for Vitamin A,
Vitamin D, Zinc, Hb, and Albumin
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Baseline characteristics Intervention ~ Control

N (%) N (%)

Socioeconomic Status of households
(HHs*) n (%)

Poor 36 (63.1) 33(622)
Non-poor 21(368) 20(37.7)
Mother age (years)

Mean (+ SD) 3005 (54) 3149 (55)

Mother education
Primary or above 10(17.5) 7032)
No formal education 47 (82.4) 46 (86.8)

Mother work status

Paid Work 6(105) 5(9.4)

House wife 51(89.4) 48(90.5)
Father education

Primary or above 45(789) 40 (75.4)
No formal education 12210) 13(245)
Father work status

Paid work 39 (68.4) 44(83.0)
Unemployed 18(31.5) 9(16.9)

Family structure n (%)

Single 6(105) 9(169)
Joint 51(89.4) 44(83.0)
Age of child in month (mean +SD) 167 (4.2) 168 (4.7)

Gender of child n (%)

Male 32(56.1) 24(453)
Female 25(43.8) 29(54.7)
Childhood specific morbidities (in the previous month)

Diarthea n (%)

No 51(89.5) 49(92.4)
Yes 6(10.3) 40735)

Acute respiratory infections 1 (%)

No 44(77.2) 39(73.6)
Yes 13 (228) 1426.4)
Required vaccination status of the child 1 (%)

Complete 47 (82.4) 45 (84.9)
Incomplete 10(17.5) 8(15.0)
Breastfeeding in the first hour after birth 1 (%)

No 15(263) 12(22.6)
Yes 42037 41(77.3)
Exclusive breastfeeding 1 (%)

No 6(10.5) 7(13.2)
Yes 51(894) 46 (86.7)
Age of complementary feeding introduction (mean D)

(Mean D) 661 (1.9) 654(19)

A household is a group of person who live under one roof and sharing the same kitchen.
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Records identified from Pubmed
(n=2,349)

Records marked as ineligible and
removed before screening
(n=2191)

]

Article title & abstract screened

Articles excluded
(n=43)

(n=158)

Articles sought for retrieval

(n=115)
!

Articles not retrieved (n = 3) as
the full texts could not be found

Article assessed for eligibility
with full text screening

Articles excluded as ineligible
(n=70), mainly due to no
dietary assessment studied

(n=112)
!

Articles included in full text

review

Articles excluded due to
duplication between searches
(n=5),

(n=42)
Articles included in review
(n=37)
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Parameter Descripti

Population Restricted to studies on humans, Only healthy, free-
living populations wil be used. Studies in clinical

settings or allergens will be excluded. There are no

geographical limitations.
Interventions Inclusion criteria: any study with objective of
‘measuring participants dietary intake from forest, tree,

wild, or neglected foods over a reference period.

Comparators All comparators are used.
Outcomes, Inclusion criteria: any measure of dietary intake.
Study design Inclusion criteria:al study designs, published in

English. Exclusion criteria: editorials,leters,
comments, conference reports, and expert opinions will
be excluded.

Year There were no restrictions regarding the date of

publication.
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Reference Country Study period Sample size (n) Study design Dietary assessment

method

Ahenkan and Boon (37) Ghana April-July 2009 Household heads (200) Cross-sectional Structured questionnaire: no
specific dietary assessment

method specified

Belahsen etal. (35) Moraceo Not specified ‘Women and men from both | Cross-scctional Quantitative FFQ, including
rural (35%) and urban (65%) 130 foods from 9 food
areas (not specified) ‘groups; focus group

discussions o collect recipes

and their preparation

Belanger etal. (39) India September-December  Women (100) Cross-sectional Qualitative 7-day FF
2017 quantitative 24-HR
Benhura and Chitsaku (10) Zimbabwe January, May, and Households (438) Cross-sectional 7 consecutive qualitative,
August 1988 mainly open ended 24-HRs
Blanchet etal. (41) Canada February-August 2018 Women (70%) and men aged | Cross-sectional Quantitative 24-HR; second
>19years (265) 24-HR among 19% of

participants

Campbell (12) mbabwe August 1983 (dry Households (225) Cross-sectional Qualitative 24h recall; non-
season) standardised method to
recall foods consumed more
frequently than weekly; but

not captured in 24-HR

period
do Nascimento et al. (13) Brazil January 2008 and Women (66%) and men (68) -sectional Two ‘modified qualitative
January 2010 (end of 24h recall in which
the dry and rainy participants cited the plants
season) consumed in the last week
Dopetal. (11) Tunisia November 2014~ ‘Women aged 20-49 years Cohort study 4 qualitative 3 month FFQs
October 2015 (584)
Dounias et al. (45) Indonesia June, September,and  Households (43) and Cross-sectional 2-4 consecutive comparative
December 2003; March | Households (20) quantitative 24h food
and July 2004 and consumption surveys; 20day
September-November semi-quantitative food
2004 survey
Fungo etal. (46) Cameroon May 2012 Non-pregnant and non- sectional 2 non-consecutive
lactating women aged quantitative 24-HR;
>18years (279) qualitative 7 day recall
Golden etal. (47) Madagascar March 2008-February  Houscholds (28) with Prospective cohort Self-administered daily
2009 children aged 5-12years (77) quantitative diet calendar,
recording the type (i,
chicken, duck, fish, beef,
pork, or species of wildlife)
consumed by the household;
observations permitted the
aleulation of a mean
proportion of stew typically
consumed by individuals by
summingall spoonfuls
consumed and then
aleulating an individuals
allotment
Golden etal. (45) Madagascar July 2013-March 2014 Households (152) with Prospective cohort Quantitative daily
individuals of both sexes household diet records (i.c.,
aged 6months-73years (719) female head of household
recorded the weight of all
food that was cooked in the
household for three meals
per day every day); out-of-
household consumption
data were reported monthly,
with frequency of
consumption during the
month recalled by the
respondent.
Kaufer etal. (49) Micronesia Baseline: June-August | Women (40) Single-group, pre-post  Quantitative 7 day FFQ,
2005; End test including 33 food items and
August 2007 200 subitems; 2 non-
consecutive quantitative
20-HR
Kent and Dunn (50) Botswana May-August 1988; Household members (#not  Cohort study Daily qualitative 24-HRs
May-August 1989 specified)
Kolahdoozetal. (51) Canada Not specified Non-pregnant and non- Cross-sectional
lactating women (80%) and culturally appropriate
men aged >19years (213) quantitative 1 month FFQ
Kruger etal. (52) South Africa Not specified Women aged 18-57 years Cross-sectional Adapted 1 week food coping
a3 strategy questionnaire
throughout 1 year during 5
seasonal periods: early
summer, late summer,
autumn, winter, and spring
Liberda etal. (53) Canada 2005-2009 Women (57%) and men aged | Cohort Quantitative 24-HR and
>8 years (1,429) traditional FFQ, including
67 food items
Manios etal. (54) Greece February-March 2003 Women (72) Cross-sectional 3 non-consecutive
(wild green season); quantitative 24-HRs

August-September

2003
Mansuri etal. (55) Canada 2003-2005 Women (59%) and men aged | Cross-sectional Quantitative 3 month FFQ,
>12years (445) including 36 food items;
adapted structured 1 month
vitamin D questionnaire on
sun exposure and dietary
sources of vitamin
MKaibi etal. (56) Kenya Not specified (dryand  Children aged 24-59months | Cross-sectional 2 non-consecutive
rainy seasons) (525) quantitative 24-HRs per
season
Ndaba and O'Keefe (57) South Africa October-November  Women (66%) and men Cross-sectional Qualitative 1 month FEQ
1983 (869)
Newenyaetal. (55) Tanzania February-May (rainy  Households (307) Cross-sectional Qualitative household 24-
season); September- HR
October 2011 (post-
‘harvest season)
Oduor etal. Kenya September-October  Children aged 12-23month  Cross-sectional 2 non-consecutive
2014; March-April (634) quantitative 24-HRs
2015
Ogle etal. (60) Vietnam 1997-1998 (rainy ‘Women aged 19-60 years. Cross-sectional Adapted quantitative 7 day
seasons) (196) FFQ
Penafiel etal. (25) Ecuador March-May 2011 Non-pregnant and non- Cross-sectional 2 non-consecutive
lactating women (178) quantitative 24-HRs
Powel etal. (61) Tanzania March-May (rainy Children ages 2-3yearsand | Cross-sectional Qualitative 7 day FFQ; 2
season); September-  their mothers (274 rainy non-consecutive
October 2009 (dry season; 129 dry season) quantitative 24-HRs (rainy
season) season) Qualitative 7 day
uantitative 24-HR
(dry season)
Powell etal. (62) Morocco March-April 2005 Households (103) Cross-sectional Qualitative 7day household
FFQ
Raoetal. (53) India Not specified Children aged 1-6years Cross-sectional Quantitative 24-HR
(1,401)
Robinson and Remins (64) Central Affican | June-August 2012 Women >18years (60) Cross-sectional Qualitative 24-HR;
Republic qualitative 7 day FFQ
(©9) Ecuador March 2009 Children aged 2-6 years Quasi-experimental Semi-quantitative FEQ
(160)
Skreden et al. (66) Norway 1999-2008 Pregnant women (55,056) | Cohort Quantitative FFQ, including
225 food items
Tata etal. (67) Cameroon July 2013, February Women (247) Cross-sectional 3 qualitative 24-HRs
2014, and February
2016
Taylor etal. (65) United Kingdom ~ 2008-2010 Adults <65years (#1031); Cross-sectional cohort | 4d quantitative diet diary
children >15years (#1095) | study
Termote etal. (69) Democratic July-September 2009 Non-pregnant and non- Cross-sectional 2 non-consecutive
Republic of Congo lactating women (492) quantitative 24-HRs
Termote etal. (70) Kenya February-June (dry  Women, pregnant women, | Cross-sectional Ethnobiological inventory
season); July-August  lactating women, and by focus group discussions;
(wet season) 2012 children aged 6-23 months individual interviews and
(ot specified) focus group discussions to
identify culturally acceptable
average consumption
frequencies of al foods
Van Dijk etal. (71) Cameroon September 1997~ Households (30) Cross-sectional Daily records on the product
October 1998 flow of non-timber forest
products and agricultural
produce fora period of
more than 1year
Wesche and Chan (72) Canada 1997-2000 Women and men aged Cross-sectional Quantitative 3 month FFQ

>15years (not specified)

24-HR, 24 dietary recall; FFQ food frequency questionnaire.
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Crude model Adjusted model

Macronutrients in Standardized p-value Standardized p-value

the model coefficient (SE) coefficient (SE)
Model including fat Fat ~1.55 (0.69) 0.025% ~1.40 (0.70) 0.045%
and carbohydrate Carbohydrate 038 (0.69) 0582 0.38(0.70) 0589

Energy ~0.28(0.69) 0.682 ~031(0.69) 0,655
Model including fat Fat —171(0.68) 0012% —155(0.64) 0.016*
and protein Protein ~0.05 (0.68) 0.936 0.08 (0.64) 0906

Energy ~0.27(0.67) 0.682 ~0.28(0.64) 0.660
Model including Protein ~0.25(0.57) 0.663 ~0.04(0.64) 0946
protein and Carbohydrate L01(0.57) 0.080 112(064) 0.083
carbohydrate

Energy ~0.24(0.59) 0.688 ~0.29(0.64) 0.657

The crude models were adjusted for energy intake (kcal). The models were further adjusted for BMI and age. Hb, hemoglobin. p<0.05.
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TP (g/dL) 046 457 <0.001
Albumin (mg/dL) 045 142 <0.001
IGF-1 (ng/mL) 042 404 <0.001
EAA (umol/L) 026 230 0.024

Pearson's correlation coefficient, -value, and p-value were determined among all
anderweight participants. TP, total protein; IGF-1, insulin-like growth factor-1; EAA,
sential amino acids.
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Moisture SPC Protein Total protein (% d.b.) QOil (% d.b.) Crude fiber (% d.b.) Ash (% d.b.) Total

(%) yield recovery carbohydrate
(%) (%) (% d.b.)
LESF1 456 4820 & 0.09 b 800 & 088 a 571 & 08  a | 58 & 002  a 37.91
SPC-1 9.77 7118 9110 6168 034 a 481 & 017 b 997 167 b 420 & 002 b 2031
SpC-2 7.65 69.49 8830 6125 & 0.10 a 460 & 007 b 907 & 047 ab | 428 & 000 b 2987
SPC-3 864 69.40 8835 6136+ 029 a 47 + 027 b 1078 o+ 19 b 413+ 013 b 2977

LESE low-fat soy flour; SPC, soy protein concentrate. **Means with different superscript letters within each column parameter are statistically from each other, after One-Way ANOVA and the Fisher’s LSD post hoc test (p<0.05).
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PV (mEg/kg oil sample) MDA (pg MDA equivalents/g Hexanal conct. (ppm)

sample)
LESF1 1203 + 097 a 1833 . 015 a 100 + 007 a
SPC-1 547 + 050 b 669 + 020 b 070 s 006 b
SPC-2 651 + 049 b 645 + 043 b 066 + 006 b
SPC-3 552 + 046 b 659 . 024 b 067 + 003 b

LESE, low-fat soy flour; MDA, malondialdehyde; SPC, soy protein concentrate; PV, peroxide value. “*Means with a different superscript ettr within the same column are statisticaly diferent
from each other at p<0.05.
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Raw Mixing process Total protein of

material parameters SPCs (% d.b.)
Time  Temperature
(min) (°C)
DSE Raw material 5105 & 20 ab
30 2 464 £ 04 b
60 2 5067 | £ 08 b
30 60 5138+ 06 a
DTSE Raw material 5035 & 08 b
30 2 5468 & 21 a
0 2 sa41 00 a
30 60 5250 | £ 19 ab
LESFI Raw material 21 | £ 23 b
30 2 @70 & 04 a
60 2 @39+ 09 a
30 0 6256 & 20 a
LESE-2 Raw material a8+ 04 b
30 2 6086  + L1 a
60 2 632 |+ 13 a
30 60 6157 & 09 a

DS defatted soy flours DTSF, defatted toasted soy flours LESF, low-fat soy flour; and SPC,
soy protein concentrate. “Means with a different superscript letter within the same sample
type are statistically different from each other (p<0.05).
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Nutritional
indicators

Model 1 results*

Model 2 results**

WHZ
WHZ<-3
-3<SWHZ<-2
-2<WHZ
MUAC
MUAC<115
115<MUAC<125
125 <MUAC
MUACZ

MUACZ<—3

-3<MUACZ<-2
~2<MUACZ
EDEMA

No

Yes

Adjusted RR
(95% CI)

24(1.9-29)
1.7(1.4-2.0)

11(09-1.3)
11(0.9-1.4)
1

<0001

0331

Not included in model 1

26 (1.8-2.4)

<0001

Adjusted RR I3
(95% CI)
<0.001
23(19-28)
17(14-2.0)
1

Not included in model 2

0.064
1.2(1.04-
15)
12(09-15)
1
<0001
1
20(1.8-2.4)

R, reative isk; CI, confidence interval; MUAC, mid-upper arm circumference; MUACZ,
mid-upper arm circumference for age; WHZ, weight for height index. *Results Model 1
adjustment of MUAC and WHZ indicators with age, sex, presence or absence of nutritional
edema, chronic malnutrition and infectious diagnosis. **Results Model 2: adjustment of
MUACZ and WHZ indicators with age, sex, presence or absence of nutritional edema,
chronic malnutrition, infectious diagnosis and years of follow-up.
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WHZ: Weight-for-height Z - score; MUAC: middle upper arm circumference; MUACZ: middle upper arm circumference for age; RR: Relative

Risk, Cl: confidence interval
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Variables % or mean (SD) or

median (P25-P75)

Male 533
Female 467
Age (months) 23 (12-36)**
611 28
12-23 291
24-59 48.1
WHZ# ~1.25 (1.39)*
WHZ<-3 15
3SWHZ<-2 169
2SWHZ 716
WAZ##% -248 (1.5)*
WAZ<-3 391
3SWAZ<-2 24
2SWAZ 375
HAZ##* ~2.84 (1.79)*
HAZ<-3 489
3<HAZ<-2 212
2<HAZ 299
MUAC (mm) 1312 (166)*
<115 149
115<MUAC<125 169
2125 652
MUACZ###* ~1.81 (1.55)*
MUACZ<-3 218
3<MUACZ<-2 204
2<MUACZ 578

Nutritional edema
No 698
Yes 302

Infectious diagnosis

No 173
Yes 827
Malaria 399
Gastroenteritis 134
Pneumonia 83
Septicemia 64
Meningitis 13
Skin infection (scabies) 13
Measles 2

Oitis 09
Other 92

“Mean (SD); **Median (P25-P75). WHZ, weight-for-height Z-score; MUAC, middle upper arm circumference; MUACZ, middle upper arm circumference for age Z-score; WAZ, weight for
age Z-score; HAZ, height for age Z-score. ***based on the current WHO child growth curves (25).
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Classification of
malnutrition based on WHO Numbers (%)
curves

Marasmus 1,064 (10.7)
Mixed 864 (87)
Kwashiorkor 2,145 (21.5)
MaM 1433 (14.4)
No AM 4463 (44.8)
oM

Yes 6,981 (70.1)
No 2,988 (29.9)

Underweight
Yes 6,231(62.5)
No 3738(37.5)

Nutritional status

SAM and CM 3,505 (35.2)
SAM only 568 (5.7)
MAM and CM 1,046 (10.5)
MAM only 387 (3.9)
CM only 2430 (24.4)
No malnutrition 2033 (20.4)

MAM, moderate acute malnutrition; SAM, severe acute malnutrition; CM, chronic
malnutrition, AM, acute malnutritios
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RR (95%

\ELELIES % of death I

Age (months) 0753

61011 (n1=2,273) 82 11(09-12)

1210 23 (n=2,897) 82 1.1(0.9-1.2)

241059 (n=4,79) 78 1

Sex 0,003

Male (1=5,310) 72 1

Female (n1=4,659) 88 12(11-14)

Infection 0784

No (n1=1718) 78 1

Yes (1=8216) 80 10(0.9-1.2)

MUAC <0.001

MUAC< 115 (n=1,481) 138 22(19-26)

115SMUAC<125 " 1.6(1.4-19)

(n=1,685)

125 <MUAC (1=6,803) 62 1

MUACZ <0.001

MUACZ< =3 (n=2,172) 125 21(18-25)

~3<MUACZ<-2 s 16(1.3-19)

(n=2032)

~2<MUACZ (n=5,765) 58 1

WHZ <0.001

WHZ<— 3 (n=1,146) 164 28(24-33)

—3<WHZ<-2 19(1.6-23)

(n=1686) "

—2SWHZ (1=7,137) 59 1

Edema <0001

No (11=6,960) 64 1

Yes (1=3,009) 16 18(1.6-2.1)

AM <0.001
s 24(21-28)

MAM (n=1,433) 70 14(11-18)

No MA (n=4,463) 48 1

oM <0.001

Yes (1=6,981) 86 13(11-16)

No (11=2,988) 65 1

R, relative risk; CI, confidence interval; AM, acute malnutrition; CM, chronic malnutrition;
MUAC, mid-upper arm circumference; MUACZ, mid-upper arm circumference for age:
WHZ, weight for height index.
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Essential amino SPC2 SPC3 FAO/WHO

acid (mg/g amino acid
protein as is) reference
pattern

Histidine 3165 3144 3582 3265 19
Isoleucine 3714 3441 3355 3435 2
Leucine 6137 60.77 6173 6149 66
Lysine 8157 8281 8163 7081 58
Methionine + Cysteine 2692 2797 2629 2845 2
Phenylalanine +

7234 7024 6854 7467 6
Tyrosine
Threonine 3826 4037 3460 3535 3
Tryptophan 1391 1258 1220 1231 n
Valine 3988 3257 36.40 3665 35
In Vitro Protein Casein control 95.2% 95.5% 94.6%
Digestibility (IVPD) (%) 1000001 9L1£0.001 95.1:£0.005%*
AAS 0975 0921 0935 0932
LEAA Leucine Leucine Leucine Leucine

0.8 089 0.8
PDCAAS
0.89+0001 088001

AAS, amino acid score; LESFI, low-fat soy flour-1; LEAA, limited essential amino acid; SPC 1-3, three separate batches of soy protein concentrate. NS =no statistical significance. *p <0.05,
determined by the student’ t-test, between the LESF1 and SPC samples.
“The average in vitro protein digestibility value of three batches of SPC produced from LESF1.





OPS/images/fnut-10-1075800/crossmark.jpg
©

2

i

|





OPS/images/fnut-10-1075800/fnut-10-1075800-g001.jpg
Total children in the HPL
database (n=17873)

Children Excluded:(1) missing data on age (n=515), sex
(n=60), PBR (n=465), edema (n=178), discharge status
(n=433), height ( n=89), (2) children under 6 months
(n=1649) and children over 59 months (n=3297)

Total children 6-59
months (n=11187)

Children excluded for the values of the parameters and
anthropometric indices outside the thresholds defined
by the WHO (n=1218)

Total children selected
for analyzes (n=9969)
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LIESEL (S SPC] SPC  Casein

1 control®

Non-essential AA (¢/100g sample as is basis)

Aspartic acid 4.16 3.77 424 394 524
Serine 290 333 352 337 3.00
Glutamic Acid 6.09 5.60 6.59 6.68 16.14
Proline 181 2.06 1.80 1.96 7.61
Glycine 252 327 348 304 120
Alanine 213 245 247 240 201
Arginine 3.69 429 429 3.86 279
Cysteine 077 078 076 078 027
Tyrosine 143 179 166 198 450

Essential AA (g/100g sample as is basis)

Histidine 146 175 203 183 214
Isoleucine 171 192 190 193 401
Leucine 296 3.38 349 345 7.00
Lysine 375 4.61 462 397 228
Methionine 047 078 073 0 400
Phenylalar 1.90 212 222 220 297
“Threonine 176 225 1.96 198 6.34
Tryptophan 061 070 | 069 | 069 117
Valine 183 181 2.06 205 479

AA, amino acid; LESF, low-fat soy flour-1; SPC 1-3, three separate batches of soy protein
concentrates *Amino acid composition of the casein control was provided by the
Megazyme™.






OPS/images/fnut-11-1336864/fnut-11-1336864-t002.jpg
Variables Categories

Residence Urban
Rural
Community-maternal education Low

Community poverty

Community media exposure Low
High

Region Central Africa
Eastern Africa
Western Africa

Southern Africa

Weighted frequency
55963
124354
84324
95,993
89,400
90917
96911
83,406
35255
64207
74295

6,560

Percentage (%)
3104
6896
4676
5324
4958
5042
5374
4626
1955
3561
4120
364
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Variables Categories Weighted frequency Percentage (%)

Child age (in months) 6-11month 22593 1253
12-23month 4201 2334

24-35months 39301 2180

36-47 months 39,022 2164

48-59 months 37310 2069

Child sex Female 89,339 4955
Male 90978 5045

Child twin status Single 174,677 96.87
Multiple 5,640 313

Duration of pregnancy Preterm 20578 1141
Term 150472 8345

Post-term 9,267 514

Duration of breastfeeding still breastleeding 55,069 3054
never breastfed 15,466 858

ever breastfed, not now 109,781 60.88

Birth order 15t 37,820 2097
2nd or 3rd 63,423 3517

4th or 5th 41722 2.4

6th or above 37,352 2071

Household wealth index Poor 88,980 4935
Middle 34323 19.03

Rich 57014 3162

Maternal educational status No education 71,763 39.80
Primary 59,882 3321

Secondary 41,566 2305

Higher 7,106 394

Maternal working status Not employed 77,140 4278
Employed 103,177 57.22

Family size o3 17,441 967
4106 80,722 4477

7and above 82,154 4556

Media exposure Yes 82279 4563
No 98,038 5437

Sex of household head Male 139,357 77.28
Female 40,960 272

Source of drinking water Protected 114,532 6352
Unprotected 65785 3648

type of toilet faclity Improved 79,883 4430
Not improved 100,434 5570

Had a fever in the last 2 weeks Yes 39,395 2185
No 140,922 78.15

Had diarrhea in the last 2 weeks Yes 28731 1593
No 151,586 8407

Had a cough in the last 2 weeks Yes 38314 2125

No 142,003 78.75
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1. Regency/city 1

Perceﬁtage
Stunting 1.1. South Tapanuli Regency 39.4%
1.2. Padang Lawas Regency 35.8%
1.3. Mandailing Natal District 34.2%
1.4. Pak Pak Bharat District 30.8%
1.5. Central Tapanuli Regency 30.5%
1.6. Humbang 29.6%
Hasundutan District
1.7. Nias Regency 29.4%
1.8. North Padang 29.2%
Lawas Regency
1.9. Padangsidampuan City 28.8%
1.10. Dairi District 28.6%

Source: Processed from the 2022 Indonesian Nutrition Status Survey (SSGI) of the Ministry
of Health of the Republic of Indonesia (2).
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References Study design Study period Sample Operational Prevalence

size definition (%)
(cm)
Birara Aychiluhm Afar Facility-based cross-sectional From 20 September to 5 387 MUAC < 22 309
etal. (43) study October 2020
Endalifer etal. (41) Tigray Facility-based cross-sectional From 1 April to 20 June 321 Below 22.5 223
study 2017
Fite etal. (32) Oromia Community-based study From 10 March to 31 434 MUAC < 22 34
March 2015
Arero (29) Oromia Community-based study From November 2020 to 420 MUAC < 23 44.9
December 2021
Gebremichael etal. Oromia Community-based study From 30 January to 30 1026 MUAC <23 43.8
(30) April 2021
Nigatu et al. (44) Gambella Community-based study From March to April 338 MUAC <21 28.6
2014
Tesfaye et al. (34) SNNPR Facility-based cross-sectional From 01 Feb to 01 March 242 MUAC <22 21
study 2019
Dadi et al. (40) Amhara Community-based study From 15 June to 30 July 940 MUAC < 22 14.4
2018
Kumera etal. (22) Amhara Facility-based cross-sectional January and February 409 MUAC < 22 16.2
study 2016
Zewdie etal. (31) Oromia Community-based study From 15 June to 30 June 383 MUAC < 23 41.2
2020
Fite etal. (32) Oromia Community-based study From 5 January to 12 475 MUAC < 23 47.9
February 2021
Shiferaw et al. (23) Oromia Community-based study From 30 June to 30 July 382 MUAC <23 44.9
2018
Teshome et al. (35) SNNPR Facility-based cross-sectional From February to May 344 MUAC < 23 52.6
study 2019
Tilahun et al. (36) SNNPR Facility-based cross-sectional March-May 2021 576 MUAC < 23 42.4
study
Gelebo etal. (37) SNNPR Community-based study From December 2018 to 527 MUAC < 23 43.1
January 2019
Tafara et al. (33) Oromia Facility-based cross-sectional From 10 April to 10 May 806 MUAC < 23 39.2
study 2020
Mutze et al. (39) SNNPR Facility-based cross-sectional From July to January 422 MUAC < 23 21.8
study 2019
Ayele etal. (42) Tigray Facility-based cross-sectional | From 01 August to 30 844 MUAC < 23 40.6
study December 2018
Gizahewu et al. (38) SNNPR Facility-based cross-sectional From 01 March to 30 211 MUAC < 22 24.6
study April 2015






OPS/images/fnut-11-1336864/fnut-11-1336864-t004.jpg
Variables Categories Crude odds ratio (95%Cl) P-value
Child age (in months) 6-11month 1
12-23month 1.00(0.94,1.06) 099
24-35 months 1.00(0.94,1.07) 0976
36-47months 0.96 (0.90,1.03) 0.259
48-59 months 0.99 (092, 1.05) 0.763
Child sex Male
Female 0,99 (0.96,1.02) 0622
Child twin status Single 1
Multiple 0.97 (087, 1.07) 0,598
Duration of pregnancy Preterm 1
Term 0.90 (0.85,0.95) 0.001
Post term 0.86 (0.78,0.95) 0.003
Duration of breast feeding still breastfeeding 1
never breastfed 1.68 (1.58,1.79) 0.001
ever breastfed, not now 0.98 (0.94,1.02) 0.287
Birth order 15t 1
2nd or 3rd 105 (1.004,1.11) 0035
4thor 5th 118 (1.12,1.25) 0.001
6thor above 148 (1.39,1.56) 0.001
Household wealth index Poor 1
Middle 039 (037,0041) 0.001
Rich 039 (0.37,0.41) 0.001
Maternal educational status No education 1
Primary 0.56 (0.54,0.59) 0.001
Secondary 049 (047,0.52) 0.001
Higher 0.50 (0.45,0.56) 0.001
Maternal working status Not employed 1
Employed 0.85 (0.82,0.88) 0.001
Family size o3 1
4106 117(1.09,1.24) 0.001
7and above 131(1.22,1.39) 0.001
exposure No
Yes 0.59(0.57,062) 0.001
Sex of household head Male 1
Female 1022 (0.98,1.07) 0310
Source of drinking water Protected 1
Unprotected 142(137,1.47) 0.001
type of toilet facility Improved 1
Not improved 177 (1.70,1.84) 0.001
Had a fever in the last 2 weeks No 1
Yes 1.54(1.48,1.60) 0.001
Had diarrhea in the last 2 weeks No 1
Yes 173 (1.66,1.81) 0.001
Had cough in the last 2 weeks No 1
Yes 138(1.32,1.43) 0.001
Residence Urban 1
Rural 1.14(1.09, 1.18) 0.001
Community-maternal education Low 1
High 0.55(0.53,057) 0.001
Community poverty Low 1
High 1.99(1.92,2.06) 0.001
Community media exposure Low 1
High 0.54(052,0.56) 0.001
Region Southern Africa 1
Eastern Africa 179 (1.58,2.02) 0.001
Western Africa 172(152,1.94) 0.001

Central Africa 1.74(153,1.97) 0.001
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Countries DHS year Total weighted Wasting

sample population

Normal (%) Moderate (%) Severe (%)
Angola 2015/16 5727 5,323 (92.95) 275 (4.80) 129(2.25)
Burkinafaso 2021 5167 4814 (9317) 235 (4.55) 118 (2.28)
Benin 201718 10,687 9,926 (9288) 506 (4.73) 255 (239)
Burundi 2016 5427 5,046 (92.98) 256 (4.72) 125 (2:30)
Democratic Republic of 2013/2014 7,367 6,844 (9290) 360 (4.89) 163 (221)
Congo
Republic of Congo 201112 4020 3722 (9259) 206(5.12) 92(2.29)
Cotedivoire 2021 4251 3,938 (92.64) 21(2) 92(2.16)
Cameroon 2018 3998 3,688 (92.24) 209(523) 101 (253)
Ethiopia 2016 8056 7,558 (93.82) 346 (429) 152 (1.89)
Gabon 2019721 4755 4440 (93.37) 222(470) 93(1.93)
Ghana 2014 2413 2267 (9394) 103 (4.30) 43(1.76)
Gambia 2019/20 3273 3,025 (9242) 169 (5.16) 79 (2.42)
Guinea 2018 3082 2,882 (9351) 148 (4.80) 52(1.69)
Kenya 2022 15441 14,281 (92.50) 785 (5.10) 375 (2.40)
Comoros 2012 2401 2237 (93.16) 109 (4.54) 55(2.30)
Liberia 2019/20 2181 2,005 (91.93) 111 (5.10) 65(2.97)
Lesotho 2014 1163 1,062 (91.32) 69(5.93) 32(275)
Madagascar 2021 5136 4724 (92.00) 291 (570) 12123)
Mauritania 2019721 8744 8,071 (92.30) 469 (5.40) 204 (2.30)
Malawi 2015/2016 4715 4317 (91.60) 268 (5.70) 130 (2.70)
Mozambique 2011 8613 8,072 (93.40) 404 (4.70) 167 (19)
Nigeria 2012 7,957 7415 (93.19) 353 (444) 189 (237)
Niger 2012 4532 4,188 (92.41) 238(5.25) 106 (2.34)
Rwanda 2019/20 3435 3,194 (93.00) 160 (4.70) 81(2.30)
Sierra Leone 2019 3646 3,394 (93.10) 191 (5.24) 61(1.66)
Senegal 2019 4914 4571 (93.00) 240 (4.90) 103 (2.1)
Eswatini 2006/2007 1877 1,741 (92.75) 94(5.00) 42(225)
Chad 201415 9,244 8581 (9283) 460 (4.98) 203 (2.19)
Togo 2013/14 2928 2721 (92.93) 146 (4.99) 61(2.08)
Tanzania 2015/16 8004 7,358 (91.93) 478(597) 168 (2.10)
Uganda 2016 393 3,602 (91.58) 261 (663) 70(1.79)
South Africa 2016 988 924(9352) 50 (5.06) 14(1.42)
Zambia 201819 7,803 7,305 (93.62) 432(554) 66 (0.84)
Zimbabwe 2015 4409 4294 (97.39) 105 (2.38) 10(0.23)
Regions
Central Africa 35,255 32,737 (92.86) 1736 (4.92) 782(2.22)
Eastern Afirica 64,207 59,483 (92.64) 3.382(5.27) 1,342 (209)
Western Africa 74,295 69,030 (9291) 3,628 (4.88) 1,637 221)
Southern Africa 6,560 6,280 (95.73) 224 (3.41) 56(0.86)

*Numbers outside parentheses represent total weighted sample populations.
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Crop yield (tonnes per hectare)

2014 2016 2018
World 355 361 389 401 403 412 415
South America 415 426 450 447 462 507 468
Europe 371 390 436 421 424 435 454
Asia 3.64 3.63 395 410 422 428 431
Africa 159 157 159 153 167 171 175

Adapted from Our World in Data (2022) based on World Bank; Food and Agriculture and Organization of the United Nations (16).
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Children characteristics Control Intervention p-value Control Intervention P-value
baseline baseline N =57 endline endline N =57

N=53 N=53
n (%) n (%) n (%) n (%)

Nutritional status

LAZ<-25D 10(18.9) 14(24.6) 04 9(17.0) 2(35) 002
WLZ<-25D 25(47.2) 23 (40.4) 04 16(30.2) 1018) <0001
WAZ<-25D 14(26.4) 17(293) 07 7(132) 1018) 002

Micronutrients status

Plasma zinc <65 (pg/dL) 76.4 08 726 107 <0001
Serum vitamin A <20 (ug/dL) 70.6 746 06 647 120 <0001
Serum vitamin D <30 (ng/mL) 66.0 67.9 08 560 143 <0001

Anemia status

Anemia Hb<11 (g/dL) 66.0 70.2 06 849 000 <0001
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Models Results

Coefficient (95% Cl)  value of p

Plasma Zinc at endline of intervention group (ug/dL)

Unadjusted 350 266,434 <0.001
Adjusted! 90 335,645 <0.001
Serum vitamin D at endline of intervention group (ng/mL)

Unadjusted 88 53,123 <0.001
Adjusted* 81 12,149 002
Serum vitamin A at endline of intervention group (pg/dL)

Unadjusted 73 51,94 <0.001
Adjusted 62 30,93 <0.001
Hemoglobin g/dL at endline of intervention group

Unadjusted 22 192,25 <0.001

Adjusted! 2 206,33 <0001

‘Model 1=is adjusted for child age at enrollment, gender of the child, LAZ, WLZ, WAZ
score, plasma albumin, reported diarrhea in the previous month, reported acute respiratory
isease in the previous month, socioeconomic status of HHs, breastfeeding in the first hour
when child born, exclusive breastfeeding, complementary feeding age in months, mother
Age (y), mother education, mother work status, father education, father work status,
vaccination satus of the child, family Structure, energy consumed (Keal) and plasma zinc
concentrations at the baseline. *Model 2=is adjusted for child age at enrollment, gender of
the child, LAZ, WLZ, WAZ score, reported diarrhea in the previous month, reported acute
respiratory disease in the previous month, socioeconomic status of HHs, breastfeeding in the
irst hour when child born, exclusive breastfeeding, complementary feeding age in months,
mother Age (y), mother education, mother work status, father education, father work status,
vaccination status of the child, family Structure, energy consumed (Kcal) and serum vitamin
D concentrations at the baseline. "Model 3 =is adjusted for child age at enrollment, gender of
the child, LAZ, WLZ, WAZ score, plasma albumin reported diarrhea in the previous month,
reported acute respiratory disease in the previous month, socioeconomic status of HHs,
breastfeeding in the first hour when child born, exclusive breastfeeding, complementary
feeding age in months, mother Age (y), mother education, mother work status, father
education, father work status, vaccination status of the child, family Structure, energy
consumed (Keal) and serum vitamin A concentrations at the baseline. ‘Model 4=is adjusted
for child age at enrollment, gender of the child, LAZ, WLZ, WAZ score, plasma albumin
reported diarrhea in the previous month, reported acute respiratory disease in the previous
month, socioeconomic status of HHs, breastfeeding in the first hour when child born,
exclusive breastfeeding, complementary feeding age in months, mother age (y), mother
education, mother work status, father education, father work status, vaccination status of the
child, family Structure, energy consumed (Kcal) and hemoglobin concentrations at the
baseline.
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Characteristics Control Control Mean Value Intervention Intervention Mean Value
baseline endline difference  of p baseline endline difference of p
(N=53) (N=53) (N=57) (N=57)

Mean Mean Mean (SD) Mean (SD)
(SD) (SD)

Growth indicators

LAZ -07(13) | -07(12) -001 093 -0.9(1.7) -02(L1) -07 0.001
WLZ -15(17) | -13(11) -0.19 027 -14(13) —06(00.8) -080 <0.001
WAZ -13(09) | -12(07) -0.09 050 -14(12) -05(0.7) -090 <0.001

Micronutrients status

Plasma zine (ug/dL) 488(209)  575(198) -87 00001 4938 (21.1) 918(235) -2 <0.001
Serum vitamin A (pg/dL) 164 (5.5) 17.6 (5.3) -12 0.01 173(6.2) 24.8(5.8) =75 <0.001
Serum vitamin D (ng/mL) 273(19) 282(1.3) =% 0.63 28.8(1.6) 37.0(1.2) -82 <0.001

Anemia status.
Anemia Hb (g/dL) 0303 9900 04 008 102(14) 122(06) -19 <0.001
Inflammatory marker

Total albumin (g/dL) 37(09) 3.9(0.6) -02 0.09 3.4(0.90) 35(09) -02 035





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e010.jpg





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e009.jpg
ming =1

"
ShiXi+s =X

P





OPS/images/fsufs-07-1171654/crossmark.jpg
(®) Check for updates






OPS/images/fsufs-08-1325915/fsufs-08-1325915-e007.jpg
DI+t (Xulyyul)
E-—
()





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e006.jpg
M; (X/ﬂ’ym’x:)y/)
D'M(XM*VM)X Dl( 1 m) ) D/(x’y’) 2
D,(/ ,} D,/+|( M‘ym) D}H(X,J/) @






OPS/images/fsufs-08-1325915/fsufs-08-1325915-e005.jpg





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e004.jpg





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e003.jpg





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e002.jpg
D,‘(x”"y'”)





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e001.jpg
12

Dl( A l+1} D;’”(x’*',y“') 5

(leyHl l’y/)





OPS/images/fsufs-08-1325915/crossmark.jpg
©

2

i

|





OPS/images/fnut-11-1336864/fnut-11-1336864-t005.jpg
Variables ull model
Number of under-five children

Only one

morethanichild

Family size

1to3

1106

>=7

Birth order

Ist

2nd or 3rd

4th or sth

6th or above

Media exposure

No

Yes

Maternal

No educational

Primary

Secondary

Higher

Toilet facility

Not improved

Improved

Breastfeeding

Stil breastfeeding

Never breastfed

Ever breastfed, not now

Wealth status

Poor

Middle

Rich

Frequency of feeding

None

1to 2times

3 todtimes

Sandabove times

Maternal working status

Not employed

Employed

‘The health facility in the past 12 months

No

Yes

Diarrhea in the past 2wecks

No

Yes

Fever in the past 2 weeks

No

Yes

Coughin past 2 weeks

No

Yes

Sex of household head

Male

Female

Source of drinking water

Un-protected

Protected

Duration of pregnancy

Preterm

Term

Post-term

Place of residence

Utban

Rural

Community media exposure

Low

High

Community maternal education

Low

High

Community poverty

Low

High

Region

Southern Africa

Central Africa

Eastern Africa

Western Africa

Jeutt 13.23 (1294, 13.53)
Jeu2 384(3.81,3.89)
Random effect analysis result

Variance 0035
VPC (%) 105
MOR 120
LR test

LLR -539207
Deviance 1078414
AlC 107847.4

BIC 107877.7

Model | Model Il

1
108 (102, 1.13)

1
1.08(0.99, 1.16)

1.09 (1.002, 1.8)

1
0.99(0.94, 1.05)
101 (095, 1.08)
116 (1.08,1.23)

0.81(0.78, 085)

1
0.64(0.61,067)
0.72(0.68,077)
0.93 (0.81, 1.05)

0.80(0.77,084)

1
1.86 (174, 1.99)

113 (108, 1.18)

1
0.44(0.42,047)
0.51(0.48,053)

1
0.84(0.79,089)
0.62(0.59, 0.66)
0.64(0.59,067)

1
0.86 (0.83,0.89)

1
0.93(0.89,097)

1
154 (147, 1.62)

1

123(117,1.28)

1.29(1.23,1.35)

1

1.07 (1.02,1.12)

1

0.94(0.91,098)

1
0.89(0.84,094)

0.82(0.75,0.91)

1
059 (0.56,0.62)

1

0.64 (062, 0.7)

1

067 (0.65,0.70)

1

1.93 (1.84,2.02)

1
1.41(1.24, 1.61)
1.56 (137, 1.76)

148 (1.30, 1.67)

184 (1.72,1.94) 261 (248,275)
3.13(3.02,3.25) 389 (3.75,4.03)
0.046 0056
138 167
123 125
Prob >=chibar2=0.00001
~48900.45 ~52643.58
97800.9 105287.16
97860.89 105307.2
98162.59 1054082

Model Il

1
1079 (103, 113)*

1
1.084 (1001, 1.17)*
1.097 (1.009, 1.19)*

1
0.99(0.93, 1.05)
101 (0.96, 1.08)

115 (1083, 1.23)*

1

0.88(0.84,0.92)*

1
0.67(0.64,0.71)*
0.77(0.72,0.82)*
0.91(0.79, 1.04)

1
0.77(0.73,0.80)*

1
172 (161, 1.83)*

113 (1.08, 1.18)*

1
0.48 (0.4, 0.50)*

0.49(0.46,0.53)*

1
0.86 (0.81,091)*
0.63 (059, 0.66)*

0.64(0.60, 0.68)*

1
0.88(0.85,0.92)*

1

0.93 (089, 0.96)*

1

1.53 (145, 1.60)*

1

1.29(1.23,136)*

1

1.29(1.23,1.36)*

1
1.06 (101, 1.11)*

0.92(0.89,0.96)*

1
0.92(0.87,0.98)*
0.86(0.78,0.96)*

1
0.52(049, 0.54)*

1

0.76 (0.72,0.79)*

1
0.84(0.80, 0.88)*

1

1.21(1.15,1.28)*

1
1141001, 1.30)%
142(1.25,1.62)*
119 (104, 1.36)*
159 (1.40, 1.78)*
2.89(271,3.08)*

0.05
150

124

~48516.73
97033.46
97107.46

97479.56

AIC, akaike information criteria; BIC, bayesian information criteria; LLR, log-likelihood ratio; LR, likelihood ratio; MOR, median odds ratio; VPC, variance partition coefficient.

* indicates significant variables.
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Sr.# Food item/months
1 Banana

2 Cabbage

3 Carrot

4 Egg

5 Green pepper
6 Mango

7 Onion

8 Orange

9 Potato

10 Tomato

Bold value means significance difference.

Sept
3460£120
14135585
10072717
5114016
14584648
4450£354
262£168
48812539
22942008

2483£292

Oct
3465087
1352£4.98
1090835
5154017
11822257
41255177
27674135
347041655
22684095

30154461

Nov
36604377
16142338
13261168
501£001
18331178
41504212
35.08+3.60
33641504
244x214

30174459

Dec
36574373
11524214

00
5354018
00
00
35434410
217562934
271112

00

3024

0.005
8110
0.001
0.090
4195

0.001
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Rank Food item Average price ETB (US$)

1 Orange 74(26)
2 Banana 7121
3 Mango 66(2.1)
4 Eggs 65(16)
5 Onion 63(1.1)
6 Potato 48 06)
7 Green Pepper 30(03)
8 Cabbage 29(02)
9 Carrot 23(0.1)
10 Tomato 21(0.02)
- Average 49(0.94)

“Portion sizes: egs in dozens, cabbage in bunches, and all other items in kg,
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Food items N =556

Banana 136 2
Onion 109 20
Potato 107 19
Eggs 81 15
Orange 57 10
Tomato 32 6
Carrot 17 3
Green pepper 9 2
Cabbage 7 1

Mango 1 01
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Variables  Variable Traditional type P- Mixed dietary Animal-source

category value pattern foods and
traditional
alcoholic beverage
patterns
AOR
Sexof Male 1 1 1 228%% 156 334 000014 1 1 1
adolescent Female 132 089 195 012 1 1875 127 274 00001+
Agroecology | Low-land 244 120 481 001 180% LIS 274 001 1 1 1
Mid-land 048 031 074 0001 204% 119 387 0015 147 096 225 07
High-land 1 1 1 1 1 1 250 137 456 0.0001%
Agein years 10-13 067 046 099 0045%* 1 1 1 177 070 42 023
1416 Lot 042 | 241 099 099 o041 238 098 091 035 237 085
17-19 1 1 1 09 075 159 064 1 1 1
Adolescents | No formal 1 1 1 2387 135 419 0001%F 054 026 LI2 010
mothers'level education
of education ' lementary 095 041 217 089 064 030 13 026 042 07 1 0.06
level
Secondaryand 100 039 | 258 099 1 1 1 1 1 1
above
Wealth index | Lower thirds 1 1 1 L 069 17 0.67 081 054 121 031
Medium thirds |~ 063 039 | 103 023 105 065 168 084 062 03 101 005
Higher thirds 072 041 | 117 016 1 1 1 1 1 1
<4 Member 1 1 1 1 1 1 014 1 1 1
5-6 Member 094 056 | 160 083 14 089 232 068 187 064 064
> 7 Member 074 045 | 122 024 169 102 280 0.04%* 079 203 033 033
Nutrition Poor 069 038 126 023 283 155 519 0001°* 082 262 019 019
knowledge Medium 066 037 | 117 016 290 160 528 01 056 174 097 097
Good 1 1 1 1 1 1 1 1 1
Irrigationland  Yes 122 08 179 032 068 047 099 0047
. No 1 1 1 129 089 187 018 1 1 1
Ge Yes 151 078 292 023 1 1 1 1 1 1
nutrition No 1 1 1 203 L2 405 002+ 092 050 169 079
education
Access to Yes L6t 104 260 003 1 1 1 1 1 1
animal-source | g 1 1 1 097 068 137 084 087 056 136 054
food
Access to Yes 120 083 174 033 1 1 1 120 085 171 030
vegetablesand | o 1 1 1 097 068 137 0.67 1 1 1
fruits

**Significant factors (p-value < 0.05); AOR-Adjusted odd ratio; LC-lower confidence level; UL-upper confidence level. Bold values indicates significant factors with value of less than 0.05.
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Types of Nutritional Frequency of Prevalencein Frequency of Prevalencein  Pearson P-value

dietary status lower dietary  lower dietary high score high dietary ~ Chi-square

patterns score score score

Traditional Stunting 85 15.12% 63 1.21% 1423 000001+
Normal 163 29.00% 251 44.66%

Mixed Stunting 109 19.40% 39 6.94% 179 0018+
Normal 157 27.94% 257 45.73%

Animalsource  Stunting 4 7.30% 109 19.00% 9.13 0,003

with traditional | Normal 173 30.80% 241 42.90%

alcohalic

beverage

Traditional Thinness 2 463% 2 4.98% 0378 054
Normal 28 3879% 280 19.82%

Mixed Thinness 19 338% 35 6.23% 0.001 097
Normal 174 3096% 324 57.65%

Animalsource  Thinness 20 3.40% 35 630% 017 083

witha Normal 190 34.40% 308 55.80%

traditional

alcoholic

beverage

cant (value of p<0.05).
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Food list (item) Type of Components

dietary

pattern 2
1 Injera and Injera with Wot Traditional type 0.962* 0017 0014 0938
2 Peas and Beans Legume’s type 0.964* 0020 0020 0383
3 Roasted wheat, barley, maize consumed as kollo, | Whole grain 0262 0.519% 0034 0558

high-fiber sliced bread, and mixed-grain

4 ‘White bread, tea, and pasta High Carbohydrate 0065 0.65% 0310 0326

5 Potato and sweet potato Tuber’ type 0048 0.409 ~0.440 0415

6 Tela (traditional home-fermented alcoholic ‘Traditional alcoholic 0153 —0.134 0.625" 0.629
beverage) and areki or katicala (traditional beverage

distilled alcoholic beverage)

¥ Eggs, meat, cooked meat, beef, lamb, milk, and Animal-source —0.095 0.201 0.746* 0512
milk products (butter, cheese, whole milk, and foods.
yogurt)

8 Banana, orange, pumpkin, carrot, fresh and Fruits and —0.059 0.710% -0.228 0931

cooked tomato, cabbage, green pepper, and lettuce  vegetables, and

HE refers to communality, with items contributing significantly to each principal component analyss. *The food group score s the highest fator loading in each component. Bold values shows
the highest factor loading of food group in each component.
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Socio- Category = Frequency ~Percentage

demographic  of factors (n) (%)

factors

Age of adolescents. 10-13years 2 42
14-16years 370 59.5
17-19years 226 363

Sex of adolescents Male 248 399
Female 374 60.1

Adolescents’ No formal s12 823

mothers’ educational | education

level

Elementary 7 19
school
Secondary 36 58
school and
above
Wealth index of Lower thirds 252 105
houscholds Medium thirds, 214 344
Higher thirds 156 251
Marital status of Single 599 963
Rdslescens Married ) 37
<4 Members 209 336
5-6 Members 292 169

27 Members. 121 195
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Themes Subthemes Codes (examples of suggestions)

Intra and inter-sectoral | Strengthen intra- and inter-sectoral communication = Using compassionate and consistent human force to connect the two organizations
collaboration = Holding introductory sessions between employees of organizations
Resources and facilities | Providing inputs = Seek support from donors, NGOs and agencies to provide seeds

= Box distribution for production in cold seasons

Providing infrastructure for vegetable cultivationand  Creating gardens in unused spaces of the health house

sales = Holding an exhibition to sell rural women’s products

Supply human resources = Employing women exccutives at front of line, instead of men

= Uilization of agricultural engincer in training sessions a villages

‘Adopt motivational and incentive measures for rural = Holding a competition to encourage women to vegetables cultivation
women = Attendance of experienced and successful women

‘Adopt motivational and incentive measures for = Appreciation of the executors, by awarding the remuneration
executors = Holding competitions for executors

Expand the teaching methods used = Holding training for exccutors, in the form of provincial trips

= Using the media in training women
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Themes

Need-assessment

Inter-sectoral collaboration

Resources and failties

Sustainability and program expansion

Monitoring and evaluation

Subthemes

Not pay

ngattention to the production, access and consumption

of vegetables in the selected village

Restrictions on vegetable cultivation in the selected village

‘Weak communication between the two sections

“The low importance ofthe inter-sectoral program for the

‘Weak implementation of hierarchicaltraining
Poor coordination between executors and rural women to hold

trainings

Shortage ofinput distribution

Transportation problems

Shortage of financial resources

Heavy and multipl tasks of the executors

Shortage and frequent relocation of executives in organizations

Inadequate training and justification of executors

Inadequate training and justification of rural women

Inadequate access to/and use of training aids

Implementation of practical vegetable cultivation training at an

inappropriate time/place

Neglecting some trainings for rural women, according to the

instructions and workshop TOT

One-

imensional or asynchronous training for rural women

Poor continuity and follow-up of the program

Poor progress and expansion of the program

‘Weak call for programs in the villages

Poor monitoring and evaluation of program and exccuives

Contradictions in some documents.

‘The high importance of visualization of program execution

Codes (example)

= Do ot add to the knowledge of womenss vegetable cultvation in practical training

= Limited possibiliy of vegetable cultvation due to the unfavorable climate o the
selected village
= Poor respanse o letersin nter-sectoral coordination

= Low attention, seriousness and commitment to the iner-sectoral progeam, by the

executives

Stopping the training hierarchy of rural women, by rural women- facltators

Not conducting training sssion despite the gathering of women

Not providing suitable seeds or fertilizers to rural women, despite the promise of

Agriculure.Jahad

ransportation problems to villages, for Agriculture-Jahad executives

Restriction of program expansion due to shortage of inancial esources

Multiple tasks of Behvarz

Iack of experts on rural and nomadic women in some counties

Lack of participation of new executives in training and justification workshops

Difficulies o understand some topics by women, due o insufficient number of

training sessions

Low access to training aids at villages

Lack of growth or freezing of vegetable sprouts, due to holding the practical

trainingin cold seasons

Lack of chicken and egg breeding training

Provide nutrition traning, without vegetable cultvation training

Non-continuation oftrainings i the village despite the interest of women

Lack of optimal program development at the villagelevel

Access of women.-facilitator and Behvarz to a limited number of rural women

Lack of full monitoring and evaluation of the exectives in the program

Inconsistency of some tems in the performance report form with the content of

the program

‘Symbolic execution of the progeam for documentation
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Age (year) 414582%

Marital status

Married 29 (100)%*
Other 00
Employment status

Housewife 26(89.7)
Employed 3(10.3)

Educational level

Primary and secondary 15(51.7)
High school and diploma 11(379)
Associate Degree and higher 3(103)

“Mean ¢ standard deviation.
**Erequency (percent).
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Interviewees umber

Front of ine executives 3
Experts and officals on rural and nomadic women 2
Experts and officials on agricultural extension 4
Experts and officials on nutrition 7
Behvarz 10
Rural women-facilitator 1

Total 0
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problem stream

*High prevalence of
[NCD

*Existence of food
insecurity and
malnutrition in rural
areas

* High unhealthy
eating pattern

policy stream

* Existence of
histories for
programme
development
including:

- History of women's
empowerment
projects in
Agriculture- Jahad

- History of
cooperation in the
“multidisciplinary
interventional
programme for
improvement of
nutritional status of
children in Iran™
programme

- History of nutrition
training programmes
in the target group

political stream

Upstream
requirements inludes:

* Sustainable
development goal
*5th (2011-2016)
and 6% (2016-2021)
National
Development
Programmeme
*Iranian Food-based
dietary guidelines
*Iran's 20-year vision
plan

* National Nutrition
and Food Security
Policy

*Resolutions of High
Council of Health
and Food Security

*Law of Increasing
Productivity in
Agriculture and
Natural Resources
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Assessment and diagnosis | Implementation 5| Monitoring and evaluation
2 v
- Assessing the current state Activities
of knowledge, attitude and | | Development of
nutritional performance of | | appropriate - Development of program
staff and rural women to training packages gd‘ﬁ'm " .
identify training needs for Agriculture.  [¢—| 1-Knowledge il lopment of monitoring
Jahad staffs and translation stage checkisits §
g - establishment and preparation
- Ranking the food products | | rural and nomadic St éshiation rocss
of rural 2nd nomadic women . Perfoem patiie v
women, based on criteria 2-Knowledge . | Prepariig s peogsam pesiesi
for improving nutritional transfer stage report
quality - Evaluate the provided
trainings to the target groups
Holding a national training - justification workshop for provincial experts of the two by, *:“‘::‘“““‘g prteatend
involved organizations post
Holding provincial coordination meetings between the two involved organizations Intermediate output
(Operational training planning) - Program monitoring checklists,
instructions and required forms
- Report on the implementation of
Holding a provincial training - jusification workshop for provincial experts of the o instructions and inter-sectoral
involved organizations collaboration
- Knowledge, attitudes and practices
Holding a couatywide training - justification workshop for countywide experts of the (KAP) questionnaires
two involved organizations v
al output

Training of trainers (TOT) including Behvarz and Women-Facilitators (With topics of
nutrition and home garden)

Healthy Nutrition Training - Healthy Product Production Training - Creating home
gardens for rural women, by trainer / facilitators / Behvarz, and recording the actions in
the report forms

Fin:

Output report of inter-sectorial
collaboration

Training packages for staff
Training packages for rural and
‘nomadic women

Results of program monitoring and
evaluation

¥

Program Evaluation Indicator

- Percentage of nutritional awareness of rural
and nomadic women

- Percentage of optimal nutritional
performance of rural and nomadic women

- Percentage of nutritional awareness of
Agriculture- Jahad staff
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diet quality soceres before and after starting the program
x 100

17 Change in prevalence of Dietary Diversity - - -
K R . Total number of people in an intervention area
or Diet Quality Score between baseline

and end of project (25)

2Defined as a set of numbers that give information about a particular process or activity.

bThis Indicator is disaggregated by crop, geographic location (country), and recipient’s gender, if applicable.

CThis Indicator focuses on the number of varieties that have been biofortified to a minimum recommended level required to have the expected impact for correcting micronutrient
deficiencies. It was recommended by three experts on BF programming from HarvestPlus.

dAn individual registered as having acquired planting material is assumed to represent a farming household.
€“Acquired” refers to planting material distributed, given, or sold to farmers. There are three ways of acquiring seed depending on the source and means of payment: (1) Farmers can pay
cash or barter trade to get seed from the seed market; (2) farmers can receive free seed as promotional packs; and (3) Farmers can get recycled seed from fellow farmers voluntary, i.e.,
farmer to farmer sharing, or obligated sharing, e.g., payback.
[This Indicator considers any material (certified, truthfully labeled, quality guaranteed, or recycled) planted as a seed to produce biofortified food crops.
8HH, Households.
DThe information on the area planted may be collected in different ways: (1) self-reported (by the farmer) crop area; (2) area planted calculated using the quantity of seed planted and seed
rate (e.g., 160 kg of hybrid rice seed/hectare); (3) field measurements using GPS technology.
I'This Indicator is constructed with information on the number of households within a geographic area that grows biofortified crops and sell them on their farms, roadside, in markets, to
aggregators, or directly to public or private institutions, such as government programs, supermarkets, and food processors, among others.

IThis Indicator focuses only on raw unprocessed biofortified foods (e.g., grains, cereals, roots, beans). It captures the amount sold or traded (e.g., in kg, tons) of a biofortified crop from

programs within specific geographic units.
KThis Indicator is used to track processed foods (e.g., cooked, canned, frozen, packaged, or foods changed in nutritional composition through food preservation or food preparation) that

use biofortified foods as ingredients in substitution of conventional foods.
IThis Indicator can be used to assess the quality of biofortified foods.
™This Indicator monitors institutional commitment to the use of biofortified foods in food assistance, emergency, and safety nets programs as a proportion of the total food distributed

through these programs.
"This Indicator tracks the proportion of farmers and consumers that have ever heard, seen, or used biofortified crops and foods.

©This Indicator tracks the coverage of biofortified foods among targeted population groups.

PThis Indicator tracks the coverage of biofortified foods among targeted population groups and the nutritional impact attributable to the foods.
4Simple count of the number of policies, plans (including investment plans), and programs, that consider biofortification as a strategy.
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Indicators

Proportion of crop varieties released that are
biofortified (24)

Proportion of crop varieties with minimum

micronutrient level released

Proportion of farm households that acquired
biofortified planting material (24)

Proportion of farm HH that is growing biofortified
crop varieties (24)

Area planted with biofortified crops by farmers
(33)

Proportion of crop harvest that is of biofortified
varieties (24)

Proportion of farm households that sell biofortified
crops/food (24)

Proportion of people that are aware of biofortified
crops/foods (24)

Proportion of raw food in the market that is
biofortified (24)

Proportion of raw input for processed foods that is
biofortified (24)

Proportion of prepared or processed food products
available in the market that contain a biofortified
food (24)

Proportion of staple foods in institutional food
distribution programs that is biofortified (24)

Proportion of individuals in target population
group who consumed (in any amount) the
biofortified food (24)

Methods

Simple count of crop varieties that are officially recorded as released
(with release certificate) in the current reporting year

Simple count of crop varieties that are officially recorded as released
varieties that meet globally acceptable micronutrient content
Listing survey

The listing survey enumerates the farmers in strategic geographic
units that acquired the biofortified planting material through
different delivery channels (e.g., seed markets, farmer-to-farmer,
public or public/private distribution). The amount and type of
biofortified planting material acquired from each delivery channel
(e.g., private, public/private, farmer-to-farmer) and the number of
farmers growing them are also registered

Main survey

The main survey assesses farmers’ behavior toward biofortified
crops, e.g., crop production and commercialization, as well as
awareness and consumption of biofortified foods. The main survey
is undertaken at the end of a cropping season, and it includes data

collection on household composition

Market survey

It can be undertaken in fresh produce markets and/or supermarkets.
Review of food processors’ records to track substitution of low
nutrient-dense with high nutrient dense biofortified ingredients
(measured in g, kg, or MT)

Market assessment

Count all prepared or processed food products available in the
market made from biofortified and non-biofortified varieties. For
crops with visible trains, a visual assessment can be made. For crops
with invisible traits, biofortification needs to be verified in a

laboratory

Review of institutional data from government or other
implementing partners. Those data may be in the form of national
statistics on institutional seed distribution or registered in records of
implementing Institutions

Coverage and consumption assessment methods

e Individual dietary intake assessment:
1. 24-hour recall

2. Food Frequency Questionnaire

e Modeling: Coverage estimates from monitoring/adoption
surveys are used to estimate the consumption of biofortified food.
This method uses the coverage rate of a particular biofortified crop
(from listing surveys), dietary intake data, and nutrient composition
data of the crop. Individual dietary intake of specific food can be
estimated through the Adult Male Equivalent method, starting from
household-level consumption data. Household-level consumption
can be collected through, e.g., monitoring surveys (main survey) or
existing national-level Household Consumption and Expenditure
Surveys (HCES)*.

Tools

o Released varieties checklist

o Released varieties checklist

e Planting material distribution
form

e Planting material
payback/pass-on form

e Multiplier registration form

e Demonstration plo
establishment form

e Electronic M&E database

e DPaper-based or electronic
survey forms
e Electronic M&E database

e Paper-based or electronic
survey forms
e Electronic M&E database

e Food processor’s records
e Electronic M&E database

e DPaper-based or electronic
survey forms
e Electronic M&E database

e Electronic M&E database

e DPaper-based or electronic
survey forms
e Electronic M&E database
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Amount of the biofortified food consumed daily
among target population group (24)

Proportion of individuals in target population
group whose micronutrient intake status shifts
from inadequate to adequate due to the
consumption of biofortified food(s) over time (24)

Change in prevalence of Dietary Diversity or Diet
Quality Score between baseline and end of project
25)

Number of policy/plan documents that mention
biofortification as a strategy for addressing

micronutrient deficiency (24)

Dietary diversity and/or quality scores collected through pre-tested
and/or validated surveys, e.g., Minimum Dietary Diversity Score for
Women (MDD-W)

Snapshot survey applied to relevant authorities and received means
of verification documents to perform a simple count of the number
of policies, plans (including investment plans), and programs that
consider biofortification as a strategy.

Paper-based or electronic Diet
Diversity/Quality Score
survey forms

Electronic M&E database

Electronic M&E database

“Household Consumption and Expenditure Surveys (HCESs) are a group of socioeconomic surveys such as Household Income Expenditure Surveys (HIES), Living Standards

Measurement Studies (LSMS), National Household Budget Surveys (NHBS), among others, that collect detailed food consumption data. Those surveys are available in most LMIC,

and data are collected regularly. When HCES data are combined with food composition data, they can be used to estimate the micronutrient supply at the household level (54).
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4.25. Average intake of biofortified food among target
groups (28, 29)

4.26. Frequency of consumption of biofortified food
during the past seven days among the target groups
(32)

4.27. Number of policy/plan documents that mention

biofortification as a strategy for improving (24)
Total number of indicators for subsequent selection of high-level indicators after removing orange and red indicators
0 0 10 19 5

Indicators of input and activity level were not considered for the final selection of high-level indicators. We intended to keep high-level indicators

focusing on the measurement of results of critical implementation stages of biofortification programs along the compiled ToC.
Indicators kept for the final selection of high-level indicators.
Indicator recommended by three HarvestPlus experts and indicator obtained from CIP M&E manual, respectively.

Indicators belonging to the list of 19 indicators developed by HarvesPlus, CIP, and GAIN (24) kept for subsequent selection of high-level indicators.

Indicators that were not considered for selecting the high-level indicators because of similarity or overlap with other indicators.

“This Indicator focuses on the number of varieties that have been biofortified to a minimum recommended level required to have the expected impact for correcting micronutrient deficiencies. It was recommended by three experts on BF programming
from HarvestPlus.

b«Acquired” refers to planting material distributed, given, or sold to farmers. There are three ways of acquiring seed depending on the source and means of payment: (1) Farmers can pay cash or barter trade to get seed from the seed market; (2) Farmers
can receive free seed as promotional packs; and (3) Farmers can get recycled seed from fellow farmers through farmer to farmer sharing, or obliged sharing, e.g., payback. For this case, the indicators 4.2-4.4 were removed because they were contained in
indicator 4.1.
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Document

Bouis HE, Saltzman A. “Tmproving nutrition through
biofortification: A review of evidence from HarvestPlus, 2003
through 20167 (4)

Laurie S, Faber M, Adebola P, Belete A. “Biofortification of
sweet potato for food and nutrition security in South Africa”
(28)

Lockyer S, White A, Buttriss JL. “Biofortified crops for
tackling micronutrient deficiencies - what impact are these
having in developing countries and could they be of relevance
within Europe?” (29)

Petry N, Wirth JP, Friesen VM, Rohner E Nkundineza A,
Chanzu E, et al. “Assessing the Coverage of Biofortified
Foods: Development and Testing of Methods and Indicators
in Musanze, Rwanda.” (34)

Baluu Tim-Maring-Ngo Project - Reducing micronutrient
deficiencies of women and children in The Gambia through
sustainable and integrated approaches to food fortification.
In Final Narrative Report. (30)

Improving Food Security and Nutrition in the Gambia
through Food Fortification. Interim Project Report (FOOD
/2016/380-042). (31)

Sustained Diet Quality Improvement by Fortification with
Climate-smart, Nutrition-Smart Orange-fleshed
Sweetpotato in Southern Nations, Nationalities and
Peoples’ Region (SNNPR), Ethiopia; also known as Quality
Diets for Better Health (QDBH). In Annual Project Report
(FOOD/2016/380-038). (32)

Indicator Reference Manual (IRM) (33)

Type of
document

Review

Review

Review

Article

Report

Report

Report

Manual

Publication
Journal/Organization

Global Food Security Journal

Food Research International

Nutrition Bulletin

Current Developments in

Nutrition

European Union; FAO;
United Purpose

European Union; FAO;
United Purpose

CIP; People in Need; Emory

University; European Union

HarvestPlus

Food vehicle

Various crops

Sweet potato

Various crops

High-iron beans;

OFSP

OFSP

OFSP

OFSP

Various crops

Micronutrient

Various

Vitamin A

Various

Iron; Vitamin A

Vitamin A

Vitamin A

Vitamin A

Various
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Proportion o:

are biofortifie

Proportion o:

Proportion o:
acquired® bio
(24

Area planted
farmers® (33)

biofortified crop varieties (24)

crop varieties released that
d® (24)

crop varieties with

minimum micronutrient level released®

farm households? that
fortified planting material®

Proportion of farm HHS that are growing

with biofortified crops by

Proportion of crop harvest that is of

biofortified varieties (24)

Proportion of farm HH that sell
biofortified crops/foodi (24)

Proportion of raw food in the market that
is biofortified (24)

Proportion o

f raw input for processed

Proportion o
products avai
contain a bio

Proportion o
food distribu

biofortified™

Proportion o

Proportion o

amount) the

Amount of the biofortified food consumed

daily among

foods that is biofortified® (24)

f prepared or processed food
able in the market that
fortified food! (24)

f staple foods in institutional
ion programs that is
@4

f people that are aware of

biofortified crops/foods™ (24)

f individuals in target

population group who consumed (in any

biofortified food® (24)

Number of policy/plan documents that

mention biofortification as a strategy for

addressing micronutrient deficiency? (24)

Proportion of individuals in target

population group whose micronutrient

intake status

shifts from inadequate to

adequate due to the consumption of

arget population groupP (24)

Metric?

Number of crop varieties released that are biofortified 100
X

Total number of crop varieties released

Number of crop varieties released with min micronutrient level .
X

Total number of crop varieties released

Total # of HH (sum of categories 1 to 3) that acquired biofortified seed .
X

Total number of farmers in that geography

Total Number of farm HH that planted biofo rtified crops P

Total number of farm HH in a geography

Total area planted with biofortified crop varieties .

Total area planted by [crop] (biofortified+non — biofortified)

Quantity of biofortified crop of interest harvested

x 100
Total quantity of crop of interest harvested

Number of HHs growing and selling biofortified crops

100
Total Number of HHs growing biofortified crops x

Volume of biofortified food of interest traded in the market 100
X

Total volume of food of crop of interest in the market

Total weight of ingredient crop biofortified 100

X
Total weight of ingredient [crop] bio + non — biofortified

Number of prepared or processed food products made from the food

vehicle that is confirmed to be biofortified according to the national standard
100

Number of all available prepared or processed food products of a biofortified food x

Total biofortified foods distributed

Total food distributed (biofortified+ non — biofortified) x 100

Total number people that have ever heard/seen biofortified crop /food "
X

Total count of people in a study area

No of individuals in target population group that reported consuming

the biofortified food or product that is confirmed to be biofortified (in any amount)
x 100

Total number of individuals surveyed

Reported in average consumption of the biofortified foods in grams. One of the following three
consumption assessment methods may be used: apparent consumption based on adult male equivalents,

food frequency questionnaires, or 24h recalls

No. of documents per type of document

Total number of people with inadequate micronutrient intake before

and after starting the program
x 100

Total number of people in an intervention area

Total number of people with adequer dietary diversity or
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Overall By location By tape type
(N=2,401)

Central Warrap P- GOAL UNICEF UNICEF
Equatoria  (n=1,420) value MAMI 2020 standard
(n=981) (n=800) (n=775) (n=2826)

Participant (child) characteristics

Female 1233 (514%) | 522(53.2%) 711 (50.1%) 0.130 415(519%) | 396(5L1%) | 422(5L1%) 0937

Age(inmonths)  Mean 289(135) 289 (13.4) 290(135) 0772 20.6(133) 283(136) 200(134) 0.186
(SD)

610 <24months 846 (35.2%) 358 (36.5%) 488 (34.4%) 0.283 259(324%) | 284(366%) | 303 (36.7%) 0.116

> 24months 1555 (648%) | 623(63.5%) 932 (65.6%) S41(67.6%) | 491(634%) | 523 (63.3%) 1555

(64.8%)

MUACat Mean 146 (11) 149(1.1) 144(10) <0.001 14.6(1.1) 147 (1) 145(11) 0.001

enrollment (cm)" (sD)

Prior acute 460 (19.2%) 157 (16.0%) 303 (21.3%) 0.001 132(165%) | 126(163%) | 202(245%) | <0.001

malnutrition

diagnosis

Houschold (N=13826) (n=750) (n=1,076) (n=608) (n=607) (n=611)

characteristics

Household size Mean 75(25) 74(28) 76(22) 0073 7424) 75(23) 78(26) 0.005
(SD)

Household is 144 (7.9%) 137(18.3%) 7(07%) <0.001 49(8.1%) 50 (8.2%) 45 (7.4%) 0365

currently displaced

Female-headed 547 (30.0%) 205 (27.3%) 342 (31.8%) 0.041 16927.8%) | 170(28.0%) | 208 (34.0%) 0.026

household

Received food 79 (4.3%) 709%) 72(67%) <0.001 30 (4.9%) 27 (4.4%) 22(3.6%) 0511

assistance (past

month)?

Houschold Hunger  Mean 28(14) 25(12) 31014) <0.001 30013) 28013) 27(15) 0.012

Scale (sD)

Little to no hunger 248 (13.9%) 136 (18.9%) 112(106%) <0.001 59 (10.0%) 73 (12.4%) 116(192%)  <0.001

Moderate hunger 1240 (69.6%) 546 (75.7%) 694 (65.5%) 414(702%) | 441(750%) | 385(63.8%)

Severe hunger 293 (16.5%) 39 (5.4%) 254 (24.0%) 17(198%) 74 (12:6%) 102(16.9%)

Caregiver characteristics

Caregiver sex

Male 42(2.3%) 25(3.3%) 17 (1.6%) 0.014 9(1.5%) 7(1.2%) 26 (4.3%) <0.001
Female 1784 (97.7%) 725 (96.7%) 1,059 (98.4%) 599 (98.5%) 600 (98.8%) 585 (95.7%)

Caregiver age Mean 28.0(7.8) 29.1(7.8) 270(7.7) <0.001 276(7.2) 28.1(7.8) 28.1(8.4) 0.532
(years)" (D)

< I8years 204 (11.3%) 76 (10.5%) 128 (11.9%) <0.001 67 (11.2%) 76 (12.7%) 61 (10.1%) 0.075
19-31 years 331 (18.4%) 136 (18.7%) 195 (18.1%) 108 (18.0%) 116 (19.4%) 107 (17.7%)

32-37 years 1,125 (62.4%) 484 (66.6%) 641 (59.6%) 386 (64.3%) 370 (61.8%) 369 (61.2%)

38-48 years 43 (2.4%) 15(2.1%) 28(2.6%) 11 (1.8%) 10 (1.7%) 22(3.6%)

49+ years 99 (5.5%) 16 (2.2%) 83 (7.7%) 28 (4.7%) 27 (4.5%) 44(7.3%)

Highest level of education completed

Less than primary 1440 (820%) 549 (73.2%) 891 (88.6%) <0.001 491(847%) | 484(83.9%) | 465 (77.6%) 0013
Primary 181 (10.3%) 94(12.5%) 87 (8.6%) 48 (8.3%) 53(9.2%) 80 (13.4%)

Secondary or 135 (7.7%) 107 (14.3%) 28 (2.8%) 41(7.1%) 40 (6.9%) 54(9.0%)

higher

‘Per study team measurement. “Includes in-kind food assistance and cash assistance that could be used to purchase food. *Specific age (in years) only reported by 1,584 (86.7%) respondents
and age categories were developed according to local memorable events to facilitate more reliable recall.
Bold values in indicate statistical significance at p<0.05.





OPS/images/fnut-11-1324063/fnut-11-1324063-g005.jpg
mOverall (N=1,826) ®GOALMami(n=608) m UNICEF2020(n=607) = UNICEF Standard (n=611)

Tape Availability Reasons Ever Reported for Tape Not Being Available (if any)
100%
90% 33% 37%35%
80%
70%
60%
50%
ao%  286% B
29.5%
30% 22.5%)
20% 13%
10% s 12 110 Y% 29,> 0% 3%
| [ . 2 Sl O
0%
Tape ever not Lost Broken/discard  Sold, given ~ Forgot to bring  Multiple
available* b/c broken away, or to interview reasons
discarded reported*
o6 Tape Damage 5% Type of Tape Damage Ever Reported (if any)
90% et 5 82
80%
70% 63%
60%
50%
40% 38% 33%
0% 11.2%
igZ: 9.0%1.0% 4 9% o 0% j 2 13%
w HEN -vsln o
Tape ever damaged* Bent, Brokeninto  Closure Colors  Cannotread Multiple
creased, or  pieces or area faded* writing* types

fold lines torn damaged reported*






OPS/images/fsufs-08-1325915/fsufs-08-1325915-t009.jpg
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

average

0.0981

01331

0.1481

0.1830

0.1984

02192

02285

02307

02358

02426

01918

Technological

progress
0.1025
0.1325
0.1470
0.1843
0.1986
0.2187
0.2288
0.2308
0.2315
0.2389

01914

Technical
efficiency

00183
00042
00077
00126
00077
00071
0.0076
00074
00200
00175

00110





OPS/images/fnut-11-1324063/fnut-11-1324063-g004.jpg
==& Tape Available GOAL Mami
o~ Tape Damaged GOAL Mami

100%

95%

90%

85%

80%

5%

0%

~==&—Tape Available UNICEF 2020
o~ Tape Damaged UNICEF 2020

Tape Availability

== Tape Available UNICEF Standard
Tape Damaged UNICEF Standard

88.1%
87.2%
82.4%
Monitoring 1 Monitoring 2 Monitoring 3 Endline
p<0.001 p<0.001 p=0.012 p=0.009
% Tape Damage
4.5%, ‘3:
——e 37%
P 13% 09%
1.2% ; 8 %
Monitoring 1 Monitoring 2 Monitoring 3 Endline
p<0.001 002 .194 p<0.001






OPS/images/fsufs-08-1325915/fsufs-08-1325915-t008.jpg
Timing County Eastern Central Western Major food Food Major food

overall counties counties counties producing production marketing
area and marketing area
balance area

2010 09623 09567 09507 09897 09695 09709 08897
2011 09333 09686 09305 08929 09764 08913 08663
2012 09363 09572 09433 08972 09771 08974 08693
2013 09410 09419 0.9594 0.9078 0.9876 0.9065 0.8251
2014 09608 09638 09610 09566 09810 09518 08875
2015 09266 09342 09430 0.8881 09575 08973 08749
2016 10124 10434 10279 0.9455 10476 09718 09819
2017 09821 09883 09947 09521 09996 09950 0.8261
2018 1.0485 10822 10598 09855 1.0806 10318 09415
2019 10182 10100 1.0506 09723 10660 09982 08394

average 09721 0.9846 0.9821 0.9388 10043 09515 0.8802
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Timing County Eastern Central Western Major food Food Major food

overall counties counties counties producing production marketing
area and marketing area
balance area

2010 11018 11198 11054 10725 L1126 10837 11150
2011 11729 11946 11764 11388 11856 11529 11831
2012 11899 12100 11974 11509 12059 11656 11986
2013 12327 12404 12403 12095 12487 12138 12203
2014 11851 11972 11941 11539 12053 11601 11744
2015 12772 12595 12759 13023 12751 12944 12215
2016 11942 11601 11859 12526 11777 12358 11203
2017 12532 12575 12151 12618 12589 12491 12389
2018 11582 11371 11634 11764 L1611 11617 11291
2019 13638 14151 13564 13105 14003 12912 14508

average 12129 12191 12140 12029 12231 1.2008 12052
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Timing County Eastern Central Western Major food Food Major food

overall counties counties counties producing production marketing
area and marketing area
balance area

2010 10584 10690 10184 10620 10759 10513 09918
2011 10917 11504 10905 10181 L1513 10274 10223
2012 11076 11478 11213 10321 11673 10443 10342
2013 11656 11651 11999 11066 12393 11057 10039
2014 11441 11493 11568 11153 11873 L1114 10401
2015 11942 12052 12002 1169 12380 11670 10651
2016 12214 12562 12137 11903 12617 11968 11013
2017 12548 12972 12155 12164 12929 12622 10216
2018 12407 12882 12373 11855 12884 12206 10632
2019 13917 14355 14177 12900 14938 13043 11842

average 11870 12164 11931 11386 12396 11491 10528
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e Full-text unavailable
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Group Wasting Stunting Underweight Overweight

A: No failure No No No No
B: Wasting only Yes No No No
C: Wasting and underweight Yes No Yes No
D: Stunting, wasting and underweight Yes Yes Yes No
E: Stunting and underweight No Yes Yes No
F: Stunting only No Yes No No
Y: Underweight only No No Yes No
G: Stunting and Overweight No Yes No Yes
H: Overweight only No No No Yes
I: Stunting, underweight, and overweight No Yes Yes Yes
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Group Wasting Stunting Underweight Overweight

A: No failure No No No No
B: Wasting only Yes No No No
C: Wasting and underweight Yes No Yes No
D: Wasting, stunting, and underweight Yes Yes Yes No
E: Stunting and underweight No Yes Yes No
F: Stunting only No Yes No No
Y: Underweight only No No Yes No
G: Stunting and Overweight No Yes No Yes
H: Overweight alone No No No Yes
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D: Wasting, stunting, Yes Yes Yes
and underweight

E: Stunting and No Yes Yes
underweight

F: Stunting only No Yes No
Y: Underweight only No No Yes
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Individual level data on 232920 children
under five years of age available in
TAKR7AFL file

!

21790 children excluded as height and
weight not available in the dataset

211130 children with height and weight
data available_ in the dataset

l

1781 children with height out of plausible
limits and 19 children with age in days out
of plausible limits were excluded

209330 children with data on heights,
weights, and age in days within plausible
limits

198802 children with HAZ, WAZ & WHZ
score available are included for CIAF
analysis
(Weighted N=195197)

10528 flagged cases are excluded (4072
children with HAZ > +6SD or <-6SD, 650

o children with WAZ>+5SD or <-6SD and

5806 children with WHZ>+5SD or <-
5SD)






OPS/images/fsufs-08-1325915/fsufs-08-1325915-e046.jpg
gici = Po+ Py +ui+e +6i,(11)





OPS/images/fnut-10-1280219/fnut-10-1280219-g002.jpg
TOTAL=1

STUNTING

NO FAILURE





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e045.jpg





OPS/images/fnut-10-1280219/fnut-10-1280219-g001.jpg
STUNTING

TOTAL=1

WASTING
NO FAILURE





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e044.jpg





OPS/images/fnut-10-1280219/fnut-10-1280219-e005.jpg
- e " 1 2n—1 .
Score = ey X - Az

|HAZ"')) + (WAZ" ' |WAZ"")) + (WHZ"' =

|WHZ"']))], when WHZ < 0

- 100 u - 21
Score = g+ @ g X O+ - @Az

|[HAZ"') + (WAZ*'' = |WAZ""|) — (WHZ*" "' +

IWHZ"='|))], when WHZ > 0





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e043.jpg
Ei ¢





OPS/images/fnut-10-1280219/fnut-10-1280219-e004.jpg
100
25 (11— (HAZ + WAZ + WHZ)), when WHZ < ¢

100

~= X (11 =(HAZ + WAZ — WHZ)), when WHZ > 0





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e042.jpg
e





OPS/images/fnut-10-1280219/fnut-10-1280219-e003.jpg
11 —(HAZ + WAZ + WHZ), when WHZ < 0
11 — (HAZ + WAZ — WHZ). when WHZ > 0





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e041.jpg
U;





OPS/images/fnut-10-1280219/fnut-10-1280219-e002.jpg





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e040.jpg





OPS/images/fsufs-08-1325915/fsufs-08-1325915-e039.jpg
gifpi «





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e016.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e015.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e014.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e013.jpg
(1)





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e012.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e011.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e010.jpg
(1)





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e009.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e008.jpg





OPS/images/fsufs-08-1210385/fsufs-08-1210385-e007.jpg
FSji = Bo+ BiTSje1 + PaARLji 2 + PsAGLj1 3
+BaN jra + PsPH jis + PeCFCir 6 +bjstti

(4)





OPS/images/fnut-10-1046749/fnut-10-1046749-t003.jpg
Magnesium N (Event %) Crude model Model 1 Model 2
OR (95% CI) P value OR (95% ClI) P value OR (95 %CI) P value

intake (mg/d)

Age (20-44)

Q1 (<179) 134 (126) 1(Ref) 1(Ref) 1(Ref)

Q2(179-239) 89(8.6) 0.65(0.49~0.87) 0.003 0.73 (054~098) 0039 0.82(0.59~1.14) 0.244
Q3(239-304) 97(85) 0.64(0.49~085) 0.002 0.78 (0.58~1.05) 0.098 091(0:64~13) 0,607
Q4 (304-395) 91(8.3) 0.63(0.47~083) 0.001 095 (0.7~1.29) 0751 1.25(0.83~1.89) 0291
Q5 (>395) 68 (5.4) 039 (0.29~0.53) <0.001 0.81(058~1.12) 0.203 105 (0.61~1.8) 0.867
P for trend <0.001 0526 0392
Age (45-60)

Q1 (<179) 77(129) 1(Ref) 1(Ref) 1(Ref)

Q2(179-239) 60(9.5) 0.71(05~101) 0059 0.79 (055~ 1.15) 0219 0.84(0.56~125) 0387
Q3 (239-304) 63(9.8) 0.74(052~1.05) 0,088 0.93(0.64~134) 0,698 0,97 (0.63~151) 0.908
Q4 (304-395) 54(7.4) 0.54(0.37~0.78) 0.001 0.75(052~1.11) 0.148 0.72(043~121) 0217
Q5 (>395) 45(6.2) 044 (03~0.65) <0.001 067 (0.44~1) 0051 0.6(03~1.19) 0.141
P for trend <0001 0.065 0.206
Age (>60)

Q1 (<179) 22321.8) 1(Ref) 1(Ref) 1(Ref)

Q2(179-239) 152(15.5) 0.6 (0.52~0.83) <0.001 0.73(057~092) 0.007 0.78(0.59~1.02) 007
Q3(239-304) 137 (14.8) 0.63(0.49~0.79) <0.001 0.67(0.53~086) 0.001 0.74(054~101) 0.055
Q4 (304-395) 13(133) 0,55 (0.43~07) <0.001 0.6 (0.46~0.77) <0.001 0.63(0.43~092) 0017
Q5 (>395) 73(10.4) 041(031~055) <0.001 0.42(031~056) <0.001 0.44(0.26~0.75) 0.003
P for trend <0.001 <0.001 0.005

Crude model adjusted for none. Model 1 adjusted for sex and race. Model 2 adjusted for all covariates listed in Table |
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Magnesium Event (%) Crude model Model 1 Model 2

tak
intake (mg/d) OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Magnesium (log2 1,476 (1) 0.6 (0.61~0.7) <0001 0.78 (0.72-0.84) <0.001 0.78 (0.68~0.91) 0.002
transform)

Q1 (<179) 434 (29.40) 1(Ref) I(Ref) 1(Ref)

Q2(179-239) 301 (2039) 0.65 (0.56~0.76) <0001 0.72(0.61~0.84) <0.001 0.76 (0.63~0.92) 0.008
Q3 (239-304) 297 (20.12) 0.63 (0.54~0.74) <0001 0.76 (0.64~0.9) 0.002 0.83(0.67~1.02) 0097
Q4 (304-395) 258 (17.48) 0.5 (0.46~0.64) <0001 0.71(0.6~0.84) <0.001 078 (0.61~1) 0.066
Q5 (>395) 186 (12.60) 0.38 (0.32~0.45) <0001 0.56(0.47~0.68) <0.001 0.64 (0.46~0.89) 0011
P for trend <0001 <0.001 0035

Crude model adjusted for none. Model 1 adjusted for age, gender and race. Model 2 adjusted for all covariates lsted in Table 1.
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Subgroup n.total n.event_% Crude OR Crude P Adj OR 95CI Adj P P for

95CI value value interaction
Gender 0427
Female 6,745 932(138) 0.73 (0.67~0.81) <0.001 0.71(0.58~0.86) 0.001
Male 6,678 544 (8.1) 0.65(0.58~0.72) <0.001 09(0.7~1.15) 0.401
Age 057
20-44 4482 333 (74) 0.64(0.56~0.74) <0.001 0,88 (0.65~1.19) 0.405
45-59 4458 445 (10) 069 (06~0.79) <0.001 075 (0.58~0.98) 0.037
260 4483 698 (15.6) 0.68(0.61~0.76) <0.001
Race 0.168
Mexican American 1842 193(105) 0.81(0.66~1) 0052 1.04(0.65~1.67) 0.869
Non-Hispanic Black 2938 633 (21.5) 0,66 (0.58~0.74) <0.001 071(0.57~09) 0.004
Non-Hispanic White 5380 359 (6.7) 0.75 (0.65~0.87) <0.001 1.03(0.76~1.39) 0.848
Other Hispanic 1431 128(89) 0.63 (0.49~0.81) <0.001 0.58 (0.36~0.96) 0032
Other race 1832 163 (8:9) 0.72(057~09) 0.005 0.74 (046~ 1.19) 0218
Poverty-income 0233
ratio
PIR<1 2750 359.(13.1) 0.74(0.65~0.85) <0.001 0.92(07~1.22) 0577
PIR21 9,621 982(102) 0.62(0.57~0.68) <0.001 073 (0.61~0.88) 0.001
Education level 0.197
College education or 2908 399(13.7) 0,69 (061~0.8) <0.001 0.98(0.73~1.32) 0.886
above
Graduated from high 2967 323(109) 0.74(0.63~0.56) <0.001 0.67(0.48~0.92) 0013
school
< High school 7,545 754(10) 0.62(0.56~0.69) <0001 077 (0.62~094) 0013
BMI 0.051
<25 3,809 413 (10.8) 0.67(0.59~0.77) <0.001 077 (0.58~1.01) 0.057
25-30 4316 429(9.9) 0,58 (0.51~0.67) <0001 0.67(05~0.88) 0,004
230 5181 597 (11.5) 0.71(064~08) <0.001 0.89(07~1.13) 0333
Smoking status 0012
Never smoker 913 (12.1) 0.6 (0.54~0.66) <0.001 0.73 (06~0.89) 0.002
Former smoker 3,199 372(116) 0.61(053~07) <0.001 0.77(0.57~1.03) 008
Current smoker 2639 190(72) 0,87 (0.73~1.05) 0.153 107(0.75~153) 0716
Physical activity, 0.237
n (%)
Light work activity 8,042 1,005 (125) 0.67(0.62~0.73) <0.001 079 0.66~095) 001
Moderate work 2781 297 (10.7) 0.61(051~0.72) <0001 079056~ 1.11) 0174
activity
Vigorous work 2598 174(67) 0.74(06~091) 0.004 0.91(059~14) 0.654
activity

OR, odds ratio; CI, confidence interval; BM, Body Mass Index; Diet magnesium intake were log? transformed. Adjusted for age, sex, race, PIR value, educational level, BMI, smoking status,
physical activity level, and dietary energy, protein, fiber, vitamin D and calcium.
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AELELIES Non-anemia Anemia (n=: P value

(n=11,947)

Gender (%) <0001
Female 6,745 (50.2) 5,813 (48.7) 932(63.1)

Male 6,678 (49.8) 6,134 (51.3) 544 (36.9)

Age (%) <0001
20-44 5,601 (41.7) 5,122 (42.9) 479 (32.5)

45-59 3339 (249) 3,040 (25.4) 299(20.3)

260 4483 (33.4) 3,785 (31.7) 698 (47.3)

Race (%) <0.001
Mexican American 1,842 (137) 1,649 (138) 193 (13.1)

Non-Hispanic Black 2938 (21.9) 2,305 (19.3) 633 (42.9)

Non-Hispanic White 5,380 (40.1) 5021 (42) 359 (24.3)

Other Hispanic 1431 (107) 1,303 (109) 128(87)

Other race 1,832 (13.6) 1,669 (14) 163 (1)

PIR (%) <0.001
< 2750 (222) 2391(21.7) 359 (26.8)

21 9,621 (77.8) 8,639 (783) 982(73.2)

Education level (%) <0.001
College education or above 2,908 (21.7) 2,509 (21) 399(27)

Graduated from high school 2,967 (22.1) 2644 (22.1) 323 (21.9)

<High school 7,545 (56.2) 6791(569) 754 (51.1)

BMI (kg/m?) (%) 0.047
<25 3,809 (28.6) 3,396 (28.6) 413 (28.7)

25-30 4316 (32.4) 3,887 (328) 429(29.8)

>30 5,181 (38.9) 4,584 (38.6) 597 (41.5)

Energy(kcal), Median (IQR) 1942.0 (1438.0, 2588.0) 1966.0 (1465.0, 2626.0) 17340 (1252.0, 2280.0) <0.001
Protein(kcal), Median (IQR) 740 (52.5,100.9) 75.2(53.5,102.7) 64.7 (459, 88.4) <0.001
Fiber(keal), Median (IQR) 148(9.6,220) 150(98,223) 13.0(84,19.8) <0001
Calcium(mg), Median (IQR) 8020 (517.0, 1175.0) 8160 (529.0, 1190.0) 690.5 (4438, 1053.0) <0.001
Vitamin D(mg), Median (IQR) 30(11,59) 3.1(12,60) 28(1.1,55) 0.002
Magnesium(mg), Median (IQR) 2700 (194.0, 369.0) 274.0 (198.0, 374.0) 239.0 (16,0, 327.0) <0.001
Smoker status (%) <0.001
Never smoker 7,572 (56.5) 6659 (55.8) 913(61.9)

Former smoker 3199 (23.9) 2827 (237) 372(252)

Current smoker 2639(197) 2,449 (205) 190(129)

Work activity (%) <0.001
Light work activity 8,042 (59.9) 7,037 (589) 1,005 (68.1)

Moderate work activity 2781(207) 2484 (208) 297 (20.1)

Vigorous work activity 2,598 (19.4) 2,424(20.3) 174 (11.8)





OPS/images/fnut-10-1046749/fnut-10-1046749-t002.jpg
Magnesium N Event% Crude model Model 1 Model 2
OR (95%CI) P value OR (95% CI) P value OR (95%Cl) P value

intake (mg/d)

Female

Log2 Mg 932 (13.8) 073 (067~081) <0.001 079 (0.71~0.87) <0001 0.71(058~0.86) 0.001
Q1(<179) 307 (18) 1(Ref) <0.002 1(Ref) 1(Ref)

Q2(179-239) 194 (12.6) 0.6 (0.54~0.8) <0.003 0.71(0.58~0.87) 0.001 0.73(0.58~0.92) 0.007
Q3 (239-304) 191 (13.1) 0,69 (0.56~0.83) <0.004 076 (0.62~0.93) 0,008 0.78 (06~1.01) 0.058
Q4 (304-395) 158 (13) 068 (0.55~0.84) <0.005 0.78 (0.63~0.97) 0026 0.76 (0.55~1.05) 0.09
Q5(>393) 8298) 0.5 (0.38~0.64) <0.006 057 (0.44~0.74) <0.001 0.56(0.36~0.87) 0.01
P for trend <0.007 <0.001 0046
Male

Log2 Mg 544.(8.1) 0.65(058~0.72) <0.001 082(0.72~093) 0.002 09(0.7~1.15) 0.401
Q1 (<179) 127 (129) 1(Ref) 1(Ref) 1(Ref)

Q2(179-239) 107(97) 0.72(055~095) 0.019 085 (0.63~1.14) 0.266 0.89 (0.64~1.24) 0479
Q3 (239-304) 106 (8.5) 0.62(0.47~082) 0.001 0.82(0.61~1.09) 0174 0.89(0.62~1.27) 0.509
Qi (304-395) 100 (6.8) 049 (037~0.65) <0.001 07(052-0.94) 0019 0.84(056~1.25) 0.385
Q5 (>395) 104 (56) 04(03~052) <0.001 0.67(05~0.89) 0.007 0.78 (046 ~1.32) 0354
P for trend <0.001 0.003 0376

Crude model adjusted for none. Model 1 adjusted for age and race. Model 2 adjusted for all covariates listed in Table 1
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Variables Category Frequency | Percent

Source of drinking Piped 121 56.8
e Surface water 41 19.3
Unprotected spring 25 11.7
Unprotected well 19 89
Protected spring and well i 33
Type of latrine exists | Private pit/wood slab 105 49.3
Private pit/cement slab 30 14.1
Shared VIP latrine 4 1.8
Have no latrine 74 34.7
Source of food for the | Agricultural production 65 30.5
household
Purchase 122 57.3
PSNP 18 8.5
GFD 8 37
Household food stoke |No stock 106 49.8
Enough up to 1 month 53 249
Enough for 2-3 months 54 253

VIP, ventilator improved pit; GFD, general food distribution; PSNP,  productive
safety net program.
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Variables Category Acute malnutrition COR (95% CI) | AOR (95% ClI)
Yes =77 No =136
n (%) n (%)
Total family size 1-3 members 4 (25.0) 12 (75.0) 1 1
4-6 members 31 (28.7) 77 (71.3) 1.21 (0.36, 4.03) 1.81 (0.24,14.35)
>7 members 42 (47.2) 47 (52.8) 2.68 (0.80, 8.95) 3.20 (0.41, 24.99)
Maternal educational status No formal education, unable to read and write 64 (43.8) 82 (56.2) 3.59 (1.29, 9.96) 1.0 (0.15, 6.00)
No formal education, can read and write 8(20.5) 31(79.5) 1.19 (0.34, 4.10) 0.60 (0.08, 4.77)
Primary school 5(17.9) 23(82.1) 1 1
Family wealth index Poor 39 (54.9) 32 (45.1) 4.96 (2.34, 10.48) 3.90 (1.23,12.43)*
Medium 24 (33.8) 47 (66.2) 2.08 (0.96, 4.46) 1.79 (0.60,5.42)
Rich 14 (19.7) 57 (80.3) 1 1
Household water source Non-improved 44 (51.8) 41 (48.2) 3.08 (1.72,5.52) 1.41 (0.61, 3.36)
Improved 33 (25.8) 95 (74.2) 1 1
Latrine availability Yes 32(23.0) 107 (77.0) 1 1
No 45 (60.8) 29 (39.2) 5.18 (2.82, 9.56) 2.50 (1.08,5.65)*
Home visits by healthcare workers Yes 17 (18.9) 73 (81.1) 1 1
No 60 (48.8) 63 (51.2) 4.09 (2.16,7.72) 2.81 (1.15, 7.22)*
Child immunization status Yes 49 (30.8) 110 (69.2) 1 1
No 28 (51.8) 26 (48.2) 2.42 (1.28,4.54) 1.91 (0.74, 5.25)
Vit-A supplementation in the past 6 months |Yes 35 (24.5) 108 (75.5) 1 1
No 42 (60.0) 28 (40.0) 4.63 (2.51,8.53) 3.40 (1.40, 8.09)*
Age at the start of complementary feeding 6-9 months 53(31.2) 117 (68.8) 1 1
>9 months 11 (61.1) 7(38.9) 3.47 (1.27,9.44) 2.80 (0.59, 13.12)
<6 months 13 (52.0) 12 (48.0) 2.39 (1.02, 5.59) 3.0 (0.85, 10.79)
Frequency of feeding in a day <4 times 43 (40.6) 63 (59.4) 1.47 (0.83, 2.57) 2.41(0.94, 6.43)
>4 times 34 (31.8) 73 (68.2) 1 1
Amount of feeding per day <4 coffee cups 42 (49.4) 43 (50.6) 2.60 (1.45,4.62) 1.40 (0.54, 3.56)
>4 coffee cups 35(27.3) 93 (72.7) 1 1
Exclusive breastfeeding Yes 54 (32.9) 110 (67.1) 1 1
No 23 (46.9) 26 (53.1) 1.80 (0.94, 3.44) 1.90 (0.69, 5.71)
Household food security status Food secure 8(17.8) 37(82.2) 1 1
Food insecure 69 (41.1) 99 (58.9) 322 (1.41,7.34) 4.51 (1.4, 15.06)*
MUAC at admission <110 mm 33 (55.9) 26 (44.1) 4.94 (2.41,10.15) 2.80 (1.05, 7.92)*
110-115 mm 25 (41.0) 36 (59.0) 2.70 (1.32, 5.54) 2.76 (0.94, 7.75)
>115mm 19 (20.4) 74 (79.6) 1 1
Child dietary diversity >4 food groups 24 (20.8) 91(79.1) 1 1
<4 food groups 53 (54.1) 45 (45.9) 4.47 (2.45,8.14) 3.10 (1.31, 7.33)*
History of diarrhea in the last 2 weeks Yes 26 (53.1) 23 (46.9) 2.50 (1.3, 4.8) 2.0 (0.73, 5.62)
No 51 (31.1) 113 (68.9) 1 1

*Significantly associated variables at p-value < 0.05.
CI, confidence interval; COR, crude odds ratio; AOR, adjusted odds ratio; MUAC, mid-upper arm circumference.
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Overall By location By tape type

Central Warrap p-value GOAL UNICEF UNICEF p-value
equatoria MAMI 2020 standard
Total completing 2401 981 1,420 800 775 826
the study
% of children 83.0% 67.5% 98.6% <0.001 82.1% 813% 85.6% 0.028
enrolled
% of available 96.2% 91.7% 99.6% <0.001 96.5% 96.5% 95.7% 0613
children®
Ever wasted”
Caregiver 37% 47% 3.0% 0.026 34% 43% 34% 0566

measurement

Study team 38% 54% 27% 0.001 3.9% 43% 34% 0.662

measurement

Measurement agreement'

True negative 95.8% 94.1% 96.9% 0.001 96.0% 95.1% 96.1% 0734
(specificity)
True positive 32% 42% 26% 32% 36% 29%

(sensitivity)

False negative 06% 12% 0.1% 06% 06% 05%

False positive 0.4% 0.5% 0.4% 0.1% 06% 0.5%

Measurement tape status

Ever damaged 206% 16.2% 23.8% <0.001 110% 11.2% 49% <0.001

Always available 69.5% 50.0% 83.6% <0.001 75.9% 62.9% 69.8% <0.001

and functional

‘Excludes children who died or permanently moved away. ‘Classified in the yellow or red category (MUAC<12.5cm) at monitoring 1, 2,3, and/or endline. *Comparison of caregiver
measurement to study team gold standard based on category, where green is not wasted and yellow/red is wasted: true negative =children correctly identified as not wasted (specificity); true
positive =children correctly identified as wasted (sensitivity): false negative = children incorrectly identified as not wasted; false positive =children incorrectly identified as wasted.

Bold values in indicate statistical significance at p<0.05.
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Equation
Method
Variable
finas

govz

popu

Income

pgdp

industs

cons

Individual fixed
Time fixed
Hausman p-value
Ftest

Wald chi2
Resquared

Sample size

##%, %% and * denote 1, 5 and 10% s

0.0601%** (4.20)
0.0137 (0.35)
—3.0473"%* (~6.98)
0.0022 (0.18)
0.0010 (0.33)
—0.1949%* (~2.81)

13815%%* (25.07)

(]

Two-way FE
FTFP

0.0503*** (3.15)
00924 (1.98)
—~2.2881%%% (~2.97)
—~0.0252 (~1.39)
~0.00787* (<2.15)
~0.18907* (~2.24)

12965+ (18.30)

No Yes
No Yes
0.000
8386+ 25150
0.007 0.049
7290 7290

nificance levels, respectively;

0.1038*** (7.42)
~0.0609 (~1.60)
~3.0187%* (~7.36)
0.1053*** (9.00)
0.0031 (1.01)
—0.0773 (~1.15)

1.0589%* (20.00)

4
Two-way FE
e

0.0495%%* (3.27)

0.0917% (2.07)
—~2.3214%% (~3.18)

~00282* (~1.65)
—~0.0090% (~2.63)
—0.2580% (~3.23)

11393%* (16.98)

No Yes
No Yes.
0.000
517.35%%% 93,604+
0073 0177
7290 7290

Z-values or T-values of the estimated parameters are in parentheses.

e

~0.0284%%* (~13.79)

0.1017%%% (23.45)
0.0321 (1.07)
~00777%%% (=38.24)
0.0025** (7.28)
—~0.0230% (~3.36)
1.1805%** (223.99)
No

No

0.000

2837.82%%%

0480
7290

(6)

Two-way FE

0.0016 (0.88)
0.0082 (1.58)
0.0628 (0.73)
0.0020 (1.01)
0.0004 (0.87)
0.0431%%* (4.61)
1.2112%%* (154.13)
Yes

Yes

4588.74%%%

0913
7290





OPS/images/fnut-11-1324063/fnut-11-1324063-t003.jpg
Caregiver measurement Evaluation team measurement Measurement agreement?

N (%)' Mean Green Yellow Mean Green  Yellow  Red True True False False
MUAC MUAC negative positive negative positive
()] (SD)
Monitoring 1 | Overall 2254 146(13)  98.0% 18% 02% | 145(L1) 97.8% 20% 0.2% 97.6% 19% 0.4% 0.2%
(93.9%)
GOAL 741 (92.6%) - 97.8% 18% 04% | 145(L1) 97.4% 20% 05% 97.3% 20% 05% 0.1%
MAMI
Bytape | UVICEF | 710560 | 146012 | 983% 1.6% 0% 146(L) 98.0% 200 0.0% 97.8% 16% 04% 0.1%
2020
P UNICEE 7235%) 14603 | 978% 21% 0% 145 97.9% 21% 0.0% 97.6% 19% 0.1% 03%
Standard
pvalue 0992 0742 0871 0102 0855
Monitoring2 | Overall 2358 149012 985% 14% 00% | 147(L1) 98.4% 14% 02% 98.3% 13% 03% 0.2%
(98.2%)
GOAL 788 (98.5%) - 98.6% 14% 00%  145(10) 98.6% 11% 03% 98.6% 14% 0.0% 0.0%
MAMI
Byupe | UVCEF [ 76108280 [ 14902 | se2% L7% 0% 146(L1) 97.9% 18% 03% 97.6% 16% 05% 03%
2020
P UNICEE s 7% 15003 98s% 12% 00% | 148(L1) 98.8% 12% 0.0% 98.5% 10% 0.2% 0.2%
Standard
pvalue 0702 0601 <0.001 0.446 0.288
Monitoring3 | Overall 2325 150(L)  988% L1% 0% 145(10) 98.8% 11% 01% 98.6% 10% 0.2% 0.2%
(96.9%)
GOAL 778 (97.2%) - 99.5% 05% 00%  143(10) 99.4% 0.6% 0.0% 99.4% 05% 01% 0.0%
MAMI
Byupe | UICEF [ 70069%) | 1500 | o7 23% 00%  145(10) 98.1% 19% 0.0% 97.6% 17% 01% 05%
2020
YT UNICEE 77065%) 150(L) | 99.1% 0.6% 03% | 1600 | 989 09% 03% 98.9% 09 03% 0%
Standard
prvalue 0666 0.002 <0.001 0.047 0.022
Endline Overall 2400 8L 994% 05% 0% 145(10) 99.2% 07% 01% 99.2% 0% 0.2% 0.0%
(100%)
GOAL 800 (100%) - 99.4% 05% 0% | 144(L) 98.9% 10% 01% 98.9% 06% 05% 0.0%
MAMI
Bytpe | UCEF | 774000 | us02) | 9% 0% 03%  146(10) 99.1% 08% 01% 99.1% 08% 0% 0.0%
2020
YT UNICEE  s26(100%)  148(LD) | 99.6% 04% 00% | 6(L0) | 99.6% 0.4% 0.0% 996% 0.4% 0o% oo
Standard
pvalue 0906 0.664 <0.001 0482 0.168

‘Percent of available children measured at time point (excludes children who died or permanently moved away at or before time point). * Comparison of caregiver measurement to study team gold standard based on category, where green (>12.5¢m) is not wasted and
pellow (11.5-12.5cm)/red (<11.5¢m) is wasteds True Negative=children correctly identified as not wasted (specificity), True Positive = children correctly identified as wasted (sensitivity), False Negative =children incorrectly identified as not wasted, False
Positive = children incorrectly identified as wasted. Bold values in indicate statistical significance at p<0.05.
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Fisher-PP

GTEP

Gte

finas.

govz

popu

Income

pgdp

industs

—197111%
(0.0000)
—15.8294%%%
(0.0000)
~2.5049%%
(0.0000)
—9.7418%%
(0.0000)
8804145+
(0.0000)
110+
(0.0000)
—730%
(0.0000)
~5.9699%+
(0.0000)
728774+

(0.0000)

—15.8971%
(0.0000)
—143044%4
(0.0000)
—47.8490%+
(0.0000)
18444
(0.9674)
1883985+
(0.0000)
—128483%++
(0.0000)
86828
(1.0000)
63165
(1.0000)
~6.63724%
(0.0000)

2328.5492%4%
(0.0000)
249560694+
(0.0000)
2284,5087%+%
(0.0000)
191385925+
(0.0000)
2404.2829%%%
(0.0000)
2248.6925%+%
(0.0000)
15534296+
(0.0376)
17866603+
(0.0000)
194797845+
(0.0000)

2991.8271%4
(0.0000)
35747831 %4
(0.0000)
63139601+
(0.0000)
161468367+
(0.0024)
2726.1008%#
(0.0000)
2137.3719 #++
(0.0000)
19795503+
(0.0000)
1451.8857
(0.5402)
2534.3272%4%
(0.0000)

' The HT test reports results as Z-values, while the rest of the tests report results as statistical
values, with staistcal. Test p-values in parentheses; T or Z taistcs p< 10, <5, and < 1% are
marked with ¥, **, and ***, respectively.
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Caregiver is comfortable Caregiver measurement frequency Caregivers

using tape measuring
less than
N9 Self-  Studystaff Atleast Atleast At Not oo
reported perception Weekly monthly least since
by once last
caregiver since visit
(E8
visit
Monitoring 1 Overall 1729 98.4% 90.6% 90.7% 8.2% 0% 0.4% 19.(1.0%)
(94.7%)
By  GOAL 575 98.3% 81.5% 88.8% 9.2% 13% 07% 11(1.8%)
ape | MAMI (94.6%)
Pe  UNICEF 581 99.0% 98.4% 92.7% 6.8% 0.2% 0.4% 3(05%)
2020 (95.7%)
UNICEF 573 97.9% 97.0% 90.5% 8.5% 10% 0.0% 5(08%)

standard | (93.8%)

pvalue 0296 <0.001 0.095 0.063
Monitoring 2 Overall 1802 99.7% 94.7% 91.7% 63% 15% 05% 33 (18%)
(98.7%)
By GOAL 598 9.7% 98.0% 93.7% 43% L4% 05% 11(1.8%)
tape | MAMI (98.4%)
P UNICEF 600 99.5% 87.7% 86.5% 11.0% 17% 0.8% 13 (2.1%)
2020 (98.8%)
UNICEF 604 100.0% 98.3% 94.6% 37% 15% 02% 9(1.5%)

standard (98.9%)

pvalue 0244 <0.001 <0.001 0.681

Monitoring 3 Overall 1770 9.9% 97.6% 92.2% 56% 20% 02% 34 (1.9%)
(97.0%)

By  GOAL 592 100.0% 97.6% 94.7% 38% 15% 0.0% 8(1.3%)
tape MAMI (97.4%)

wPe  UNICEF 587 99.8% 97.9% 89.9% 7.9% 20% 0.2% 11(1.8%)
2020 (96.9%)

UNICEF 591 99.8% 97.4% 91.9% 53% 25% 0.4% 15 (25%)

standard | (96.7%)

pvalue 0,602 0.872 0.062 0337

Endline Overall 1825 99.8% 98.6% 91.8% 7.4% 05% 03% 13 0.7%)
(100%)

By GOAL 608 100.0% 100.0% 94.2% 56% 0.2% 0.0% 102%)
tape | MAMI (100%)

Pe  UNICEF 606 99.8% 98.7% 89.4% 10.0% 0.6% 0.0% 3(05%)
2020 (100%)

UNICEF 611 9.7% 97.0% 91.5% 68% 0.8% 09% 9(1.5%)

standard | (100%)
prvalue 0370 <0.001 0.004 0018

"ercent of houscholds with available hildren measured at time point (excludes houscholds in which all children died or permanently moved away at or before time poin).
Bold values in indicate statistical significance at p<0.05.
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FTFP Technological progress Technical efficiency

Major food Food Major food Major food Food Major food Major food Food Major food

producing production marketing producing production marketing producing production marketing
area and marketing area area and marketing area area and marketing area

balance area balance area balance area

2010 0.1003 01032 00398 01044 0.1062 00411 00200 00163 0.0087
2011 0.1507 01215 00488 0.1498 01212 00477 0.0054 00031 0.0024
2012 0.1520 0.1558 00571 0.1508 0.1554 00576 0.0091 0.0063 00032
2013 01917 01844 00659 01922 0.1856 00645 00142 00105 0.0098
2014 0.1894 02052 0.1140 0.1892 0.2054 01099 0,009 0.0060 0.0066
2015 0.1863 02530 01212 0.1851 0.2528 onse 0.0091 0.0048 00042
2016 02003 0.2608 01114 02002 02612 0.1083 0.0095 00055 00052
2017 02078 0.2341 0.1474 02075 0.2347 0.1446 0.0097 00051 00035
2018 0.2065 02512 0.1284 02013 02512 0.1289 0.0241 00138 0.0065
2019 02271 0.2358 0.1436 02236 0.2350 0.1441 0.0218 00113 00053

average 01812 02005 0.0978 0.1804 02009 00965 0.0132 0.0083 00055
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Timing FTFP Technological progress Technical efficiency

Eastern  Central = Western  Eastern  Central ~ Western Eastern  Central  Western

county  county  county  county ~county  county  county  county  county
2010 0.0740 0.1119 0.1027 0.0787 0.1175 0.1043 0.0144 0.0208 0.0182
2011 0.1210 0.1450 0.1241 0.1189 0.1454 0.1235 0.0027 0.0055 0.0040
2012 0.1240 0.1495 0.1711 0.1214 0.1489 0.1702 0.0077 0.0077 0.0072
2013 0.1442 0.1877 0.2093 0.1450 0.1897 0.2098 0.0089 0.0152 0.0118
2014 0.1669 0.1861 0.2343 0.1656 0.1870 0.2340 0.0049 0.0097 0.0075
2015 0.1741 0.1808 0.2920 0.1713 0.1806 0.2917 0.0048 0.0091 0.0065
2016 0.1916 0.1863 0.3042 0.2204 0.1872 0.3043 0.0049 0.0097 0.0075
2017 0.2579 0.1793 0.2608 0.2562 0.1800 0.2613 0.0052 0.0094 0.0068
2018 0.2616 0.1716 0.2891 0.2487 0.1687 0.2895 0.0189 0.0236 0.0145
2019 02666 02000 02648 02555 01977 02642 00164 00211 00119

average 01782 0.1698 02252 01782 0.1703 02253 0.0089 0.0132 0.0096
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Planetary health diet (PHD) Japan National Health and Nutrition Survey® DG (%)*

Food group Global Food groups Food items Intake (g/
reference day)°
(g/day)*
Whole grains NA. - - NA. NA.
Tubers or starchy vegetables 38(0,77) Potatoes Potatoes, potato products, processed 50(67) 131
starch
Vegetables 230(153,459)  Vegetables, mushrooms, and Green and yellow and other vegetables, 309 (180) 134
seaweeds vegetable juice, salted or pickled in

vegetables, mushrooms, and seaweeds

Fruits 153(77,230)  Fruits Fresh fruit, jam, fruit juice 100 (129) 65
Dairy foods 191(0,383)  Diary (milk and dairy products, other | Milk, cheese, and yogurt, other dairy 111 (141) 58
‘milk products) products, other milks

Beef, lamb, and pork 10,21) Meat (ivestock) Beef, pork, ham and sausages, other 69 (68) 640
meats

Chicken and other poultry 22(0,44) Meat (poultry) chicken, other poultry 31(56) 139

Eggs 10(0,19) Eggs Eggs 419) 16

Fish 21(0,77) Fish and shellfish Ravw fish and shellfish, fish, and shellfish 69(72) 319
products

Legumes 57(0,77) Beans Soybeans and soy products and other 65 (81) 2

products of legumes

Nuts 380,57 Seedsand nuts - 27(10) 71
Unsaturated oils 31015,61) Oils and fats Margarine, vegetable oils 10¢ 33
Saturated 90(0,9.0) Butter, animal fats Lat 15

Added sugars 24(0,24) Sugars and sweeteners - 65(9.0) 27

PHD, planetary health diet; DG, diet gap; N.A., not available. *Average macronutrient intake and possible range of each food group for the 2,500 keal/day in the PHD was converted by a total
energy intake of 1,915kcal/day in the National Health and Nutrition Survey 2019. *Food groups in the Japan National Health and Nutrition Survey as referenced by the National Health and
Nutrition Survey. Average (standard deviation) dietary intake was referenced by the NHNS 2019, *Average (standard deviation) was 281 (176) in vegetables, 18 (31) in mushrooms, 11 (21)in
seaweeds, 1.1 (3.4) in margarine, 8.9 9.0) in vegetable oils, 1.2 (3.4)in butter, and 0.2 (1.3 in animal fats. DG (%)= (NHINS dietary intake (g/day)/the PHD macronutrient intake (g/day)) *
100.
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Age group 20s 30s 40s 50s. 60s 70s 80s+

“Total energy intake 1900 (664) 1859 (558) 1939 (607) 1918 (581) 1972 (586) 1945 (549) 1750 (517)
(keal/day)”

Protein intake (g/day)” 7127 68 (24) 72(26) 70 (24) 75(24) 76(26) 66(23)
Food group (g/day)

Beef, lamb and pork 81(77) 75 (70) 86(73) 72(72) 67(65) 59(61) 48(55)
Chicken and other 49(68) 40(63) 43(68) 34(57) 26(49) 2143) 18 (39)
poultry

Eggs 39 (40) 38(38) 40 (38) 40 (38) 44 (39) 45 (39) 38(37)
Fish 51(58) 51(62) 53(65) 59(63) 78(74) 89(83) 74 (64)
Legumes 47(73) 45(61) 52(73) 65 91) 77(87) 76(85) 65(72)
Nuts 13(42) 29017) 21(7.3) 3.0012) 3.2(94) 3.2(98) 22(62)

“Average (standard deviation) of dietary intake was referenced by the National Health and Nutrition Survey 2019, *Protein intake was referenced by the NHNS 2019, “Total energy intake was
referenced by the NHNS 2019.
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Category Number  Perci

Child age 1-3 3 647
45 18 353
Child sex Male 28 549
Female » 451
Age of care givers 18-35 m 863
>35 years old 7 137
Household family 25 34 667
size < 17 33
Marital status Married 3 647
reed 14 275
Widowed 4 78
Paternal education  No education 10 196
Primary 18 353
Secondary 23 45.1
Maternal occupation  Self/Government n 215
Employed
Unemployed Y 785
Parental occupation  Self/Government 16 314
Employed
Unemployed 35 656
Monthly income <3,000 ETB 36 706

(ETE) 3,000 ETB 15 204
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Baseline and Endline stunting of children with elevated lactulose to mannitol ratio
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series 2 percent of stunted and not stunted children with elevated lactulose to mannitol ratio
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Key results and conclusions

‘fNutrition screening/Assessment

Bloom et al. (72)
(doi: 10.1007/s40520-022-02171-3)
England/Community dwelling

Compares nutrition risk on the
DETERMINE Checklist and the MUST
tool

DETERMINE uses 10 questions on dietary
habits and socioeconomic factors that
affect food intake. MUST is a score for
nutrition risk based on Body Mass Index,
unintentional weight loss, and acute
illness with reduced food intake.

Among 176 adults (median age of 83.3 years), almost half (47%) had a moderate or high
score for nutritional risk using the DETERMINE Checklist, as compared to 8% using
MUST.

The higher nutrition risk scores from the DETERMINE Checklist were associated with
poorer self-reported physical function and higher odds of being frail. Based on the study
findings, the DETERMINE Checklist may be of value in screening community-dwelling
older adults for early nutritional inadequacy and as a predictor of poor physical function
and frailty.

:

Tey etal. (83)

(doi: 10.1038/541598-021-02274-3),
Singapore/Community dwelling

Cross-sectional study to determine the
prevalence of low ASMI (ASM/heightz)
and factors associated with low ASMI in
older community-dwelling adults

1211 subjects (mean age of 73.2 years and body mass index 20.43 kg/m?) participated in
this study. Most were Chinese (85.5%) and >94% had a “0” Charlson Comorbidity score.
More than half (57%) had vitamin D deficiency or insufficiency.

There was a 60% prevalence of low ASMI in the study group with no significant
difference between genders (57% males vs. 61.8% females, P = 0.1068). In adults at risk for
malnutrition, the prevalence of low ASMI was 81.3% and 20.6% in adults with normal
nutritional status (P < 0.001). Other risk factors included older age, smaller calf
circumference, and lower bone mass.

Early identification and management of low ASMI in older adults can reduce health
complications, support function, improve quality of life, and reduce healthcare costs.

Cheong et al. (102)
(doi: 10.3390/nu12113329),
Singapore/Community dwelling

Cross-sectional study to identify the levels
of nutritional biomarkers in
community-dwelling older adults

> 65 years with normal nutritional status
(MUST score of 0) and to determine
factors that impact nutritional biomarkers

The study evaluated 400 participants (54.25% women) with mean age of

7121 = 0.26 years and mean BMI of 24.53 = 0.15 kg/m?.

Most older adults had normal levels of prealbumin, albumin, total protein, creatinine,
zing, corrected calcium, vitamin B12, ferritin and hemoglobin. More than half (52%) had
low serum 25(OH)D (<30 mcg/L); 13.5% had vitamin D deficiency, and 38.5% had
vitamin D insufficiency. Researchers found low serum zinc levels (<724 mcg/L) in 10% of|
the older adults.

These findings highlight unrecognized nutritional deficiencies in older
community-dwelling adults with normal nutritional status. Public health nutrition
programs targeting these findings can help identify and treat these nutrient shortfalls and
preserve optimal health in community-dwelling older populations.

McKeever et al. (103)
(doi: 10.14283/jarcp.2019.2)
United States/Community dwelling

Cross-sectional study to examine
independent predictors of inadequate
dietary intake and poor diet among a
multi-ethnic group of urban community
dwelling older adults using the
DETERMINE checklist to identify those
who would benefit from ONS usage

|
‘Nutrition intervention/Outcomes

In phone interviews, the DETERMINE Checklist was used to determine nutritional status
for n=1001 ethnically diverse participants (69% female), mean age 66.9 years (& 6.4).
Most participants were at moderate- or high-risk for malnutrition (78.7%). Domains
predicting inadequate dietary intake were social isolation, lower educational levels, food
insecurity, altered ADLs, polypharmacy, or having >3 alcoholic drinks per day. Of those
'who met criteria for nutritional shortfall, <50% of reported consuming ONS in the
previous 6 months.

Dietary inadequacy is prevalent in community-dwelling older adults, and the use of ONS
seems beneficial for preventing and treating nutritional decline.

Chavarro-Carvajal et al. (104)
(doi: 10.1016/j.clnesp.2022.01.032),
Colombia/Community dwelling)

Nutrition-focused QIP (nutrition
education, physical exercise, and use of
ONS for 60 days) by community dwelling
older adults (> 60 years) with malnutrition
or at-risk for malnutrition

The nutritional QIP study included 618 participants (69.4% female), mean age of

74.1 & 8.7 years, with an average of 2.6 comorbidities and medium socioeconomic status
(76%) completed the study. Of those, 324 (52.4%) had significant improvement in
MNA-SF scores, calf circumference, and maintenance or improvements in body weight
and BMI following the nutritional QIP intervention.

Community-dwelling, older adults commonly experience malnutrition or its risk when
living with chronic illness or following a hospitalization for acute illness. Nutrition
education and the use of ONS can improve nutritional status in such individuals.

Gomez et al. (87)
(doi: 10.1016/j.cInu.2022.05.003),
Colombia/Community dwelling

Nutrition-focused QIP (nutrition
education, physical exercise, dietary
counseling, and use of ONS for 60 days)
by community dwelling adults (> 60 years)
with malnutrition or at-risk for
malnutrition

The study included 618 participants (69.4% female), mean age of 74.1 = 8.7 years, with an
average of 2.6 comorbidities (28.5% cardiovascular and respiratory disease) completed
the study. Researchers found significant improvements (P < 0.001) in cognition (MMSE),
physical function (ADL and SPPB), affective disorder status (GDS), and health-related
quality of life (EQ-VAS). Self -reported QOL (EQ-5D-3L) scores were also improved.
Nutrition education and use of ONS can maintain and improve mental and physical
function, thus supporting quality of life in community dwelling older adults with chronic

diseases.
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References Year of Studydesign  Province Geographic Urban/rural ~ Gender Sample
publication zone size
Mohammadzadeh et al. (24) 2010 Cross-sectional Isfahan Central Iran Urban Both 580
Asgharian Dastnaei et al. (25) 2013 Cross-sectional Chaharmahal and Bakhtiari  Central Iran Rural Both 343
Afshar etal. (26) 2018 Cross-sectional Alborz. Central Iran Urban Both 677
Jozi etal. (27) 2020 Cross-sectional Zanjan Western Iran Rural Both 353
Narmaki etal. (28) 2016 Cross-sectional Tehran Central Iran Urban Female 397
Motlagh etal. (29) 2019 Cross-sectional Tehran Central Iran Urban Female 452
Mokari-Yamchi et al. (30) 2020 Cross-sectional East Azarbaijan Western Iran Rural Both 404
Rezazadeh etal. (31) 2016 Cross-sectional West Azerbaijan Western Iran Urban Both 723
Ahmadihoseini et al. (32) 2019 Cross-sectional Khorasan razavi Eastern Iran Urban Both 240
Khosravipour et al. (33) 2017 Cross-sectional Khuzestan Western Iran both Both 198
Alipour etal. (34) 2016 Cross-sectional East Azarbaijan Western Iran Urban Both 330
Daneshzad et al. (35) 2021 Cross-sectional Tehran Central Iran Urban Female 788
Parvin etal. (36) 2020 Cross-sectional Kohgiluyeh and Boyer-Ahmad - Southern Iran Urban Female 400
Tabrizi et al. (37) 2018 Cross-sectional East Azarbaijan Western Iran Urban Both 1,386
Rezaee etal. (35) 2021 Cross-sectional Golestan Northern Iran Rural Both 201
Saadi etal. (39) 2014 Cross-sectional Kurdistan Western Iran Rural Both 200
Saadi etal. (10) 2014 Cross-sectional Hamedan Western Iran Rural Female 92
Gholizadeh etal. (41) 2017 Cross-sectional Kermanshah Western Iran Rural Both 258
Farzaneh etal. (42) 2017 Cross-sectional East Azarbaijan Western Iran Urban Both 480
Fami etal. (43) 2021 Cross-sectional Tehran Central Iran Urban Female 750
Jamini et al. (44) 2017 Cross-sectional Kermanshah Western Iran Rural Both 180
Jamini et al. (45) 2017 Cross-sectional Kermanshah Western Iran Rural Both 175
Sharafkhani et al. (46) 2010 Cross-sectional West Azerbaijan Western Iran Rural Both 2,503
Basirat et al. (47) 2012 Cross-sectional Chaharmahal and Bakhtiari  Central Iran Urban Both 314
Rafat etal. (45) 2020 Cross-sectional Tehran Central Iran both Both 720
Dastgiri etal. (49) 2005 Cross-sectional East Azarbaijan Western Iran Urban Both 300
Esfandiari etal. (50) 2018 Cross-sectional Tehran Central Iran Urban Both 803
Mahmoudi etal. (51) 2020 Cross-sectional Kermanshah Western Iran Rural Both 432
Khodabakhshzadeh et al. (52) 2018 Cross-sectional Kerman Southern Iran Rural Both 384
Tezerji etal. (53) 2020 Cross-sectional Kerman Southern Iran Rural Both 500
Hosseinpour et al. (54) 2019 Cross-sectional Tehran Central Iran Rural Both 300
Hakim etal. (55) 2012 Cross-sectional Khuzestan Southern Iran Urban Both 400
Ziaei etal. (56) 2019 Cross-sectional Golestan Northern Iran Rural Both 267
Tabibian etal. (57) 2018 Cross-sectional Tehran Central Iran Urban Female 27
Hamedi-Shahraki et a. (58) 2021 Cross-sectional Sistan and Baluchestan Eastern Iran Urban Female 630
Shahraki et al. (59) 2016 Cross-sectional Sistan and Baluchestan Eastern Iran both Both 610
Ramesh etal. (60) 2010 Cross-sectional Fars Southern Iran Urban Both 778
Gholami etal. (61) 2015 Cross-sectional Khorasan razavi Eastern Iran Rural Both 4647
Gholami etal. (62) 2020 Cross-sectional Tehran Central Iran Urban Both 30,809
Taheri etal. (63) 2016 Cross-sectional Isfahan Central Iran Rural Both 92
Fallah et al. (64) 2015 Cross-sectional Yazd Central Iran both Both 500
Kian etal. (65) 2016 Cross-sectional Alborz. Central Iran Urban Both 185
Kian etal. (66) 2020 Cross-sectional Alborz. Central Iran Urban Both 354
Esfarjani et al. (67) 2019 Cross-sectional Tehran Central Iran Urban Both 630
Jafari etal. (68) 2017 Cross-sectional Isfahan Central Iran Urban Both 587
Khorramrouz et al. (69) 2020 Cross-sectional Khorasan razavi Eastern Iran Urban Both 315
Mohammadi et al. (70) 2013 Cross-sectional Tehran Central Iran Urban Both 418
Pourebrahim etal. (71) 2020 Cross-sectional Tehran Central Iran Urban Both 583
Rostami et al. (72) 2014 Cross-sectional Kermanshah Western Iran Rural Both 100
Fallah Tafti etal. (73) 2015 Cross-sectional Markazi Central Iran Urban Both 300
Safa etal. (74) 2021 Cross-sectional Zanjan Western Iran Rural Both 353
Nikniaz etal. (75) 2017 Cross-sectional East Azarbaijan Western Iran both Both 1277
2 etal. (76) 2018 Cross-sectional East Azarbaijan Western Iran both Both 253
Qomi etal. (77) 2012 Cross-sectional Tehran Central Iran Urban Both 200
Najafianzade et al. (75) 2015 Cross-sectional Markazi Central Iran Rural Both 373
Safarpour etal. (79) 2014 Cross-sectional Gilan Northern Iran Urban Female 400
Amiresmacili etal. (5) 2021 Cross-sectional Kerman Southern Iran Urban Both 559
Esmalilnezhad et al. (50) 2018 Cross-sectional South Khorasan Eastern Iran Rural Both 290
Keshavarz etal. (1) 2021 Cross-sectional Fars Southern Iran Rural Both 219
Akbarpour etal. (52) 2016 Cross-sectional Fars Southern Iran both Both 500
Mohammadi et al. (53) 2016 Cross-sectional Tehran Central Iran Urban Both 33,793
Shakiba et al. (34) 2021 Cross-sectional Gilan Northern Iran Rural Both 573
Farhangi etal. (85) 2015 Cross-sectional East Azarbaijan Western Iran Urban Both 300
Sheikhi et al. (56) 2021 Cross-sectional Sistan and Baluchestan Eastern Iran Rural Both 321
Ebadi-Vanestanagh et al. (57) 2019 Cross-sectional East Azarbaijan Western Iran Urban Female 188
Savari etal. (35) 2014 Cross-sectional Kurdistan Western Iran Rural Female 213
Azami etal. (89) 2018 Cross-sectional Khuzestan Southern Iran Rural Both 101
Payab etal. (90) 2012 Cross-sectional Tehran Central Iran Urban Female 430
Bagheri etal. (91) 2020 Cross-sectional Gilan Northern Iran Rural Both 200
Cheraghi etal. (92) 2017 Cross-sectional Zanjan Western Iran Rural Female 247
Cheraghi etal. (93) 2018 Cross-sectional Zanjan Western Iran Rural Both 290
Cheraghi et al. (94) 2018 Cross-sectional Khorasan razavi Eastern Iran Rural Both 304
Sotoudeh etal. (95) 2021 Cross-sectional Sistan and Baluchestan Eastern Iran Urban Both 421
Eghrari et al. (96) 2020 Cross-sectional Tehran Central Iran Urban Both 384
Minaie etal. (97) 2019 Cross-sectional Urban Both 7,028
Asadi-Lari etal. (98) 2019 Cross-sectional Tehran Central Iran Urban Both 30,809
Salarkia etal. (99) 2016 Cross-sectional Tehran Central Iran both Female 423
Omidvar etal. (100) 2019 Cross-sectional both Both 1,000
Abedi etal. (101) 2013 Cross-sectional Khuzestan Southern Iran Urban Both 1256
Safarpour etal. (102) 2018 Cross-sectional Gilan Northern Iran Urban Female 400
Arzhang etal. (103) 2019 Cross-sectional Kermanshah Western Iran both Both 364
Ekhlaspour etal. (104) 2019 Cross-sectional Kerman Southern Iran Urban Both 700
Alipour etal. (105) 2021 Cross-sectional Tehran Central Iran Urban Both 1,000
Mortazavi etal. (106) 2017 Cross-sectional Sistan and Baluchestan Eastern Iran Urban Both 2,160
Dassie etal. (107) 2016 Cross-sectional Tehran Central Iran Urban Both 644
Abdar-Esfehani et al. (108) 2019 Master tehsis Tehran Central Iran Urban Both 586
Razzazi etal. (109) 2014 Master tehsis Qazvin Central Iran Urban Female 250
Kazemi etal. (110) 2018 Master tehsis Ardabil Western Iran Urban Male 324
Darini etal. (111) 2016 Master tehsis Kerman Southern Iran both Both 400
Sharaki etal. (112) 2015 Cross-sectional Chaharmahal and Bakhtiari  Central Iran Rural Both 273
Siasar etal. (113) 2017 Master tehsis Sistan and Baluchestan Eastern Iran both Both 301
Nadimi etal. (114) 2017 Master thesis Kurdistan Western Iran Rural Both 296
Rahimi-Moghaddam etal. (115) 2015 Cross-sectional Lorestan Western Iran both Both 200
Abbasi etal. (116) 2019 Cross-sectional Gilan Northern Iran Rural Both 9%
Esa pare etal. (117) 2016 Master thesis Khuzestan Southern Iran Rural Both 460
Forootan etal. (115) 2013 Master thesis Kermanshah Western Iran Rural Female 60
Pakravan-Charvadeh etal. (119) 2021 Cross-sectional Khuzestan Southern Iran both Both 200
Rezvani etal. (120) 2018 Cross-sectional Kohgiluyeh and Boyer-Ahmad  Southern Iran Rural Both 325
Hashemitabar et al. (121) 2018 Cross-sectional Kerman Southern Iran Rural Both 400
Bayanani et al. (122) 2020 Master thesis Hamedan Western Iran Rural Both 388
Parsay etal. (123) 2018 Master thesis East Azarbaijan Western Iran Urban Both 400
Moradi etal. (124) 2020 Cross-sectional Kermanshah Western Iran Urban Both 217
Amin etal. (125) 2021 Cross-sectional Isfahan Central Iran Urban Both 358
Jamini et al. (126) 2016 Cross-sectional Kermanshah Western Iran Rural Both 180
Ahmadi Dehrashid etal. (127) 2021 Cross-sectional Kurdistan Western Iran Rural Both 60
Abbasi etal. (125) 2016 Cross-sectional Alborz Central Iran Rural Both 166
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Variables End line stunted Change in HAZ

No p-value (COR,95% Cl) Lose Gain p-value (COR, 95% CI)
<0.25 >0.25

Age
1-3years 7 818 6 182 0429 1578(0148-2248) 25 758 8 142 0.488 1.640(0.181-2.262)
4-5years 1322 5 | 28 2 66.7 6 333
DS 31 886 4 14 0014 0166(0039-0697) 27 7. fl 29 0.281 0.494(0.137-1.782)
< food
Groups. 9 se2 7 438 10 625 6 375

>4 food groups

Solid waste disposal

Unsafe 25 78.1 7 219 0.945 0.952(0.238-3.806) 14 737 5 263 0.889 0.913(0.254-3.28)
Safe 15 789 4 211 23 719 9 281

Practice less than 3 times of critical hand washing

Yes 25 80.6 6 194 0.633 1.389(0.361-5.349) 22 71 9 29 0.753 0.815(0.228-2.916)
No 15 75 5 25 15 75 5 25

Flies and insects at the toilet area

Yes 23 885 3 ns 0.004 0.277(0.064-1.203) 30 811 ¥ 189 0.032 0.233(0.062--0.884)
No 17 68 8 32 3 50 7 50

Disposal of feces

Unsafe 28 80 7 20 0.688 1.333(0.328-5.419) 28 80 7 20 0.044 3.111(0.857-11.291)
Safe 27 4 2 9 562 7 08

Muac Z

‘Thinned 28 757 9 243 0.442 1.929(0.361-10.294) 26 703 n 297 0555 1.551(0.361-6.669)
Not thinned 12 857 2 143 1 786 3 214

COR, crude odds ratio. Change in HAZ i the difference between the endline and baseline height for age Z-score HAZ gain s  difference inthe endline and baseline height for age of >0.25
Z-score. HAZ loss s a difference in the endline and baseline height for age of <0.25 Z-score. Statistically significant at a p-value of <0.05.
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Change of

11502 22970 0 100 0955 142 073 0232
temperature
Arable land 57.857 40.953 0 100 0934 2.09 152 0.064
Agriculture land 47,037 33295 0 100 0921 150 189 0290
Nutrient nitrogen N 50.213 30.569 0 100 0926 136 177 0.380
Nutrient phosphate
PO 47.138 30.776 0 100 0930 123 1.66 0.490
Consumption of Fixed

22465 31.085 0 100 0945 175 L15 0.124
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Data indicators Indicators definitions 2017 2016
Change of temperature [mean  Temperature change s the range of time, including temperature: * * * * *
surface temperature change by variations or temperatre fluctuations relative to a baseline
country (Unit: Celsius degrees  climatology corresponding to 1951-1980, which has been
“c)l recorded monthly; seasonal, and yearly to observe the

environmental fluctuations.
Arable land [1,000ha Arable land is used for short-term agricultural purposes, such as * . . . -
(hectares)] scasonal crops, grazing or home gardening.
Agriculture land [1,000ha Agricultural land refers to long-term agricultural purposes, such * * * * *
(hectares)] as the cultivation of crops and meadows
Nutrient nitrogen N (total) (Use  In this research, the fertlizers indicator provides information on * * . * *
per value of agricultural nitrogen (N) and phosphorus (expressed as P205), which enhance
production (kg/ha)] soil productivity.
Nutrient phosphate P205 * - B B *
(total) [Use per value of
agricultural production (kg/ha)
Consumption of Fixed Capital  Fixed capital consumption is the fulfilment of the actual demand * * * * *
(Agriculture, Forestry and for household needs

ng) [Value in millions

(United States dollars)]
Food Security (normalized 0 to Food security is the access to reasonable, secure, and healthy food - - beid bod Led
100 score) that fits the food needs and choices of an individual or community

atall times

*Denotes the underlying data from FAOstat, World Bank and national statistics bureaus databases, while **Denotes data from Economist Impact.
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Variables Category Frequency | Percent
Time beyond SC discharge |6-9 70 32.8
(in months)
10-12 92 432
13-15 33 15.5
16-18 18 8.5
Health facility to whicha | Gelemso hospital 35 16.43
child is admitted
Gelemso HC 35 1643
Firi Jiru HC 32 15.02
Wechu HC 32 15.02
Chefe HC 25 11.74
Dereku HC 38 17.84
Balbeletti HC 9 423
Wayne Gudo HC 7 329
Type of SAM at admission |Marasmic 102 479
Kwashiorkor 89 41.8
Marasmic- 22 10.3
kwashiorkor
MUAC at admision <110 mm 59 27.7
110-115 mm 61 28.6
>115 mm 93 43.7
Presence of edema at Yes 24 11:3
admission
No 189 88.3
Weight gain during <5 g/kg/day 57 26.8
disch: from SC
1SCHATEE oM S PIOSTAN 510 g/kg/day 112 526
>10 g/kg/day 44 206
Length of stay in the SC <7 103 484
ind
program (in days) _ 55 g
>14 L. 5.1
The child was transferred to |OTP 188 88.3
which program after OTP and SFP 21 98
discharge
SFP 4 19
Adherence to the prescribed |Yes 190 89.2
schedule
No 23 10.8
Visited by HW/HEW after |Yes 90 423
discharge
No 123 57.7
Child vaccination status Fully vaccinated 159 74.7
Complete vaccinated 6 2.8
Partially vaccinated 13 6.1
Unvaccinated 35 164
Vitamin-A supplementation |Yes 143 67.1
in the last 6 months
No 70 329

HC, health center; HEW, health extension workers; HW, health workers; OTP, outpatient

treatment program; SFP, supplementary feeding program.
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Food feeding > 4 times daily N 50.2
Food feeding < 4 times daily [ /0.3
Started complementary feeding after 9 months M 8.5
Started complementary feeding with 6-9 months [ 79.8
Started complementary feeding before 6 months [l 11.7
Breast feeding child > 24 months duration NN 532
Breast feeding child 13-23 months duration [N 29.1
Breast feeding child < 12 months duration [ 12.7
No exclusive breast feeding [N 23
Exclusive breast feeding I 77
breastfeeding > 8 times within 24 hrs . 6.8
breastfeeding <8 times within 24 hrs N 13.2
Not breastfeeding GG 2.2
Children still breastfeeding NN 17.8
Ever had breastfed the child I 0 9 . 5
0 10 20 30 40 50 60 70 80 90 100
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Hausman specification test

result

Chi-square test value 56.944

Value of p 000
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Sought advice from Traditional Healer |
Sought advice from health facility |

Did not seek advice for sickness

Sought advice for sickness |

Child sick for 27 days duration
Child sick for < 7 days duration
Others*

Fewver in last two weeks
Preumonia in the last two weeks

Cough in last two weeks |

Diarrhea in the last two weeks

Child has not been sick |

Child has been sick

b.&
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Variables Category Frequency A Percent
Age of child (in months) [12-23 45 21.1
24-35 65 30.5
36-47 73 343
48-59 30 14.1
Residence of a child Urban 36 16.9
Rural 177 83.1
Sex of child Male 108 50.7
Female 105 49.3
Age of mother (in years) [20-24 24 113
25-29 53 249
30-34 66 309
35-39 59 27.7
40-44 11 52
Sex of the household Male 190 89.2
head
Female 23 10.8
Marital status of a Married 190 89.2
mother X
Unmarried 23 10.8
Occupation of mothers |Homemaker 159 74.6
Daily labor 27 12.7
Farmer 18 8.5
Merchant 9 4.2
Maternal educational No formal education, 146 68.5
status unable to read and write
No formal education, can 39 18.3
read and write
Primary education (Grade 25 11.7
1-8)
Secondary education 3 1.5
(Grade 9-12)
Paternal educational No formal education, 105 55.3
status (n = 190) unable to read and write
No formal education, can 52 27.4
read and write
Primary (Grade 1-8) 20 10.5
Secondary (Grade 9-12) 13 6.8
Total family size in the  |1-3 members 16 7.5
HH
4-6 members 108 50.7
>7 members 89 41.8
Number of under-five One 64 30.1
children in the HH
Two 131 61.5
Three and above 18 8.4
Family wealth index Poor 71 333
Medium 71 333
Rich 71 333
Household food security |Food secure 45 21.1
status
Mildly insecure 61 28.6
Moderately insecure 84 394
Severely insecure 23 10.8
Dietary diversity score  |High DDS (>5) 22 103
Medium DDS (4-5) 93 437
Low DDS (<4) 98 46.0

DDS, dietary diversity score; HH, household.
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‘Rodriguez—Sanchez etal. (109)
\

(doi: 10.2147/CEOR.S256671)
\

Spain/Community dwelling

Cross-sectional and longitudinal analyses
on the impact of malnutrition risk on
healthcare utilization and costs in
community dwelling older adults

N = 1660 older adults (ages 66-98 years) were assessed for nutrition status according to
the GLIM criteria. Adults with malnutrition risk were classified according to GLIM
phenotypic and etiologic criteria. One out of four (27.5%) older adults living in the
community were at risk for or had malnutrition. The presence of malnutrition was
associated with higher healthcare utilization and increased costs related to more frequent
hospitalizations, longer LOS, higher costs, and polypharmacy.

Nutrition screening and counseling along with nutrition intervention can improve health
of older community-living adults and lower healthcare costs.

\
Elia etal. (110)

(doi: 10.1016/j.cInu.2015.07.012)

\

i United States/Europe/ Community

dwelling/Care homes

Systematic review (22,819 publications)
with meta-analysis to determine if the use
of ONS can result in cost savings and drive
cost-effective outcomes in adults living in
the community and in care homes.

A cost analysis with secondary clinical outcome measures was conducted on data from 19
clinical studies. In 9 studies/economic models using ONS for <3 months, researchers
found consistent savings (median cost savings 9.2%, P < 0.01). With ONS use for

>3 months (five studies), the median cost savings was 5% (P < 0.05). Meta-analysis
revealed that ONS usage reduced hospitalization by 16.5% (P < 0.001).

ONS use in the community, regardless of use in the hospital, was associated with overall
net cost savings or near-neutral balance with clinical outcomes such as reductions in
infections, minor post-operative complications, falls and functional limitations, and
improved quality of life.

Authors concluded ONS use should be an integral part of community clinical practice for
patients who were malnourished or at-risk; this intervention reduced complications and
improved quality of life while reducing the cost of care.

Sulo etal. (92)
(doi: 10.1016/j.vhri.2022.08.005)
‘Colombia/Community dwelling

Economic model for budget-impact and
cost-effectiveness analyses

The modeling was based on real-world
findings from a nutrition QIP study of
older, community-living individuals
attending outpatient clinics and identified
as at-risk/malnourished (n = 618)

QIP intervention included nutrition
screening, dietary education, lifestyle
counseling, 60-day consumption of ONS,
and 90-day follow-up.

With the QIP nutritional intervention over 90 days, total use of healthcare resources was
reduced by >40% (p < 0.001). Hospitalizations were lowered by about 80%, ED visits by
>60%, and outpatient clinical visits by nearly 40% (p-values < 0.001).

Based on economic modeling, total cost savings of $129,740 or per-patient cost savings of
$210 over 90-days were attributed to the nutritional QIP intervention.

Total cost savings equated to nearly twice the initial investment for the intervention, i.e., a
per-dollar return on investment of $1.82, a finding that clearly supports “value” in
nutrition care.

ADL, activities of daily living; ASMI, low appendicular skeletal muscle mass index; BMI, body mass index; ED, emergency department; EQ-VAS, EuroQoL-visual analog scale; HMB, beta-

hydroxy-beta methylbutyrate; LOS, length of stay; MMSE, mini-mental state exam; MNA-SE, mini nutrition assessment short form; MUST, malnutrition universal screening; ONS, oral

hutritional supplements; QIP, quality improvement program; SPPB, short physical performance battery; GDS, global depression scale; GLIM, Global Leadership Initiative on Malnutrition;

QoL, quality of life.
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Chew et al. (105)
(doi: 10.1016/j.cInu.2020.10.015),
Singapore/Community dwelling

Randomized, controlled clinical trial to
determine the effects of 2 daily servings of
an ONS containing HMB and vitamin D
along with dietary counseling in
community dwelling adults > 65 years at
medium or high risk for malnutrition at
30, 90, and 180 days

805 participants (60% female), with mean age of 74.15 and a mean body weight of
45.32 kg and mean BMI of 18.42 kg/m? completed the study. Most participants were
Chinese ethnicity (87%).
A significantly higher percentage of older adults in the intervention group achieved
the primary composite outcome of survival without hospital readmission and with at
least 5% weight gain by day 180 compared to placebo (33.4% vs. 8.7%, P < 0.001).
Significantly improved nutritional and functional outcomes were achieved in the study
group.
Nutrition intervention with ONS containing HMB and vitamin D along with dietary
counseling reduced malnutrition risk and improved nutritional and functional status in
community dwelling older adults.

Smith et al. (106)
(doi: 10.3390/nu12020517),
England/Community dwelling

Riley et al. (94)
(doi: 10.1002/jpen.1606)
United States/Community dwelling

Randomized, controlled clinical trial to
determine the effects of ONS and dietary
advice (DA) on oral intake, weight, QOL,
healthcare utilization and satisfaction in
malnourished community dwelling older
adults

Nutrition-focused QIP (admission
nutrition screening, patient and caregiver
education, and use of ONS) on 90-day
hospitalization rates and healthcare
utilization by at-risk or malnourished
patients admitted to home health care

308 participants (67% female) mean age 71.5 & 10.7 years, with medium (44%) and high
risk (56%) for malnutrition (MUST) completed the study.

| There was significantly greater total energy, protein intake and weight gain in the study
group receiving ONS and DA (+401 keal/d, P < 0.001; +15 g/d, P < 0.001; +0.8 kg;

P < 0.001) compared to DA alone. Significant reductions (HCP visits 34%, emergency
admissions 50%, LOS 62%) in health care utilization were noted in the ONS/DA group.
Nutrition intervention utilizing ONS, and dietary counseling improved oral intake,
increased body weight and reduced healthcare utilization in community dwelling
malnourished older adults.

2,206 (38.8%) participants were identified as at risk for malnutrition with 1,546 (70%)
meeting the QIP criteria. QIP patients had a mean age of 76.8 years with

83.5% > 65 years; a majority (67.9%) were admitted to home care after hospital discharge.
Results showed significant reductions in relative risk of hospitalization after enrollment
in the QIP program—24.3% at 30 days, 22.8% at 60 days, and 18.3% at 90 days when
compared to the historic control group, and 18.2, 16.2, and 12.1% when compared to the
concurrent group. Total cost savings realized from the reduced healthcare utilization at
90 days were $2,318,894 or $1,500 per patient.

For older adults with malnutrition or its risk, implementation of a home-care
nutritional QIP (including ONS use) reduced rehospitalization rates and

healthcare utilization, leading to improved healthcare outcomes and significant cost
savings.

Smith etal. (107)
(doi: 10.3390/ijerph17103590)
United States/Community dwelling

Clinical practice implication

Community based workshop focused on
identifying and managing malnutrition to
reduce fall risk in older adults

S

429 participants attended the SUYN (Stepping Up Your Nutrition workshop) with
38% (N = 163) participating in the follow-on Stepping On (SO), an evidence-

based fall prevention program. Average age of the SUYN participants was 74.71
(£11.45) with 33.7% older than 80 years. Majority of the participants were female
(63.3%). Malnutrition risk was measured in the SUYN participants by SCREEN IT
with high and moderate malnutrition scores identified in 71% and 20%, respectively.
Of those participants at high malnutrition risk, 79.1% attended the SO

workshop.

Identification of malnutrition risk among community-living older adults is critical to
ensuring participation in community-based programs focused on nutrition and fall
prevention.

Hong etal. (108)

(doi: 10.36648/1479-1072.22.30.
01-05)

United States/Community dwelling

Assess health care provider (HCP) and
patient satisfaction with the nutritional
QIP program implemented at 3 healthcare
system clinics

Following the implementation and execution of a nutritional QIP at three healthcare
clinics, 187 (31.1%) of the patients (>45 years) completed a QIP satisfaction survey.
Overall, most patients were very satisfied with the overall nutrition care (81.8%) and
nutrition education (81.3%) provided in the QIP program and the healthcare providers’
ability to answer nutrition related questions (82.4%). Higher adherence (1 = 100, 53.5%)
to the prescribed ONS regime was noted when QIP patients were highly satisfied with the
nutrition care provided.

Healthcare providers reported high levels of confidence and increased satisfaction over
time with the use of the QIP program (4.6/5 points).

Thus, the use of a nutritional QIP program can drive high levels of patient and HCP
satisfaction, improve efficacy of nutritional care, and reduce healthcare costs in the

community setting.






