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Background: Multi-pathogen molecular diagnostics enhance our understanding of the pathogen-specific burden of diarrhea. However, attributing etiology remains challenging in high-burden settings where coinfections are common. The Antibiotics for Children with severe Diarrhea (ABCD) trial provides a unique opportunity to leverage azithromycin treatment response to identify bacterial diarrhea.

Methods: We analyzed data from 6,692 children with watery diarrhea enrolled in ABCD (2017 to 2019) who were randomized to receive azithromycin or placebo. We modelled the heterogeneity in the azithromycin treatment response by the enteric pathogen quantity detected by quantitative PCR using log-binomial regression.

Results: Azithromycin treatment response varied by pathogen quantity, with the strongest effect observed for Shigella. Each log₁₀ increase in Shigella quantity was associated with a 13% reduction (95% CI: 3–23%) in diarrhea risk at day 3 in the azithromycin group compared to placebo. We observed similar, though non-significant, trends for Vibrio cholerae, ST-ETEC, and tEPEC. In contrast, no association was found between pathogen quantity and azithromycin response for Campylobacter, LT-ETEC, or EAEC. These patterns remained consistent when evaluating hospitalization or death risk within 90 days.

Conclusion: The observed associations between azithromycin treatment response and pathogen quantity for Shigella, Vibrio cholerae, ST-ETEC, and tEPEC support prior evidence that these pathogens are likely causes of diarrhea when present in high quantities. Conversely, the absence of a similar response pattern for Campylobacter, LT-ETEC, and EAEC is consistent with large-scale studies showing a limited association between their quantities and diarrhea.
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Introduction

Diarrheal diseases are the fifth leading cause of death in children under five, with the highest burden of disease experienced in low- and middle-income countries (LMICs) (Troeger et al., 2018). Accurate estimates of the burden of specific etiologies of diarrhea are helpful for global resource allocation and policy making and may be useful to inform appropriate treatment measures beyond the WHO IMCI recommended management (WHO, 2014). Quantitative PCR (qPCR) diagnostics have been used to attribute likely diarrhea etiologies by leveraging comparisons of pathogen quantity between diarrhea cases and non-diarrheal controls in multiple large global studies, including the Global Enteric Multicenter Study (GEMS) (Liu et al., 2016), the Malnutrition and the Consequences for Child Health and Development (MAL-ED) study (Platts-Mills et al., 2018), and the Global Pediatric Diarrhea Surveillance network (Cohen et al., 2022).

The Antibiotics for Children with severe Diarrhea (ABCD) study, a 7-country, randomized, double-blinded, placebo-controlled trial, assessed if a 3-day course of azithromycin reduced mortality or improved linear growth among children with acute watery diarrhea accompanied by dehydration or undernutrition (Ahmed et al., 2021). In the study, rotavirus (21.1%) was the leading cause of diarrhea, while 28.3% of diarrheal cases had a likely bacterial etiology, most commonly Shigella, enterotoxigenic E. coli encoding heat stable enterotoxin (ST-ETEC), and typical enteropathogenic E. coli (tEPEC) (Pavlinac et al., 2024). While the impact of azithromycin among all enrolled children on mortality was minimal, application of molecular diagnostics suggested that azithromycin was effective at reducing risk of day 3 diarrhea and day 90 hospitalization or death among children with likely bacterial diarrhea (Pavlinac et al., 2024). Due to the absence of diarrhea-free controls in ABCD, pathogen-specific quantity cut-offs were applied to assign etiology, based on the strong associations of those quantities with diarrhea previously observed in MAL-ED and GEMS (Liu et al., 2016; Platts-Mills et al., 2018). However, there was a residual benefit of azithromycin among episodes with bacteria detected at a lower quantity. For example, children in ABCD with a likely bacterial etiology had a 3.1% absolute reduction in risk of 90-day hospitalization or death when treated with azithromycin compared to a 2.3% reduction among children with bacteria detected but not attributed (Pavlinac et al., 2024). These findings suggest the previously used cut-offs likely missed true bacterial episodes that also responded to treatment.

The ABCD study offers a unique opportunity to further investigate diarrheal etiology using azithromycin treatment response as a probe. Azithromycin is a broad-spectrum antibiotic with known efficacy against Gram-negative pathogens, including pathogenic E. coli, (Sanders et al., 2007) Campylobacter spp., (Vukelic et al., 2010) and Shigella spp. (Khan et al., 1997; Basualdo and Arbo, 2003). We therefore expect an azithromycin treatment response in diarrhea cases in which bacteria are the true etiological agent.

Here we investigate if heterogeneity in the treatment response by pathogen quantity can inform the assignment of diarrhea etiology and potentially refine etiological quantity cut-offs for enteric bacteria if a quantitative threshold for the treatment response is observed.



Methods

The ABCD study design (Alam et al., 2020), primary analysis results (Ahmed et al., 2021), and post-hoc analyses incorporating qPCR enteric pathogen testing (Pavlinac et al., 2024) have been previously described. Briefly, 8,268 children 2–23 months of age were enrolled between June 2017 and July 2019 from seven sites in Bangladesh, India, Kenya, Malawi, Mali, Pakistan, and Tanzania if they presented to study hospitals with acute watery diarrhea. Eligible children had some or severe dehydration and/or moderate wasting or severe stunting, as previously defined (Alam et al., 2020). Children who had received antibiotics in the 2 weeks prior to presentation or with clear indications for antibiotic treatment (i.e., dysentery, severe acute malnutrition, signs of other infections requiring antibiotics) were excluded.

Participants were randomized to receive either 3 days of azithromycin (10 mg/kg/day) or placebo. Before randomization, study staff collected either whole stool or a flocked rectal swab. Enteric pathogens were tested via qPCR in the first approximately 1,000 children enrolled at each site using the TaqMan array card platform as described previously (Alam et al., 2020). Cycle thresholds (Ct’s) derived from rectal swabs were adjusted by the pathogen-specific mean cycle threshold difference between paired rectal swabs and whole stools to account for differences in sample type. Pathogens detected were adenovirus 40/41, astrovirus, Campylobacter jejuni/coli, Cryptosporidium, Enterocytozoon bieneusi, Giardia, norovirus GII, rotavirus, sapovirus, Shigella/enteroinvasive Escherichia coli (EIEC), Vibrio cholerae, heat-stable enterotoxigenic E. coli (ST-ETEC), heat-labile enterotoxigenic E. coli (LT-ETEC), typical enteropathogenic E. coli (tEPEC), and enteroaggregative E. coli (EAEC). Follow-up visits were conducted to ascertain presence of diarrhea on day 3 after enrolment and rehospitalization and vital status 90 days post-enrollment.

Pathogens were analyzed using the continuous Ct as a marker of relative pathogen quantity. Co-etiologies (i.e., coinfections at a quantity associated with diarrhea) were defined based on pathogen-specific qPCR Ct cut-offs derived for ABCD (Pavlinac et al., 2024) from two large multisite studies of diarrhea that included non-diarrheal controls, GEMS (Liu et al., 2016) and MAL-ED (Platts-Mills et al., 2018). A co-etiology was defined as the detection of any other pathogen at a quantity above (or equally, a qPCR Ct below) the etiological cut-off. The primary outcome assessed in this analysis was presence of diarrhea 3 days after enrolment, selected to maximize power to detect treatment effect heterogeneity and to be consistent with prior analyses (Pavlinac et al., 2024). The combined outcome of rehospitalization or death by 90 days after enrolment was the secondary outcome.

We modelled the heterogeneity in the azithromycin treatment effect by pathogen quantity detected using log-binomial regression for pathogens previously associated with diarrhea (Liu et al., 2016) or with at least 5% prevalence. The model adjusted for the day of diarrhea on which the sample was collected and co-detection of other pathogens. Co-detection was specified with two variables representing the sum of the episode-specific attributable fractions (AFes) for all bacteria and the sum of the episode-specific AFes for all viruses and protozoa. AFes were estimated by plugging in the observed pathogen quantities in ABCD to site-specific attribution models previously developed in GEMS and MAL-ED and taking the median of 1,000 estimates drawn equally from each of the site-specific models (Cohen et al., 2022). We first included an interaction term between treatment arm assignment and the quantity of pathogen detected when specified with a linear and quadratic term. We conducted a linear trend test for each interaction using the Wald-based p-value for the quadratic interaction term with alpha = 0.05. Because the test was not statistically significant for 13 of 15 pathogens evaluated (Supplementary Table S1), we proceeded with modelling the interactions with only linear terms for pathogen quantity across all pathogens for interpretability and comparability. For the diarrhea on day 3 outcome, we further stratified the models by presence of a bacterial co-etiology.

We report the model-predicted pathogen quantity and treatment arm-specific risk of each outcome conditional on sample collection at day 0 and no co-detections using ggpredict from the ggeffects package v. 1.2.1 in R v. 4.2.1. We report the risk ratio for azithromycin compared to placebo for each outcome by pathogen quantity using the interplot 0.2.3 package, both overall and stratified by presence of a bacterial co-etiology for the diarrhea on day 3 outcome. These data were summarized by reporting the change in the effect of azithromycin per each log10 increase in pathogen quantity (i.e., the ratio of risk ratios) based on the interaction term between pathogen quantity and azithromycin. To estimate the proportion of episodes that could be attributed to each bacterial pathogen based on the azithromycin treatment response, we calculated population attributable fractions from these episode-specific risk ratios for day 3 diarrhea. Specifically, to remove azithromycin effects unrelated to the pathogen detected, we divided each episode-specific risk ratio by the largest risk ratio when pathogen quantity was zero (RRadj). The population attributable fraction was then calculated as [image: image] (since azithromycin is protective) where i included all episodes in which the pathogen was detected at any quantity. Adjusted risk ratios were constrained to be less than or equal to 1 such that the episode attributable fraction could not be negative.

Finally, we calculated the proportion of diarrhea episodes across the range of cycle threshold values that would be treated with antibiotics if a given pathogen-specific cycle threshold were chosen as the cut-off to define etiology and assign treatment (i.e., the proportion of episodes with a cycle threshold value at the cut-off or lower). This proportion was calculated among diarrhea episodes overall to quantify the proportion of all diarrhea episodes that would be treated using a given cut-off and among diarrhea episodes with the pathogen detected at any quantity to quantify the proportion of all potentially pathogen-attributable episodes that would be treated.



Results

We included 6,692 children from the seven ABCD trial sites who had a valid qPCR result, representing 80.9% of all enrolled participants (n = 8,268). The distribution of pathogen quantities detected was similar between the azithromycin and placebo groups (Supplementary Figure S1).

The overall risk of diarrhea on day 3 was 10.2% and was higher in the placebo group (12.0%) compared to azithromycin group (8.4%) (risk ratio: 0.70, 95% CI: 0.61, 0.82). Azithromycin provided stronger protection against diarrhea as pathogen quantity detected increased for a subset of enteric bacteria, specifically Shigella, ST-ETEC, tEPEC, and Vibrio cholerae on day 3. In the placebo group, diarrhea risk on day 3 increased with pathogen quantity, whereas in the azithromycin group, risk was less dependent on pathogen quantity (Figure 1A). Correspondingly, as pathogen quantities increased the effect of azithromycin became stronger (i.e., risk ratios further from the null) (Figure 1B). The heterogeneity in azithromycin effect by pathogen quantity was most pronounced and statistically significant only for Shigella. The risk ratio for diarrhea on day 3 for azithromycin compared to placebo was more protective, specifically 13% (95% CI: 3, 23) lower (i.e., further from the null), per log10 increase in Shigella quantity detected (ratio of risk ratios; Table 1). This translated to detection at a high quantity (Ct = 25) associated with a 50% reduction (95% CI: 30, 64) in diarrhea on day 3 compared to a 40% reduction (95% CI: 33, 75) associated with detection at Ct = 30. A similar pattern was observed for V. cholerae, ST-ETEC, and tEPEC, though the effect heterogeneity was not statistically significant for these pathogens (Table 1). When stratifying by whether there was a bacterial co-etiology, the association between pathogen quantity and azithromycin treatment response was slightly stronger for episodes in which there was no co-etiology (Figure 1C).
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FIGURE 1
 Modification of the effect of azithromycin on the risk of diarrhea on day 3 by bacterial pathogen quantities detected. For each bacterial pathogen, (A) the model-predicted risk of diarrhea on day 3 by pathogen quantity and treatment arm (red = placebo; blue = azithromycin), conditional on sample collection at day 0 and no co-detections. (B) The risk ratio for azithromycin compared to placebo for diarrhea on day 3 by pathogen quantity adjusted for the day of diarrhea on which the sample was collected and co-detection of other pathogens. (C) The adjusted risk ratio for azithromycin compared to placebo for diarrhea on day 3, stratified by the presence of a bacterial co-etiology (green = yes; red = no). Pathogen quantity is specified by the cycle threshold value from qPCR (i.e., smaller cycle thresholds correspond to higher pathogen quantity detected). Bands on all plots indicate 95% confidence bands.




TABLE 1 Change in the effect of azithromycin on risk of diarrhea on day 3 and risk rehospitalization or death by day 90 for each log10 increase in pathogen quantity detected among children with watery diarrhea in the Antibiotics for Children with severe Diarrhea (ABCD) trial.
[image: Table1]

In contrast, azithromycin treatment response did not vary with the quantity of Campylobacter jejuni/coli, LT-ETEC, and EAEC (Figure 1 and Table 1). For C. jejuni/coli diarrhea risk increased with pathogen quantity in both the control and placebo groups on day 3 (Figure 1A). This resulted in risk ratios for diarrhea on day 3 closer to the null at high C. jejuni/coli quantities. For LT-ETEC, diarrhoea risk on day 3 was very similar between azithromycin and placebo groups at high quantities, while for EAEC, the risk ratio for diarrhea on day 3 was independent of pathogen quantity.

The azithromycin treatment response was either inversely associated or not associated with pathogen quantity detected for viruses and parasites (Figure 2). Higher quantities of rotavirus, norovirus GII, adenovirus 40/41, and astrovirus, were associated with risk ratios for diarrhea on day 3 closer to the null. No consistent pattern was observed when stratifying by presence of a bacterial co-etiology. Cryptosporidium was an exception; higher quantities were associated with a stronger azithromycin treatment response. This was not explained by the presence of a bacterial co-etiology. Rather, the azithromycin treatment response was more strongly associated with Cryptosporidium quantity for episodes without a bacterial co-etiology.

[image: Figure 2]

FIGURE 2
 Modification of the effect of azithromycin on the risk of diarrhea on day 3 by non-bacterial pathogen quantities detected. For each non-bacterial pathogen, (A) the model-predicted risk of diarrhea on day 3 by pathogen quantity and treatment arm (red = placebo; blue = azithromycin), conditional on sample collection at day 0 and no co-detections. (B) The risk ratio for azithromycin compared to placebo for diarrhea on day 3 by pathogen quantity adjusted for the day of diarrhea on which the sample was collected and co-detection of other pathogens. (C) The adjusted risk ratio for azithromycin compared to placebo for diarrhea on day 3, stratified by the presence of a bacterial co-etiology (green = yes; red = no). Pathogen quantity is specified by the cycle threshold value from qPCR (i.e., smaller cycle thresholds correspond to higher pathogen quantity detected). Bands on all plots indicate 95% confidence bands.


These results were consistent for the combined outcome of rehospitalization or death by day 90, but the associations were less precise and none of the effect heterogeneity was statistically significant (Table 1 and Figures 3, 4). The risk of death or hospitalization was 4.5% overall, 3.6% in the azithromycin group and 5.3% in the placebo group (risk ratio: 0.68, 95% CI: 0.54, 0.86). For episodes in which Shigella was detected at a higher quantity (Ct = 25), azithromycin was associated with a 57% reduction (95% CI: 29, 70%) in rehospitalization or death, compared to a 44% reduction (95% CI: 37, 54%) for episodes with Shigella detected at a lower Ct = 30 quantity. The only discrepant result was for rotavirus, for which higher quantities were associated with slightly stronger azithromycin treatment response.

[image: Figure 3]

FIGURE 3
 Modification of the effect of azithromycin on rehospitalization or death by day 90 by bacterial pathogen quantities detected. For each bacterial pathogen, (A) the model-predicted risk of rehospitalization or death by pathogen quantity and treatment arm (red = placebo; blue = azithromycin), conditional on sample collection at day 0 and no co-detections. (B) The risk ratio for azithromycin compared to placebo for rehospitalization or death by pathogen quantity adjusted for the day of diarrhea on which the sample was collected and co-detection of other pathogens. Pathogen quantity is specified by the cycle threshold value from qPCR (i.e., smaller cycle thresholds correspond to higher pathogen quantity detected). Bands on all plots indicate 95% confidence bands.


[image: Figure 4]

FIGURE 4
 Modification of the effect of azithromycin on rehospitalization or death by day 90 by non-bacterial pathogen quantities detected. For each non-bacterial pathogen, (A) the model-predicted risk of rehospitalization or death by pathogen quantity and treatment arm (red = placebo; blue = azithromycin), conditional on sample collection at day 0 and no co-detections. (B) The risk ratio for azithromycin compared to placebo for rehospitalization or death by pathogen quantity adjusted for the day of diarrhea on which the sample was collected and co-detection of other pathogens. Pathogen quantity is specified by the cycle threshold value from qPCR (i.e., smaller cycle thresholds correspond to higher pathogen quantity detected). Bands on all plots indicate 95% confidence bands.


Using the azithromycin treatment response as a probe to attribute etiology, we estimated that 4.1% of episodes could be attributed to Shigella, 3.0% could be attributed to ST-ETEC, 2.9% could be attributed to tEPEC, and 0.4% could be attributed to Vibrio cholerae. The population attributable fractions for Campylobacter jejuni/coli, EAEC, and LT-ETEC were zero.

The proportion of etiology-specific and overall diarrhea episodes that would be treated if treatment decisions were based on pathogen quantity cut-offs depended on the distribution of pathogen quantities among etiology-specific episodes and the distribution of etiologies (Figure 5). For example, treating all episodes with tEPEC at Ct ≤25 would result in 50% of episodes with tEPEC treated and 8% of episodes treated overall. Equally, 50% of episodes with tEPEC detected would be missed and left untreated. In contrast, treating all episodes with V. cholerae detected at a Ct ≤25 would result in only 16.6% of episodes with V. cholerae treated (82.4% untreated) and 0.4% of episodes treated overall.
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FIGURE 5
 Prevalence of antibiotic treatment under decision rules that use cycle threshold cut-offs to define etiology and assign treatment. The proportion of diarrhea episodes overall (red line) and diarrhea episodes with the pathogen detected at any quantity (blue line) that would be treated with antibiotics if a given cycle threshold were chosen as the cut-off to define etiology and assign treatment.




Discussion

In this reanalysis of qPCR data from the ABCD study, the azithromycin treatment response on diarrhea at day 3 was stronger among episodes with higher detected pathogen quantities for some of the most common bacterial causes of diarrhea: Shigella, V. cholerae, tEPEC, and ST-ETEC. This supports that these bacteria are likely the true etiology of diarrhea when detected at high pathogen quantities. While not statistically significant for V. cholerae, tEPEC and ST-ETEC, the observed heterogeneity in effects by pathogen quantity was largely consistent with previous comparisons of qPCR data between diarrhea cases and non-diarrheal controls from GEMS, which showed strong quantity dependent associations between all these bacterial pathogens and diarrhea, with the exception of tEPEC; the highest quantities of tEPEC were only moderately associated with diarrhea in GEMS (Liu et al., 2016). However, tEPEC was strongly associated with mortality in GEMS, providing additional support for tEPEC as an important cause of diarrhea (Levine et al., 2020).

Our data suggest that the relationship between treatment response and bacterial pathogen quantity is approximately linear, making the assignment of a definitive cycle threshold cut-off for diarrheal etiology difficult. Such a cut-off would be needed to define antibiotic treatment decision rules (i.e., treat if quantity < threshold and not if quantity > threshold) as well as to define case definitions for studies with pathogen-specific outcomes (e.g., Shigella-attributed diarrhea for a Shigella vaccine trial). Pathogen quantity could however be used to guide treatment decisions, for example by choosing to treat at a quantity threshold corresponding to a clinically meaningful treatment benefit if a derivative of this assay becomes available as a point of care test. The choice of threshold should also consider the potential benefits of expanded use of azithromycin to treat episodes of bacterial diarrhea in the context of the growing azithromycin resistance rates in key Gram-negative bacteria, including Shigella spp. (Baker et al., 2015; Nuzhat et al., 2022).

The lack of associations between pathogen quantity and azithromycin treatment response for Campylobacter, LT-ETEC, and EAEC were consistent with the weaker associations between pathogen quantities and diarrhea observed for these pathogens in MAL-ED and GEMS (Liu et al., 2016; Platts-Mills et al., 2018). These prior studies of diarrhea etiology attributed relatively few diarrhea episodes to these pathogens despite the fact that they were commonly detected during diarrhea, and our results corroborate that they may be relatively rare causes of diarrhea in children in low-resource settings who have early and high levels of exposure. Sub-clinical carriage of Campylobacter is frequent, complicating the assignment of a cut-off to attribute diarrhea to this pathogen (Houpt et al., 2021) low qPCR cut-offs used to attribute Campylobacter diarrhea based on MAL-ED and GEMS, for example used in the previous analysis of the ABCD study, have been criticized as potentially being poorly sensitive (Pavlinac et al., 2024). However, the lack of treatment response even among episodes with high Campylobacter quantity support the use of a low Ct (i.e., high quantity) cut-off for attributing Campylobacter etiology.

A key purpose of vaccine probe studies is to identify the proportion of disease attributable to the vaccine-targeted pathogen (Feikin et al., 2014). In this “antibiotic probe” study analogue, we estimated population attributable fractions for each of the bacterial pathogens based on the azithromycin treatment response at observed pathogen quantities for each diarrhea episode. The resulting relative ranking of pathogens matched that previously reported in GEMS and MAL-ED (Liu et al., 2016; Platts-Mills et al., 2018). However, the proportions attributable were smaller in magnitude, likely because azithromycin is not perfectly effective in preventing diarrhea on day 3. Importantly, no fraction of diarrhea could be attributed to Campylobacter, EAEC, or LT-ETEC using the azithromycin treatment response as a probe given the inverse associations between quantities of these pathogens and the treatment response. This is likely reflective of the fact these pathogens are relatively rare causes of diarrhea in our research setting.

We also predominantly observed an inverse association between non-bacterial (virus and parasite) quantities and treatment response at day 3. High viral quantities were strongly associated with poor treatment outcomes, suggesting the true etiology of these diarrheal cases was viral, as we would not expect an azithromycin treatment response in cases of viral diarrhea. The observation of improved treatment outcomes at lower virus quantities, may be due to the increased likelihood of bacterial co-infection at lower virus quantities, such that the virus was carried at sub-clinical levels while the etiology was truly bacterial.

Interestingly, higher quantities of rotavirus were associated with a small reduction in rates of death or hospitalization at day 90. Dehydration and/or undernourishment were inclusion criteria for the ABCD study. Malnourishment can suppress the immune system; the WHO recommends routine treatment of children with severe acute malnutrition (SAM) with a broad-spectrum antibiotic, and in some settings azithromycin administration, for SAM has been reported to improve recovery and reduce mortality rates (O’Brien et al., 2021). Studies conducted in both Africa and Asia have reported that rotavirus infection is associated with undernutrition (Das et al., 2017; Gasparinho et al., 2017). It is possible that the improved azithromycin treatment outcome observed for higher quantities of rotavirus in this study is due to the anti-inflammatory effects of azithromycin to treat malnutrition, which may have led to improved recovery from rotavirus infection (Zimmermann et al., 2018). Further, improved outcomes could also be a result of azithromycin-driven gut microbiota ablation, which has previously been shown to enhance humoral immunity and reduce severity of rotavirus diarrhea (Uchiyama et al., 2014).

For parasites, Giardia and E. bieneusi quantities were not determinants of the azithromycin treatment response, which was expected since parasites are not susceptible to azithromycin. Interestingly, Cryptosporidium was unique amongst the non-bacterial pathogens such that high quantities were associated with improved treatment response at both day 3 and day 90. This improvement was not explained by presence of bacterial co-infections but has been observed previously in a case series of HIV-infected adults (Kadappu et al., 2002). The mechanism for improved treatment outcome is unclear; however, it is possible that the immunomodulatory effects of azithromycin may again be contributing to improved recovery in Cryptosporidium infection.

This study has some limitations. We had no azithromycin susceptibility data from the bacterial pathogens tested for in this analysis; phenotypic resistance in commensal E. coli from a subset of ABCD participants from all sites was however 24% 3 months after enrolment (Ahmed et al., 2021). It is possible that azithromycin resistance amongst the Gram-negative bacterial pathogens reduced the effect of the azithromycin treatment. Notably, Campylobacter species have been reported to exhibit high levels of macrolide resistance globally. A recent systematic review of Campylobacter associated diarrhoea in humans reported macrolide resistance levels of 54% in Eastern Africa and 70% in Southern Africa (Hlashwayo et al., 2021). Although recent data on macrolide resistance in human diarrhoeal isolates from Asia are lacking, studies from poultry farms in Bangladesh report resistance levels >90% (Hasan et al., 2025). It is therefore plausible that azithromycin resistance amongst Campylobacter pathogens analyzed in this study may have contributed to the lack of association observed between Campylobacter abundance and treatment response.

Furthermore, we did not differentiate bacterial pathogens at the species level. Given the variation in virulence and antibiotic resistance profiles among species within the same genus, such as Shigella and Campylobacter, this could have introduced bias into our results.

Mechanistic studies of azithromycin have shown it exhibits immunomodulatory activity through the regulation of multiple inflammatory pathways (Zimmermann et al., 2018). Our results may have therefore been confounded by children who did not have bacterial attributable diarrhea but exhibited a treatment response due to the anti-inflammatory activity of azithromycin. In addition, this study of effect heterogeneity was underpowered since the primary ABCD trial was powered for population-level effects. While few estimates of heterogeneity were statistically significant, changes in the magnitude of the azithromycin effect remain informative. Finally, our dataset is derived from children enrolled in the ABCD study, which had restrictive enrolment criteria requiring all children to have dehydration or malnutrition. Approximately half of children presenting to ABCD recruitment sites and screened for ABCD recruitment were ineligible due to not being dehydrated or wasted (Ahmed et al., 2021). Therefore, the estimates of the proportions of children who would be treated under varying quantity cut-offs may not be generalizable to all children with diarrhea. Furthermore, the results may not be generalizable to high-income countries (HICs). Campylobacter spp. are endemic and show high sub-clinical carriage in LMICs but not in HICs (Epps et al., 2013). It is feasible that there may be a clearer association between Campylobacter quantity and azithromycin treatment response in HIC settings where Campylobacter is not endemic.

In this reanalysis of qPCR diagnostic data from the ABCD trial, the relationship between bacterial quantity and treatment response for Shigella, V. cholerae, tEPEC, and ST-ETEC support that attribution of diarrhea etiology to these pathogens is more accurate as pathogen quantity increases and suggest that the use of a pathogen quantity cut-off to attribute etiology is appropriate for observational and intervention studies of diarrhea using molecular diagnostics. However, because the heterogeneity of treatment response was linear with pathogen quantity, the appropriate qPCR cut-off for assigning etiology may vary by specific context.



Data availability statement

The data analyzed in this study is subject to the following licenses/restrictions: anonymized participant data will be made available on requests directed to the corresponding author. Proposals will be reviewed and approved by the sponsor, investigator, and collaborators based on scientific merit. After approval of a proposal, data can be shared through a secure online platform after signing a data access agreement. Requests to access these datasets should be directed to AC (deay@who.int).



Ethics statement

The studies involving humans were approved by WHO Ethics Review Committee as well from the participating countries. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

JC: Writing – original draft, Writing – review & editing, Investigation. SE: Visualization, Writing – review & editing, Formal analysis, Methodology. JP-M: Conceptualization, Writing – review & editing, Methodology, Data curation. PP: Writing – review & editing, Project administration, Data curation. KM: Investigation, Writing – review & editing, Project administration. CS: Writing – review & editing, Investigation, Project administration. CD: Writing – review & editing, Project administration, Investigation. QD: Investigation, Writing – review & editing, Project administration. NB-Z: Writing – review & editing, Project administration, Investigation. KK: Investigation, Writing – review & editing, Project administration. SSo: Writing – review & editing, Investigation, Project administration. SSa: Investigation, Project administration, Writing – review & editing. BS: Project administration, Writing – review & editing, Investigation. JW: Investigation, Writing – review & editing, Project administration. FQ: Investigation, Project administration, Writing – review & editing. TA: Investigation, Writing – review & editing, Project administration. AC: Funding acquisition, Project administration, Investigation, Writing – review & editing. ER: Writing – original draft, Supervision, Writing – review & editing, Methodology, Funding acquisition, Investigation, Conceptualization, Project administration.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The ABCD trial and nested molecular diagnostics study were funded by the Gates Foundation (Grant Nos. OPP 1126331 and OPP 1179069). This study was funded by the Gates Foundation (INV-044317 to EM).



Acknowledgments

The authors thank the children who participated in this trial and their families as well as the physicians, pharmacists, and research assistants who helped conduct the trial in each of the seven countries. The data and safety monitoring board members provided critical guidance in the trial: Mathuram Santosham (chair), Yin Bun Cheung, Shinjini Bhatnagar, Elizabeth Molyneux, and Godwin Ndossi. The authors also thank additional members of the ABCD Study Group: Bangladesh: Muhammad Waliur Rahman, Irin Parvin, and Md. Farhad Kabir. India: Pratibha Dhingra, Arup Dutta, Anil Kumar Sharma, and Vijay Kumar Jaiswal. Kenya: Churchil Nyabinda, Christine McGrath, Emily L. Deichsel, Maurine Anyango, Kevin Mwangi Kariuki, Doreen Rwigi, and Stephanie N. Tornberg-Belanger. Mali_ Fadima Cheick Haidara, Flanon Coulibaly, Jasnehta Permala-Booth, and Dramane Malle. Malawi: Nigel Cunliffe, Latif Ndeketa, Desiree Witte, and Chifundo Ndamala. Pakistan: Shahida Qureshi, Sadia Shakoor, Rozina Thobani, and Jan Mohammed. Tanzania: Rodrick Kisenge, Christopher R. Sudfeld, Mohamed Bakari, Cecylia Msemwa, and Abraham Samma.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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/fmicb.2025.1606207/full#supplementary-material



References

 Ahmed, T., Chisti, M. J., Rahman, M. W., Alam, T., Ahmed, D., Parvin, I., et al. (2021). Effect of 3 days of oral azithromycin on young children with acute diarrhea in low-resource settings: a randomized clinical trial. JAMA Netw. Open 4:e2136726. doi: 10.1001/JAMANETWORKOPEN.2021.36726 

 Alam, T., Ahmed, D., Ahmed, T., Chisti, M. J., Rahman, M. W., Asthana, A. K., et al. (2020). A double-blind placebo-controlled trial of azithromycin to reduce mortality and improve growth in high-risk young children with non-bloody diarrhoea in low resource settings: the Antibiotics for Children with Diarrhoea (ABCD) trial protocol. Trials 21:71. doi: 10.1186/S13063-019-3829-Y 

 Baker, K. S., Dallman, T. J., Ashton, P. M., Day, M., Hughes, G., Crook, P. D., et al. (2015). Intercontinental dissemination of azithromycin-resistant shigellosis through sexual transmission: a cross-sectional study. Lancet Infect. Dis. 15, 913–921. doi: 10.1016/S1473-3099(15)00002-X

 Basualdo, W., and Arbo, A. (2003). Randomized comparison of azithromycin versus cefixime for treatment of shigellosis in children. Pediatr. Infect. Dis. J. 22, 374–377. doi: 10.1097/01.INF.0000060829.48485.2E 

 Cohen, A. L., Platts-Mills, J. A., Nakamura, T., Operario, D. J., Antoni, S., Mwenda, J. M., et al. (2022). Aetiology and incidence of diarrhoea requiring hospitalisation in children under 5 years of age in 28 low-income and middle-income countries: findings from the Global Pediatric Diarrhea Surveillance network. BMJ Glob. Health 7:e009548. doi: 10.1136/BMJGH-2022-009548 

 Das, S. K., Chisti, M. J., Sarker, M. H. R., Das, J., Ahmed, S., Shahunja, K. M., et al. (2017). Long-term impact of changing childhood malnutrition on rotavirus diarrhoea: two decades of adjusted association with climate and socio-demographic factors from urban Bangladesh. PLoS One 12:e0179418. doi: 10.1371/JOURNAL.PONE.0179418 

 Epps, S. V. R., Harvey, R. B., Hume, M. E., Phillips, T. D., Anderson, R. C., and Nisbet, D. J. (2013). Foodborne Campylobacter: infections, metabolism, pathogenesis and reservoirs. Int. J. Environ. Res. Public Health 10, 6292–6304. doi: 10.3390/IJERPH10126292

 Feikin, D. R., Scott, J. A. G., and Gessner, B. D. (2014). Use of vaccines as probes to define disease burden. Lancet 383, 1762–1770. doi: 10.1016/S0140-6736(13)61682-7 

 Gasparinho, C., Piedade, J., Mirante, M. C., Mendes, C., Mayer, C., Nery, S. V., et al. (2017). Characterization of rotavirus infection in children with acute gastroenteritis in Bengo province, Northwestern Angola, prior to vaccine introduction. PLoS One 12:e0176046. doi: 10.1371/JOURNAL.PONE.0176046 

 Hasan, M., Talukder, S., Mandal, A. K., Tasmim, S. T., Parvin, S., Ali, Y., et al. (2025). Antimicrobial resistance profiles of Campylobacter spp. recovered from chicken farms in two districts of Bangladesh. Foodborne Pathog. Dis. 22, 118–130. doi: 10.1089/FPD.2023.0079

 Hlashwayo, D. F., Sigaúque, B., Noormahomed, E. V., Afonso, S. M. S., Mandomando, I. M., and Bila, C. G. (2021). A systematic review and meta-analysis reveal that Campylobacter spp. and antibiotic resistance are widespread in humans in sub-Saharan Africa. PLoS One 16:e0245951. doi: 10.1371/JOURNAL.PONE.0245951 

 Houpt, E. R., Ferdous, T., Ara, R., Ibrahim, M., Alam, M. M., Kabir, M., et al. (2021). Clinical outcomes of drug-resistant shigellosis treated with azithromycin in Bangladesh. Clin. Infect. Dis. 72, 1793–1798. doi: 10.1093/CID/CIAA363 

 Kadappu, K. K., Nagaraja, M. V., Rao, P. V., and Shastry, B. A. (2002). Azithromycin as treatment for cryptosporidiosis in human immunodeficiency virus disease. J. Postgrad. Med. 48, 179–181. Available online at: https://pubmed.ncbi.nlm.nih.gov/12432190/. (Accessed June 18, 2024).

 Khan, W. A., Seas, C., Dhar, U., Salam, M. A., and Bennish, M. L. (1997). Treatment of shigellosis: V. Comparison of azithromycin and ciprofloxacin. A double-blind, randomized, controlled trial. Ann. Intern. Med. 126, 697–703. doi: 10.7326/0003-4819-126-9-199705010-00004 

 Levine, M. M., Nasrin, D., Acácio, S., Bassat, Q., Powell, H., Tennant, S. M., et al. (2020). Diarrhoeal disease and subsequent risk of death in infants and children residing in low-income and middle-income countries: analysis of the GEMS case-control study and 12-month GEMS-1A follow-on study. Lancet Glob. Health 8:e204, –e214. doi: 10.1016/S2214-109X(19)30541-8 

 Liu, J., Platts-Mills, J. A., Juma, J., Kabir, F., Nkeze, J., Okoi, C., et al. (2016). Use of quantitative molecular diagnostic methods to identify causes of diarrhoea in children: a reanalysis of the GEMS case-control study. Lancet 388, 1291–1301. doi: 10.1016/S0140-6736(16)31529-X 

 Nuzhat, S., Das, R., Das, S., Islam, S. B., Palit, P., Haque, M. A., et al. (2022). Antimicrobial resistance in shigellosis: a surveillance study among urban and rural children over 20 years in Bangladesh. PLoS One 17:e0277574. doi: 10.1371/JOURNAL.PONE.0277574 

 O’Brien, K. S., Sié, A., Dah, C., Ourohire, M., Arzika, A. M., Boudo, V., et al. (2021). Azithromycin for uncomplicated severe acute malnutrition: study protocol for a pilot randomized controlled trial. Pilot Feasibility Stud. 7:97. doi: 10.1186/S40814-021-00836-W 

 Pavlinac, P. B., Platts-Mills, J. A., Liu, J., Atlas, H. E., Gratz, J., Operario, D., et al. (2024). Azithromycin for bacterial watery diarrhea: a reanalysis of the Antibiotics for Children with Severe Diarrhea (ABCD) trial incorporating molecular diagnostics. J. Infect. Dis. 229, 988–998. doi: 10.1093/INFDIS/JIAD252 

 Platts-Mills, J. A., Liu, J., Rogawski, E. T., Kabir, F., Lertsethtakarn, P., Siguas, M., et al. (2018). Use of quantitative molecular diagnostic methods to assess the aetiology, burden, and clinical characteristics of diarrhoea in children in low-resource settings: a reanalysis of the MAL-ED cohort study. Lancet Glob. Health 6:e1309, –e1318. doi: 10.1016/S2214-109X(18)30349-8 

 Sanders, J. W., Frenck, R. W., Putnam, S. D., Riddle, M. S., Johnston, J. R., Ulukan, S., et al. (2007). Azithromycin and loperamide are comparable to levofloxacin and loperamide for the treatment of traveler’s diarrhea in United States military personnel in Turkey. Clin. Infect. Dis. 45, 294–301. doi: 10.1086/519264 

 Troeger, C., Blacker, B. F., Khalil, I. A., Rao, P. C., Cao, S., Zimsen, S. R., et al. (2018). Estimates of the global, regional, and national morbidity, mortality, and aetiologies of diarrhoea in 195 countries: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Infect. Dis. 18, 1211–1228. doi: 10.1016/S1473-3099(18)30362-1 

 Uchiyama, R., Chassaing, B., Zhang, B., and Gewirtz, A. T. (2014). Antibiotic treatment suppresses rotavirus infection and enhances specific humoral immunity. J. Infect. Dis. 210, 171–182. doi: 10.1093/INFDIS/JIU037 

 Vukelic, D., Trkulja, V., and Salkovic-Petrisic, M. (2010). Single oral dose of azithromycin versus 5 days of oral erythromycin or no antibiotic in treatment of campylobacter enterocolitis in children: a prospective randomized assessor-blind study. J. Pediatr. Gastroenterol. Nutr. 50, 404–410. doi: 10.1097/MPG.0B013E3181A87104 

 WHO (2014). Integrated management of childhood illness (IMCI)—chart booklet. Geneva: World Health Organization, 1–80.

 Zimmermann, P., Ziesenitz, V. C., Curtis, N., and Ritz, N. (2018). The immunomodulatory effects of macrolides—a systematic review of the underlying mechanisms. Front. Immunol. 9:326197. doi: 10.3389/fimmu.2018.00302


Copyright
 © 2025 Cornick, Elwood, Platts-Mills, Pavlinac, Manji, Sudfeld, Duggan, Dube, Bar-Zeev, Kotloff, Sow, Sazawal, Singa, Walson, Qamar, Ahmed, De Costa and Rogawski McQuade. 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.

OPS/images/fmicb-16-1606207-g004.jpg
s 3
§io10 — i }
2005 = 1
fo
25 E) 15
oemas
Rotavirus
020
o5 3
010 m——
lin.ns —
000
3 25 2 15
P
Intervention






OPS/images/fmicb-16-1606207-g005.jpg
V. Cholerae

Shigella

B3
e Tveshols

ST-ETEC

Campylobacter jejuni/coli

oo

120

50
025
oo

Fowas sspenes aup o uiodoig

025
oa0

[P —

tEPEC

EAEC

LT-ETEC

oa

@
.
50
025
oo

S

@
025
oo

.

@
s
50
125

P e .





OPS/images/fmicb-16-1606207-g002.jpg
= —

2% do 15 @ s 2%
Po—

Adenovirus 4041

Other bacterial co-infection
v
Yes





OPS/images/fmicb-16-1606207-g003.jpg
oo rnets oo s

EAEC EAEC

Intervention

Placebo
Azithvomycin





OPS/images/fmicb-16-1606207-t001.jpg
Ratio of risk ratios (95% confidence

interval)
Pathogen Diarrhea on Rehospitalization
day 3 or death by day 90
Shigella 0.87(0.77,097) 093 (076, 1.13)
V. cholerae 0.89 (068, 1.18) 0.96 (045, 2.05)
{EPEC 0.93 (085, 1.02) 0,98 (0.84,1.13)
Cryptosporidium 0.94 (085, 1.03) 0.87(0.73,1.04)
STETEC 0.94 (086, 1.02) 1.00(0.86, 1.15)
Giardia 0.99 (087, 1.13) 1.14(0.95,1.38)
E. bienuesi 1.00 (074, 1.36) 0.70/0.43,1.15)
Sapovirus 100 (0.8, 1.12) 093 (0.74,1.16)
EAEC 1.01(0.93,1.09) 087 (0.76,1.01)
Astrovirus 1.06(0.92,1.21) 0.99(0.76,1.29)
Norovirus GII 106 (0.92,1.21) 1.04(0.83,130)
Campylobacter jejunilcoli 108 (0.97, 1.19) 1.01(0.85,121)
Adenovirus 40/41 109 (0.98,1.23) 113(0.96,1.33)
LT-ETEC 110 (0.91,1.35) 117 (0.92,1.50)

Rotavirus 116 (106, 1.26) 093 (078, 1.12)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Azithromycin treatment response as a probe to attribute bacterial etiologies of diarrhea using molecular diagnostics: a reanalysis of the Antibiotics for Children with Severe Diarrhea (ABCD) trial



		Introduction



		Methods



		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-16-1606207-e001.jpg





OPS/images/fmicb-16-1606207-g001.jpg
ShigelaEIEC Shigella/EIEC Shigell2/EIEC
05 G Dok it N
50 -~ B
s — 3¢ 0s-
i 302 i,
9 H s
L |
3 0 2 20 15
-
Vibrio cholerae
F H
1
i i
i i
i i
0 15 d % o5 o5& g5 G B w15
prn— P
Typical EPEC (bfpA) 5 Towical EPEC (ipA)
PR it -
g 04 Bors g
isu.: i, a5 i
jro2 {
01 1 i
EH
i

Intervention Other bacterial co-infection

Placebo | No
Aaithromycin Yes





OPS/images/cover.jpg
’ frontiers | Frontiers in Microbiology

Azithromycin treatment response
as a probe to attribute bacterial
etiologies of diarrhea using
molecular diagnostics: a
reanalysis of the Antibiotics for
Children with Severe Diarrhea
(ABCD) trial












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






