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Introduction: An elevated postprandial glucose response is associated with an increased risk of cardiometabolic diseases. Existing research suggests large heterogeneity in the postprandial glucose responses to identical meals and food products between individuals, but the effect of other consumed meals during the day and the order of meals during the day on the heterogeneity in postprandial glucose responses still needs to be investigated. In addition, the robustness of the glucose responses to meals or foods is still unknown.

Objectives: The overall aim of the project is to assess whether the glucose response to a meal is sufficiently person-specific to use in personalized dietary advice. We aim to answer the question: “How replicable are glucose responses to meals within individuals and how consistent is the variation in glucose responses between individuals?”

Methods: The question will be assessed under standardized conditions of a 9-week fully controlled dietary intervention in which all meals are the same between individuals and consumed in a fixed order at a fixed time. 63 apparently healthy men and women with a BMI of 25–40 kg/m2 and aged 45–75 years were enrolled in the RepEAT study (NCT05456815), of whom 53 participants completed the study. The RepEAT study comprised a fully controlled dietary intervention of nine weeks, consisting of three repetitive periods of three weeks. Within each three-week period, a variety of meals and food products were offered during breakfast, lunch, dinner and in between meal snacks. Throughout the dietary intervention, glucose was continuously monitored using Freestyle Libre Pro IQ monitors. Physical activity was monitored using the ActiGraph and ActivPAL. To measure the association between glucose responses and an individual’s phenotype, various measurements were performed before the start of the dietary intervention including an oral glucose tolerance test, a high-fat mixed meal challenge, assessment of body fat distribution including liver fat (MRI/MRS), and cardiometabolic markers.

Discussion: The repetitive and fully controlled nature of the dietary study allows detailed assessment of the replicability of the glucose responses to meals and food products within individuals. Furthermore, the consistency of the variation between individuals independent of insulin resistance will be determined.
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1 Introduction

The incidence of chronic metabolic diseases and associated healthcare costs are rising worldwide, and despite considerable attention, are expected to further increase in the coming decades (1). A common consequence of obesity and an early feature of chronic metabolic diseases is impaired glucose homeostasis as shown by elevated fasting or postprandial glucose levels (2). Elevation of postprandial glucose responses is indicative of insulin resistance and impaired glucose tolerance and is associated with an increased risk of the development of diabetes (3, 4). To correct and prevent impaired glucose homeostasis, a combination of diet- and lifestyle interventions is recommended. General dietary guidelines aim to promote health and reduce the risk of chronic metabolic diseases such as diabetes among the general adult population (5). However, although adherence to the general dietary guidelines will reduce disease risk at a population level, the current “one-size-fits-all” strategy may not provide optimized dietary advice at the individual level, by failing to take into account inter-individual differences in response to diet and meals.

Existing research shows a large heterogeneity in the plasma response to meals. Zeevi and colleagues (6) studied the variation in postprandial glucose responses in a cohort study (n = 800) using continuous glucose monitors. Participants followed their habitual diet and recorded consumed meals and food products in a food diary. The study showed marked variation in postprandial glucose responses between individuals to similar meals. Data of this study was used to develop an algorithm that could predict postprandial glucose responses based on physiological characteristics. The algorithm was validated in a separate cohort (n = 100) and dietary advice based on this algorithm could reduce postprandial glucose responses in another 26 participants. In an American cohort, the same algorithm could more accurately predict postprandial glucose responses compared to regular approaches based on nutritional content only (7). Moreover, the study of Zeevi and colleagues in 800 individuals (6) reported highly divergent responses between individuals as illustrated by one participant showing a high glucose response to a banana but not to a cookie, whereas another participant showed a high glucose response to a cookie but not a banana. Similarly, the same research group found highly divergent responses to sourdough and white bread among 20 healthy individuals (8). Collectively, these findings suggest that there might be a person-specific postprandial glucose response to meals.

More recently, Berry and colleagues (4) similarly investigated the variation in postprandial glucose responses between individuals. In this cohort study of 1,002 healthy adults, numerous baseline measurements were performed, after which glucose concentrations were continuously monitored for two weeks. Participants followed their habitual diet and consumed several standardized meals of different macronutrient compositions. The study revealed a high heterogeneity in postprandial glucose responses between individuals. Postprandial glucose responses could be predicted by a machine-learning model based on genetics, meal macronutrient composition, meal timing, sleep, exercise, and faecal microbiome composition. In addition, insulin sensitivity will affect glucose responses (9) and other physiological factors such as physical activity (4, 10) and sleep (4, 11, 12) could also influence postprandial glucose responses.

The studies of Zeevi and Berry and colleagues have revealed substantial variations in the glucose response to self-reported and standardized meals between individuals. However, several factors that may have affected the glucose responses remain to be explored. First, the time between the meal of interest and the previous meal may play a role in the glucose response. This was clearly shown in the study of Berry and colleagues (4), in which two identical meals were provided at breakfast and lunch, which resulted in a significantly higher average glucose response to the second meal at lunch compared to the first meal after an overnight fast. Standardized conditions throughout the day are essential to determine whether the glucose response to a meal is person-specific or due to consumption during a different time of the day, e.g., during breakfast or lunch. Second, previous research suggests the presence of a second-meal effect (13, 14), which is the effect of the composition of the previous meal on the next meal. Third, assessing food intake through a food diary gives a broad overview of the consumed foods, but differences in food products are not recorded. For instance, the ripeness of a banana is not recorded but may influence the postprandial glucose response. A fully controlled standardized diet with repeated consumption of the same meals and foods at a fixed time and order is essential to reliably determine person-specific postprandial glucose responses to meals, which is necessary for accurate personalized dietary advice.

The RepEAT study was designed to take all these factors into account. The overall aim of the study is to assess whether the glucose response to a meal is sufficiently person-specific to use in personalized dietary advice. We aim to answer the following question: “How replicable are glucose responses to meals within individuals and how consistent is the variation in glucose responses between individuals under standardized conditions of a 9-week fully controlled dietary intervention?”. More specifically, for example, we will answer the question: “Do individuals, compared to their average glucose response over nine weeks, replicably show large postprandial glucose responses following consumption of certain foods, whereas other individuals replicably show large postprandial glucose responses following consumption of other foods?”. In addition, we aim to examine if this variation in glucose responses is related to an individual’s phenotype.



2 Methods


2.1 Study design

The RepEAT study was a fully controlled dietary intervention trial carried out at Wageningen University & Research (WUR), Netherlands. The study was conducted between August and December 2023, and the project is currently in the phase of data cleaning. The study was approved by the Medical Ethics Committee Oost-Nederland, Netherlands (NL80179.091.21) and was registered at ClinicalTrials.gov (NCT05456815). The RepEAT study was conducted according to the Declaration of Helsinki (15), and all participants signed a written informed consent prior to the start of the study.

This fully controlled dietary trial consisted of a 9-week dietary intervention (Figure 1). The primary outcome of the study is the person-specific glucose responses as measured by the 2 h incremental area under the curve (iAUC). Glucose responses will be measured using continuous glucose monitoring. Glucose was continuously monitored throughout the 9-week dietary intervention to determine glucose responses to all food products and meals during the intervention. To prevent an effect of preparation of meals on the glucose response, all meals and food products were prepared and provided by the research facility. To enable the assessment of postprandial glucose responses to all meals and food products without interference of other meals, all meals and food products were consumed according to a fixed schedule with at least a two-hour interval between all meals and snacks. Physical activity was continuously monitored throughout the dietary intervention to assess physical activity patterns. To determine potential associations between an individual’s phenotype and their postprandial glucose response, participants were comprehensively characterized before the start of the dietary intervention. To assess whether consumption of a controlled diet for nine weeks reduced the overall variation in these characteristics, some of the baseline measures were repeated at the end of the dietary intervention (Figure 1).
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FIGURE 1
 Design of the RepEAT study. In a characterization period, phenotype was identified. Afterwards, participants followed a 9-week fully controlled dietary intervention in which glucose concentrations and physical activity were continuously monitored. The dietary intervention consisted of three repetitive periods of three weeks. At the end of the 9-week dietary intervention, some of the measurements were repeated. The blue circles indicate the sample frequency. CANTAB, Cambridge neuropsychological test automated battery; HFMM, high-fat mixed meal; MRI, magnetic resonance imaging; 1H-MRS, proton magnetic resonance spectroscopy; OGTT, oral glucose tolerance test.



2.1.1 Study participants

Participants were recruited from a volunteer database of the Division of Human Nutrition and Health, a commercial database and via local and online advertisements and distributed flyers in Wageningen and surroundings. Apparently healthy individuals were included if they were aged between 45–75 years, had a body mass index between 25–40 kg/m2, and were weight stable, meaning <3 kg fluctuation in the two months prior to the screening. Exclusion criteria were among others: diagnosis of diabetes mellitus type I or type II; medication interfering with glucose metabolism and/or immune function; diseases or prior surgeries affecting the stomach, liver, or intestine; food allergies/intolerances for products used in the study design; dietary habits interfering with the study; anaemia defined as Hb concentrations <8.5 mmol/L for men and < 7.5 mmol/L for women; and veins not suitable for a venflon needle. A complete list of inclusion and exclusion criteria is provided in Supplementary Table S1. During the screening visit eligibility was assessed, where individuals filled out questionnaires to check inclusion and exclusion criteria. Hb concentrations were measured with a point-of-care finger prick test and the suitability of veins was assessed by a research nurse.



2.1.2 9-week controlled diet

The 9-week diet followed the average dietary pattern of middle-aged men and women in the Netherlands according to the Dutch National Food Consumption Survey 2012–2016. The 9-week diet was designed to maintain a stable body weight, and was not designed to induce any phenotypical changes in an individual. The diet was calculated for eight energy groups ranging from 7–14 MJ / 1,600–3,400 kcal to maintain body weight stability throughout the dietary intervention. The total energy content was adjusted to energy requirements, but was similar in macronutrient composition for all energy groups, i.e., all energy groups received the same energy percentage of each macronutrient.

To design the menu cycle, first the requirements of the diet were specified, including products and meals of interest, restricted time schedules, and portion sizes. These requirements were used in a tailored version of a mixed-integer linear programming model (16) to generate a menu cycle that complied with all constraints. The nutritional composition of the diet was calculated using the Dutch Food Composition Database (NEVO-online version 2021/7.1, RIVM, Bilthoven, Netherlands). The dietary intervention consisted of three repetitive periods of three weeks. Consequently, all food products and meals were given at least three times. Within each three-week period, different versions of the same food product and meal were given at the same eating moment. For instance, participants consumed whole grain wheat bread, refined grain wheat bread, and sourdough bread on the same weekday and the same time of day.

Before the start of the dietary intervention, participants filled out a Food Frequency Questionnaire (FFQ) (17). The results of the FFQ in combination with the Schofield equations (18) were used to estimate a participant’s habitual energy intake and basal metabolic rate, respectively. Based on these calculations, participants were allocated to one of the eight energy groups to maintain body weight stability. To further support weight stability, research dieticians recorded the body weight of participants twice a week. If necessary, participants switched to a higher or lower energy group to remain weight stable.

In total, 90%–95% of the diet was provided by the research facility. To enhance compliance by giving participants some autonomy, 5%–10% of the diet was part of a “point system” in which participants chose products from a provided list. The food products mainly consisted of products high in mono- and disaccharides and/or containing alcohol. The amount of food that needed to be consumed was dependent on the energy group, and all food products reflecting the “points” had to be consumed within a set timeframe of one hour. Participants recorded all food products that were consumed using the “point system.” All food products and meals were provided in meal packages for at-home consumption, except for the food products from the point system. The participants received meal packages prepared and provided by the research facility. Twice a week, the participants visited the research facility for a joint dinner to enhance compliance, to provide room for questions and to monitor body weight. In addition, some food products were consumed in group video calls to ensure the food products were consumed at the scheduled time.



2.1.3 Food products and meals

To measure the variation in postprandial glucose responses to different food products or meals, we selected a specific set of food products and meals to become incorporated into the controlled diet. These products varied each week in the three-week menu cycle and were selected based on previous literature (4, 6, 8) and societal relevance. For instance, we aimed to assess the variation in glucose responses to whole grain wheat bread, refined grain wheat bread, and sourdough bread. We also aimed to examine the variation in glucose responses to single food products, such as potato chips, chips from potato powder, and popcorn. The food products and meals that were directly compared, were consumed at the same weekday and the same time of day. For all selected products, either the carbohydrate content or the meal size remained similar; for potato chips, chips from potato powder, and popcorn, the carbohydrate content was kept comparable between the products, whereas for the different bread types the number of slices of bread was kept the same.

We also included products that were reformulated to be reduced in sugar content and/or glycaemic index. Within a product category, a reference product and two reformulations were tested within a three-week period, which was copied exactly in the second and third three-week period. Per reference/reformulated product, we once measured plasma glucose and insulin concentrations before and 2 h after consumption. To examine the relationship between consumption of the reformulated foods, glucose response, and perceived well-being, well-being was measured by a questionnaire before and 1, 2, and 4 h after consumption of the reformulated or reference products. Well-being was assessed by the adjusted Multidimensional Mood Questionnaire (MDMQ) (19), asking for fatigue, satisfaction, calmness, energy, the feeling of fitness, and tenseness on a visual analogue scale.



2.1.4 Glucose monitoring

During the characterization and throughout the 9-week dietary intervention, interstitial glucose concentrations were continuously monitored using the Freestyle Libre Pro IQ (Abbott, Chicago, United States). The sensors of these continuous glucose monitors could store data for two weeks without exporting data to a reader. In addition, the glucose concentrations were blinded for participants which prevents participants to change their diet/consumption patterns based on their postprandial glucose responses. Sensors were replaced every two weeks, and although the diet remained controlled, no specific test products were planned one day after the replacements to let the sensors stabilise.

Postprandial glucose responses will be calculated as the incremental area under the curve (iAUC) from the earliest time point before the start of a meal until 2 h after the meal. In addition, the maximum glucose value and time to peak will be calculated using the most recent version of R. Next to the postprandial glucose response, the variation in glucose concentrations across the whole dietary intervention and over each three-week period will be determined. To calculate the variation over the nine-week and three-week periods, glucose concentrations over the respective period will be used to calculate outcomes of glucose variability, as reviewed by Rodbard (20): coefficient of variation (CV), standard deviation (SD), mean amplitude of glycaemic excursions (MAGE), mean absolute difference (MAD), and mean of daily differences (MODD).



2.1.5 Physical activity

Physical activity was monitored using two different accelerometers. To assess physical activity patterns during the dietary intervention, physical activity was continuously monitored using the ActiGraph wGT3X/wGT3X-BT (ActiGraph, Pensacola, United States). The accelerometer was worn on the hip and the device was only removed during sleeping and bathing.

To measure light physical activity and time spent sedentary or standing, the ActivPAL3 micro (PAL Technologies, Glasgow, Scotland) was used for three non-consecutive weeks during the dietary intervention in addition to the ActiGraph. The ActivPAL was also used to examine the association between habitual sleep patterns and postprandial glucose responses. The ActivPAL was wrapped in a waterproof sleeve and attached to the right anterior thigh to ensure continuous data collection during day and night. Data were extracted after one week using PAL Software Suite version 7 (PAL Technologies, Glasgow, Scotland). During the wear-time of the ActivPAL, participants recorded sleep- and wake times in an online diary.



2.1.6 Time-restricted eating test

Glucose metabolism has a diurnal pattern (21). Consumption of food products in the evening is associated with a higher glucose response compared to consumption in the morning (22). To examine the relationship between time of eating and postprandial glucose responses, participants underwent two days of time-restricted eating. On three Saturdays in the dietary intervention, the exact same meals were consumed during a different time window. On one Saturday, the standardized diet was consumed between 07:00–15:00, on a second Saturday between 14:00–23:00, and on a third Saturday, participants followed their regular schedule. The shift in the restricted time window for eating enables examination of the effect of eating time on postprandial glucose responses. Furthermore, we aimed to assess the relation between the glucose variability during the different time windows with the chronotype of an individual, i.e., whether the participants indicate themselves as a morning-type or an evening-type, using the reduced Morningness-Eveningness Questionnaire (rMEQ) (23).




2.2 Measurements

Before the start of the dietary intervention, the baseline parameters of the participants were comprehensively characterized during three non-consecutive clinical test days (Figure 2). During these days several measurements were performed, including an MRI/MRS, an oral glucose tolerance test (OGTT), and a high-fat mixed meal (HFMM) challenge test. To prevent an effect of the order of the OGTT and the HFMM, the clinical test days were separated by at least one week. Glucose was continuously monitored during the OGTT and the HFMM and the six days at home in between the two tests. In addition to the characterization period, several measurements were performed during and after the intervention. An overview of all measurements performed during the RepEAT study is described in Table 1.
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FIGURE 2
 Overview of the characterization period. The characterization period consisted of three non-consecutive clinical test days and the collection of samples at home, spread over a total of three weeks. To prevent an effect of the order of the OGTT and the HFMM, the clinical test days were separated by at least one week. After a standardized meal, the evening before test days 2 and 3, participants remained fasted until arrival at the research facility. Glucose monitoring started at least 2 days before the start of test day 2. Note that the order of test days is an example, test day 2 and 3 were reversed for half of the study population. The MRI/1H-MRS was planned after test day 2 and 3 for some participants. CANTAB, Cambridge Neuropsychological Test Automated Battery; HFMM, high-fat mixed meal; MRI, magnetic resonance imaging; 1H-MRS, proton magnetic resonance spectroscopy; OGTT, oral glucose tolerance test.




TABLE 1 Overview of measurements during the RepEAT study.
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2.2.1 Anthropometry

The body weight of participants was measured using a calibrated digital scale to the nearest 0.1 kg. Height was measured using a telescopic measuring tape to the nearest 0.1 cm. Participants did not wear shoes or heavy clothes during both measurements. Waist and hip circumference were measured in duplicate to the nearest 0.1 cm.



2.2.2 OGTT and HFMM

To characterize the metabolic response to a meal challenge and to determine insulin resistance, a 7-point oral glucose tolerance test (OGTT) and a high-fat mixed meal (HFMM) test were performed once per individual in the characterization period. The evening before both the OGTT and the HFMM, participants consumed a standardized dinner (24% of energy intake (en%) fat, 54 en% carbohydrates, 22 en% protein; in total 2,380 kJ/565 kcal). After the standardized dinner participants remained fasted until arriving at the research facility. In addition, participants refrained from heavy exercise the evening before and the morning of these tests. Thirty minutes before the start of the test, a venous catheter was placed.

For the OGTT, at t = 0 min, participants drank 200 mL of a 75 g glucose solution (Glucomedics, Breda, The Netherlands) within five minutes. Blood was collected in the fasted state before (t = 0), and 15, 30, 45, 60, 90, and 120 min after consumption of the glucose solution, to measure plasma glucose and insulin concentrations. The HFMM was provided in the form of a shake and consisted of 320 g water, 20 g protifar, 83.5 g dextrose, 60 g palm olein, and 20 drops of vanilla oil. In total, the shake contained 3,833 kJ and 76.3 g carbohydrates, 17.6 g protein, and 60 g fat (24). To make sure there was no difference in metabolic response due to a difference in consumption speed, participants were instructed to consume the drink in 10 min. Blood samples were collected before consumption (t = 0) and 30, 60, 90, 120, 180, and 240 min after the consumption of the HFMM for the measurement of plasma glucose and insulin, free fatty acids, short-chain fatty acids, triglycerides, cholesterol, gut hormones, metabolomics, and proteomics including cytokines. At each time point, the first 2 mL of blood was discarded before drawing the blood samples because it could still contain the physiological salt of the venflon line.



2.2.3 Fasting blood outcomes

Fasting blood samples were collected at baseline, before the start of the OGTT or HFMM, and at the end of the 9-week dietary intervention. Fasting blood was collected to measure glucose homeostasis, oxidative stress markers, plasma concentrations of advanced glycation end-products (AGEs), and immune cell metabolism. We aimed to determine fasting glucose homeostasis by measuring plasma glucose, insulin, and glycated haemoglobin (HbA1c) concentrations after an overnight fast. In addition, fasting blood samples were collected to measure concentrations of oxidative stress markers, and to determine the plasma concentrations of α-dicarbonyls and advanced glycation end-products (AGEs) using ultraperformance liquid chromatography–tandem mass spectrometry. Furthermore, fasting blood samples were used to isolate peripheral blood mononuclear cells (PBMCs) and perform immune cell metabolic profiling using an adapted version of SCENITH (Single Cell Energetic metabolism by profiling Translation inhibition) (25). Additionally, peripheral blood mononuclear cells were stored in Trizol for transcriptomic analysis.



2.2.4 24-h urine

Before and at the end of the 9-week dietary intervention, 24-h urine was collected to measure oxidative stress markers. Participants collected 24-h urine in 3 L containers at home. The measurement started after the first voiding in the morning and ended 24 h later. At the day of urine collection, participants ingested a tablet containing 100 mg of para-aminobenzoic acid (PABA) during during breakfast, lunch, and dinner, to check whether all urine was collected. Participants were asked to store the urine samples in a cool place until turning them in the next day. Urine samples per participant were mixed, the volume was measured, and aliquots were stored at −80°C until further analysis.



2.2.5 Skin autofluorescence

Next to the plasma concentrations of AGEs, the accumulation of AGEs in the skin was measured by skin autofluorescence at 440 nm using an AGE reader (Diagnoptics, Groningen, Netherlands) (26). This is a non-invasive procedure in which the participants rested their lower arm on the AGE reader for 12 s during which the skin autofluorescence was measured. Participants were instructed to not apply any body cream or sunscreen on the day of the measurement. The measurement was performed on a skin site without skin abnormalities such as scars, tattoos, or birthmarks.



2.2.6 Magnetic resonance imaging/spectroscopy

Magnetic resonance imaging (MRI) was used to measure abdominal fat distribution and to guide spectroscopic measurements for quantification of intrahepatic lipid (IHL) content. The procedures were performed on a Philips Ingenia Elition 3 T X MRI scanner (Royal Philips, Amsterdam, Netherlands). Participants were asked to refrain from eating and drinking two hours before the start of the scan to ensure that digestion did not interfere with the measurements. The scans were performed in the MRI/MRS-scanner using a body coil with the participant in a supine and head-first position. Breath-hold techniques on exhalation were used to avoid breathing-induced artefacts.

To measure abdominal fat distribution, axial T1-weighted spin echo images were acquired and slices were centred at the interspace L3-L4. Visceral (VAT) and subcutaneous adipose tissue (SAT) and their ratio were quantified using the software Slice-O-Matic version 6 Rev-7. To quantify the intrahepatic lipid (IHL) content, proton magnetic resonance spectroscopy (1H-MRS) was used. Fine shimming was performed to optimize the magnetic field homogeneity within the region of interest and a 30x30x20 mm voxel was placed in the upper right liver lobe. Vascular structures and the proximity of subcutaneous fat were avoided during the voxel placement. The water signal in the 1H-MRS spectra was suppressed using frequency-selective pre-pulses and the spectra were fitted to quantify the lipid peak. Liver measurements were triggered 500 ms following inhalation. The 1H-MRS spectra were processed and the IHL content was quantified by the AMARES algorithm in jMRUI software v5.2.



2.2.7 Saliva and buccal swabs

To determine the oral microbiota composition and to measure salivary amylase activity, saliva was collected at baseline and every week during the dietary intervention. Saliva was collected by the passive drool collection method (Salimetrics, Carlsbad, United States). After rinsing their mouth, participants sat in a comfortable position with their heads slightly tilted forward. Saliva was collected by slowly and passively guiding the saliva to the collection tube. Samples were stored at −20°C until further use. Salivary amylase activity was measured using a colorimetric assay (Salimetrics, Carlsbad, United States). Next to the saliva measurements, a buccal swab and/or buffy coat were collected to isolate DNA to measure the copy number variation of genes encoding for salivary and pancreatic amylase: AMY1, AMY2A, and AMY2B and for future analyses of genetic variation related to glucose and insulin responses. DNA from the buccal swab was isolated using NAOH extraction, and DNA from the buffy coat was isolated using the Blood Mini Kit (Qiagen, Hilden, Germany). Digital droplet polymerase chain reaction (ddPCR) was performed and the copy number of each gene was determined using a reference gene RPP30 with a known copy number of 2.



2.2.8 Intestinal tract measures

Before the start of the dietary intervention and every week during the dietary intervention, faecal samples were collected to measure the faecal microbiota composition. On the day of faecal sample collection, participants were asked to indicate stool frequency of the past week and to rate stool consistency using the Bristol Stool Chart (27). In addition, transit time was measured using the “blue dye method” (28). During the characterization period and at the end of the 9-week dietary intervention, participants consumed two cupcakes containing in total 1.5 g of blue colouring paste (for consumption purposes) within 10 min. The date and time of the first appearance of the blue dye in the faeces were recorded by participants and were used as a measure of transit time.



2.2.9 Questionnaires

During the characterization period, participants filled out three questionnaires to assess perceived stress, chronotype, and sleep quality. The Perceived Stress Scale (PSS-10) contained 10 questions about the perceived stress level of participants in the past month (29, 30). The rMEQ (23) was used to assess the chronotype of an individual. In other words, people indicated themselves as a “morning personality type” or an “evening personality type.” Sleep quality over the past month was measured by the Pittsburg Sleep Quality Index (PSQI) (31).



2.2.10 Cognitive performance

To examine cognitive performance at baseline, participants performed the Cambridge Neuropsychological Test Automated Battery (CANTAB) consisting of a series of small tests. Before the start of the test battery, participants consumed a standardized meal without caffeine. The tests were performed on a tablet with a touch screen, in a quiet environment to prevent distraction. Participants received a short introduction and underwent a practice round before the start of each test to familiarize themselves with the test. The series of tests took 45–60 min. In total, six tests of the CANTAB gave insight into the performance of three distinct cognitive domains: attention and psychomotor speed, executive function, and memory.



2.2.11 Compliance

To increase compliance, participants had to visit the facility twice a week to have a joint dinner under supervision of the researchers and to have the opportunity to ask questions to a research dietician. Two days a week, subsamples of test products were consumed via video calls to monitor compliance. Compliance was optimized by adjusting the restricted eating schedule to an individual’s needs, taking into account regular waking and sleeping times. Furthermore, the free point system enabled participants to choose some products of their preference. Compliance was monitored using the LifeData application (LifeData, Marion, United States) by filling out a short daily questionnaire that asked for any deviations in product consumption, consumption times, and exercise patterns.




2.3 Data management

Data were collected and stored in an electronic case report form (eCRF) using the data capturing platform Castor EDC (Castor EDC, Amsterdam, Netherlands), which is in accordance with Good Clinical Practice regulations. All protocol deviations and adverse events were recorded via the eCRF.



2.4 Sample size calculation

We aim to assess whether the glucose response to a meal is sufficiently person-specific to use in personalized dietary advice and will determine person-specific responses to meals and food products in the dietary intervention. The person-specific responses will be identified by correlating the glucose response to a meal or food product to the individual’s average postprandial glucose response over the 9-week controlled diet. An example of potential results is depicted in Figure 3. A high correlation would indicate that individuals are likely to respond as expected based on the average glucose response (Figure 3A), so no person-specific response. Low correlations would indicate a person-specific response; for example, individuals with a high average glucose response may have a low glucose response to the meal or food product, and vice versa (Figure 3B).
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FIGURE 3
 Example of expected results regarding postprandial glucose responses to a specific food product related to the individual’s average glucose response. (A) A high correlation indicates that postprandial glucose responses to the product are in line with an individual’s average glucose response. (B) A low correlation indicates that the postprandial glucose responses to the product deviate from an individual’s average glucose response, suggesting the presence of meal-specific glucose responses.


To estimate the required sample size to be able to detect meal-specific responses, we used preliminary data from 27 participants of the GLYSIMI study (NCT05120661). The GLYSIMI study investigated the role of the human small intestine microbiota in regulating postprandial glucose responses to food products. The study included men and women with a BMI of 25–40 kg/m2, aged 40–75 years. During the screening phase of the GLYSIMI study, participants wore a continuous glucose monitor, and glucose responses after seven standardized products at breakfast or dinner were compared. All glucose responses were measured as the iAUC (mg/dl*hour, 120 min postprandially). The average glucose response was calculated as the average glucose response to all products per individual. Correlations between postprandial glucose responses to specific foods and the average postprandial glucose response of an individual ranged between 0.49 and 0.85.

In the RepEAT study, we expect lower correlations between glucose responses to specific food products and the average glucose response, because we measured nine weeks of a fully controlled diet and not only a few standardized meals. Therefore, we expected correlations ranging between 0.3 and 0.4. Using GPower (version 3.1.9.7) and a “Correlation: Point biserial model,” with a two-sided test, an α of 0.05, a power of 0.80, and an effect size of 0.3 and 0.4, this would lead to a required samples size of, respectively, 44 or 82 participants. We chose the average of the two and therefore 57 participants were needed in this study. Considering a 10% drop-out rate, the required sample size was n=57 + 6=63 participants.




3 Statistical analysis

Within the RepEAT study, we aim to examine how replicable glucose responses are within individuals and how consistent the variation in glucose responses is between individuals under standardized conditions of a 9-week fully controlled dietary intervention. To determine the replicability of glucose responses to identical meals and food products within individuals, we will compare the three repetitions per meal or food product. To assess the variability in glucose responses to identical meals between individuals, we will compare the three repetitions per product between individuals. Glucose responses will be corrected for metabolic state of insulin sensitivity by using the average glucose response to all meals in the diet and/or the glucose response to the OGTT, and by correcting for physical activity.

IBM SPSS Statistics and the latest R software will be used to carry out the statistical analyses. Numerical values in descriptive statistics will be reported as mean ± SD, categorical values will be reported as numbers and percentages. To determine the normality of the data, a visual inspection of QQ plots and results of the Kolmogorov–Smirnov test will be used. For linear mixed model analyses, model residuals will be checked for normality. Non-normally distributed data will be transformed before the analyses. p-values <0.05 will be considered statistically significant.

Glucose responses to single meals will be measured as the incremental area under the curve (iAUC; mg/dl*hour) and will be calculated from the latest timepoint before consumption until 120 min after consumption. In addition, the glucose peak and time to peak will be measured within each postprandial glucose response curve, within 120 min after consumption of a test product. For each meal and food product there will be three repeated measures during the dietary intervention. Glucose responses to single meals will be associated with the average iAUC of all glucose responses of an individual. There will be adjusted for multiple testing using false-discovery rate adjustment according to the Benjamini-Hochberg procedure (32).



4 Results

Figure 4 shows a flowchart of the participant enrolment and completion of the RepEAT study. In total, 506 individuals showed interest in the study, of whom 223 were still interested and scheduled for an information session after receiving the written participant information. After having received the written and verbal information, 133 individuals signed the informed consent form and underwent the screening procedure. Of these 133 individuals, 63 individuals were eligible according to all inclusion and exclusion criteria, and were included in the study. During the study, 10 participants dropped out (15.9% drop-out rate) at different stages of the study and for different reasons (depicted in Figure 4). 53 participants completed the study, which is well within the beforehand estimated sample size range of 44–82 participants.

[image: Figure 4]

FIGURE 4
 Flowchart of enrolment and completion of study participants.


The baseline characteristics of all participants that started the dietary intervention (n = 60) are depicted in Table 2. Participants were on average 63.9 (± 8.3) years old with a BMI of 30.3 (± 4.0) kg/m2, and 45% of the study population were women. In total, each participant who completed the study consumed 378 meals and we collected ~6,000 interstitial glucose concentrations per individual over the 9-week dietary intervention.



TABLE 2 Baseline characteristics of participants who started the dietary intervention (n = 60).
[image: Table2]



5 Discussion

This manuscript describes the protocol of the RepEAT study, which was designed to answer the question: “how replicable are glucose responses within individuals and how consistent is the variation in glucose responses between individuals under standardized conditions of a 9-week fully controlled dietary intervention?”. Furthermore, we aim to examine how this person-specific variation in glucose responses to meals is related to the diet, the time of consumption, and to an individual’s phenotype. To measure glucose responses in a standardized setting, the RepEAT study was a fully controlled dietary intervention study of nine weeks, including three repetitions of a 3-week menu cycle. Before the start of the dietary intervention, participants were comprehensively characterized to study associations between postprandial glucose responses and phenotype.

Up to now, most evidence regarding postprandial glucose responses and variation between and within individuals originates from cohort studies, with only a few standardized meals next to the habitual diet of participants (4, 6, 8). By making use of a fully controlled dietary intervention with continuous glucose and physical activity monitoring, the RepEAT study will provide further insight in the variation in glucose responses independent of external factors such as physical activity, previous meals, and time of day. Moreover, the degree of insulin resistance is an important factor affecting postprandial glucose responses. In the RepEAT study, insulin resistance is determined by an oral glucose tolerance test and will be used to correct for an individual’s insulin resistance status. In addition, all meals were consumed according to a schedule with at least two hours in between meals and snacks to enable us to determine the full glucose response, since on average the glucose concentration returns to baseline within two hours. Furthermore, in order to examine the variation in glucose responses to identical meals and food products within an individual, the 9-week diet consisted of three identical periods of three weeks, resulting in three repetitive measures of postprandial glucose responses to all meals and food products. Given the standardized dietary background, these three repetitive measures per meal and food products will be analysed to measure the robustness of postprandial glucose responses within an individual. Within each three-week period, different versions of the same food product and meal were consumed at the same weekday and time of day, which enables us to study glucose responses to variations of the same food product or meal.

In conclusion, with the RepEAT study we will provide an answer to the question whether person-specific glucose responses to meals are unique and robust enough to be able to be used in personalized advice.



Ethics statement

The studies involving humans were approved by Medical Ethics Committee Oost-Nederland, Netherlands. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

MD: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft. ES: Conceptualization, Investigation, Methodology, Writing – review & editing. FV: Investigation, Methodology, Writing – review & editing. MB: Data curation, Investigation, Writing – review & editing. SH: Data curation, Investigation, Writing – review & editing. JG: Methodology, Writing – review & editing. SK: Conceptualization, Funding acquisition, Methodology, Writing – review & editing. DE: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review & editing. LA: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project was funded by Top Sector (TKI) Agri & Food (LWV19138 - REBUS), a public-private partnership including funding of McCain Foods Limited, ClonBio Group Ltd., and Alpina Productos Alimenticios, and was funded by Gerrit Grijns Initiative, a Wageningen University collaboration to study food, nutrition, and health.



Acknowledgments

We thank all colleagues from the Human Research Unit at Wageningen University and Research for their invaluable assistance during the study. We thank all participants for their commitment to the intervention.



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.2023.1281978/full#supplementary-material



References

 1. Cho,NH
, Shaw,JE
, Karuranga,S
, Huang,Y
, da Rocha Fernandes,JD
, Ohlrogge,AW , et al. IDF diabetes atlas: global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract. (2018) 138:271–81. doi: 10.1016/j.diabres.2018.02.023 

 2. Smyth,S
, and Heron,A
. Diabetes and obesity: the twin epidemics. Nat Med. (2006) 12:75–80. doi: 10.1038/nm0106-75


 3. Ruijgrok,C
, Blaak,EE
, Egli,L
, Dussort,P
, Vinoy,S
, Rauh,SP , et al. Reducing postprandial glucose in dietary intervention studies and the magnitude of the effect on diabetes-related risk factors: a systematic review and meta-analysis. Eur J Nutr. (2021) 60:259–73. doi: 10.1007/s00394-020-02240-1 

 4. Berry,SE
, Valdes,AM
, Drew,DA
, Asnicar,F
, Mazidi,M
, Wolf,J , et al. Human postprandial responses to food and potential for precision nutrition. Nat Med. (2020) 26:964–73. doi: 10.1038/s41591-020-0934-0


 5. Tetens,I
, Birt,CA
, Brink,E
, Bodenbach,S
, Bugel,S
, De Henauw,S , et al. Food-based dietary guidelines-development of a conceptual framework for future food-based dietary guidelines in Europe: report of a Federation of European Nutrition Societies Task-Force Workshop in Copenhagen, 12-13 march 2018. Br J Nutr. (2020) 124:1338–44. doi: 10.1017/S0007114520002469


 6. Zeevi,D
, Korem,T
, Zmora,N
, Israeli,D
, Rothschild,D
, Weinberger,A , et al. Personalized nutrition by prediction of glycemic responses. Cells. (2015) 163:1079–94. doi: 10.1016/j.cell.2015.11.001


 7. Mendes-Soares,H
, Raveh-Sadka,T
, Azulay,S
, Edens,K
, Ben-Shlomo,Y
, Cohen,Y , et al. Assessment of a personalized approach to predicting postprandial glycemic responses to food among individuals without diabetes. JAMA Netw Open. (2019) 2:e188102. doi: 10.1001/jamanetworkopen.2018.8102 

 8. Korem,T
, Zeevi,D
, Zmora,N
, Weissbrod,O
, Bar,N
, Lotan-Pompan,M , et al. Bread affects clinical parameters and induces gut microbiome-associated personal glycemic responses. Cell Metab. (2017) 25:1243–53.e5. doi: 10.1016/j.cmet.2017.05.002 

 9. Stumvoll,M
, Mitrakou,A
, Pimenta,W
, Jenssen,T
, Yki-Järvinen,H
, Van Haeften,T , et al. Use of the oral glucose tolerance test to assess insulin release and insulin sensitivity. Diabetes Care. (2000) 23:295–301. doi: 10.2337/diacare.23.3.295


 10. Gouldrup,H
, and Ma,T
. Why are physical activity breaks more effective than a single session of isoenergetic exercise in reducing postprandial glucose? A systemic review and meta-analysis. J Sports Sci. (2021) 39:212–8. doi: 10.1080/02640414.2020.1812196


 11. Tsereteli,N
, Vallat,R
, Fernandez-Tajes,J
, Delahanty,LM
, Ordovas,JM
, Drew,DA , et al. Impact of insufficient sleep on dysregulated blood glucose control under standardised meal conditions. Diabetologia. (2022) 65:356–65. doi: 10.1007/s00125-021-05608-y 

 12. Zhu,B
, Kapella,MC
, Zhao,X
, and Fritschi,C
. Intra-individual variability in sleep is related to glycaemic control in adults with type 2 diabetes. J Adv Nurs. (2020) 76:991–8. doi: 10.1111/jan.14290


 13. Liljeberg,HGM
, Åkerberg,AKE
, and Björck,IME
. Effect of the glycemic index and content of indigestible carbohydrates of cereal-based breakfast meals on glucose tolerance at lunch in healthy subjects. Am J Clin Nutr. (1999) 69:647–55. doi: 10.1093/ajcn/69.4.647 

 14. Clark,CA
, Gardiner,J
, McBurney,MI
, Anderson,S
, Weatherspoon,LJ
, Henry,DN , et al. Effects of breakfast meal composition on second meal metabolic responses in adults with type 2 diabetes mellitus. Eur J Clin Nutr. (2006) 60:1122–9. doi: 10.1038/sj.ejcn.1602427 

 15. Association WM
. World medical association declaration of Helsinki. Ethical principles for medical research involving human subjects. Bull World Health Organ. (2001) 79:373.


 16. Gerdessen,JC
, and Borgonjen-van den Berg,KJ
. A linear programming based method for designing menus for controlled feeding trials. Am J Clin Nutr. (2023) 117:408–13. doi: 10.1016/j.ajcnut.2022.11.006 

 17. Siebelink,E
, Geelen,A
, and de Vries,JH
. Self-reported energy intake by FFQ compared with actual energy intake to maintain body weight in 516 adults. Br J Nutr. (2011) 106:274–81. doi: 10.1017/S0007114511000067 

 18. Schofield,WN
. Predicting basal metabolic rate, new standards and review of previous work. Hum Nutr Clin Nutr. (1985) 39 Suppl 1:5–41.

 19. Wilhelm,P
, and Schoebi,D
. Assessing mood in daily life: structural validity, sensitivity to change, and reliability of a short-scale to measure three basic dimensions of mood. Eur J Psychol Assess. (2007) 23:258–67. doi: 10.1027/1015-5759.23.4.258


 20. Rodbard,D
. Glucose variability: a review of clinical applications and research developments. Diabetes Technol Ther. (2018) 20:S2-5–S2-15. doi: 10.1089/dia.2018.0092 

 21. Leung,GK
, Huggins,CE
, and Bonham,MP
. Effect of meal timing on postprandial glucose responses to a low glycemic index meal: a crossover trial in healthy volunteers. Clin Nutr. (2019) 38:465–71. doi: 10.1016/j.clnu.2017.11.010 

 22. Boege,HL
, Bhatti,MZ
, and St-Onge,M-P
. Circadian rhythms and meal timing: impact on energy balance and body weight. Curr Opin Biotechnol. (2021) 70:1–6. doi: 10.1016/j.copbio.2020.08.009 

 23. Adan,A
, and Almirall,H
. Horne & Östberg morningness-eveningness questionnaire: a reduced scale. Personal Individ Differ. (1991) 12:241–53. doi: 10.1016/0191-8869(91)90110-W


 24. Stroeve,JH
, van Wietmarschen,H
, Kremer,BH
, van Ommen,B
, and Wopereis,S
. Phenotypic flexibility as a measure of health: the optimal nutritional stress response test. Genes Nutr. (2015) 10:13–21. doi: 10.1007/s12263-015-0459-1 

 25. Argüello,RJ
, Combes,AJ
, Char,R
, Gigan,J-P
, Baaziz,AI
, Bousiquot,E , et al. SCENITH: a flow cytometry-based method to functionally profile energy metabolism with single-cell resolution. Cell Metab. (2020) 32:1063–1075.e7. doi: 10.1016/j.cmet.2020.11.007 

 26. Lewis,SJ
, and Heaton,KW
. Stool form scale as a useful guide to intestinal transit time. Scand J Gastroenterol. (1997) 32:920–4. doi: 10.3109/00365529709011203 

 27. Meerwaldt,R
, Graaf,R
, Oomen,PHN
, Links,TP
, Jager,JJ
, Alderson,NL , et al. Simple non-invasive assessment of advanced glycation endproduct accumulation. Diabetologia (2004) 47:1324–30. doi: 10.1007/s00125-004-1451-2


 28. Asnicar,F
, Leeming,ER
, Dimidi,E
, Mazidi,M
, Franks,PW
, Al Khatib,H , et al. Blue poo: impact of gut transit time on the gut microbiome using a novel marker. Gut. (2021) 70:1665–74. doi: 10.1136/gutjnl-2020-323877 

 29. Tenk,J
, Mátrai,P
, Hegyi,P
, Rostás,I
, Garami,A
, Szabó,I , et al. Perceived stress correlates with visceral obesity and lipid parameters of the metabolic syndrome: a systematic review and meta-analysis. Psychoneuroendocrinology. (2018) 95:63–73. doi: 10.1016/j.psyneuen.2018.05.014 

 30. Cohen,S
. Perceived stress in a probability sample of the United States In: S Spacapan and S Oskamp, editors. The social psychology of health : Sage Publications, Inc (1988). 31–67.


 31. Buysse,DJ
, Reynolds,CF III, Monk,TH
, Berman,SR
, and Kupfer,DJ
. The Pittsburgh sleep quality index: a new instrument for psychiatric practice and research. Psychiatry Res. (1989) 28:193–213. doi: 10.1016/0165-1781(89)90047-4 

 32. Benjamini,Y
, and Hochberg,Y
. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J Royal Stat Soc. (1995) 57:289–300.




OPS/images/fnut-10-1281978-t001.jpg
Outcome
category

Anthropometrics, body

composition

Laboratory fasting and
challenge tests

Measurements in daily
life

Microbiota
composition and

functionality

Immune function

Cognitive performance

Gen

Amylase

Questionnaires

*SCENITH:

Weighing scale

Measuring tape

Magnetic resonance imaging (MRI)

Proton magnetic resonance spectroscopy ('H-MRS)
Fasting blood collection

Oral glucose tolerance test

High-fat mixed meal

Continuous interstitial glucose concentrations
Physical activity monitoring

Facces collection

Bristol stool chart

Blue dye method

Saliva collection

SCENITH*

“Transcriptomics

Cambridge Neuropsychological Test Automated Battery

Buceal swab/buffy coat collection

Saliva collection
General questionnaire

Food frequency questionnaire

Perceived stress scale-10

Reduced morningness-eveningness questionnaire
Pittsburg Sleep Quality Index

Multidimensional Mood Questionnaire

gl Cell Energetic metabolism by profiling Translation inhibition.

**PBMC: peripheral blood mononuclear cells.

Main parameters

Body weight

Height, waist, and hip circumference

Abdominal subcutaneous adipose tissue, visceral adipose tissue

Intrahepatic lipid content
Fasting glucose and lipid metabolism

Glucose homeost:

is parameters
Fasting and postprandial metabolic profile
Postprandial glucose responses, glycaemic variability
ActiGraph (9 weeks), ActivPAL (3x 1 week)

Faccal microbiota composition

Stool frequency and consistency

Transit time

Oral microbiota composition

PBMC metabolic profile®*

PBMC transcriptome.

Attention & psychomotor speed, memory, executive function

Genetic variation in genes relevant to metabolism and response

to food
Amylase concentration

Demographics, medication use, lfestyle
Habitual dietary intake

Perceived stress

Chronotype

Sleep quality

Self-reported mood

e o 0 0 0 0 0 o






OPS/images/fnut-10-1281978-t002.jpg
Age (years) 639483

Women (1, %) 27 (45%)
Weight (kg) 9064143
BMI (kg/m?) 303440
Waist circumference (cm) 1060+ 122
Waist-to-hip ratio 1001
SBP (mmHg) 1289189
DBP (mmHg) 742£108
Use of antihypertensives (1, %) 11(18%)

Categorical data are depicted as 1 (%), numerical data are depicted as mean:+ SD. BMI, body
mass index; DBP, diastolic blood pressure; SBE, systolic blood pressure.





OPS/images/fnut-10-1281978-g003.jpg
Product glucose response (iAUC)

Product glucose response (iAUC)

Average glucose response (IAUC)

Average glucose response (AUC)





OPS/images/fnut-10-1281978-g004.jpg
Enrolled P
133 70 Excluded

40 Did not meet inclusion criteria
17 Hb too low
9 BMI outside range
5 Medication
3 No suitable veins
3 Unavailable during study
2
1

Intestinal surgery
Food allergies

TR 30 Declined to participate
63

10 Drop-out
3 Withdrawal after inclusion
2 Gl-tract complaints
1 Did not like the food
1 Surgery earlier than planned
1 Work-related
1 Non-compliance
1 Family case

Completed
53





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Are postprandial glucose responses sufficiently person-specific to use in personalized dietary advice? Design of the RepEAT study: a fully controlled dietary intervention to determine the variation in glucose responses



		1 Introduction



		2 Methods



		2.1 Study design



		2.1.1 Study participants



		2.1.2 9-week controlled diet



		2.1.3 Food products and meals



		2.1.4 Glucose monitoring



		2.1.5 Physical activity



		2.1.6 Time-restricted eating test









		2.2 Measurements



		2.2.1 Anthropometry



		2.2.2 OGTT and HFMM



		2.2.3 Fasting blood outcomes



		2.2.4 24-h urine



		2.2.5 Skin autofluorescence



		2.2.6 Magnetic resonance imaging/spectroscopy



		2.2.7 Saliva and buccal swabs



		2.2.8 Intestinal tract measures



		2.2.9 Questionnaires



		2.2.10 Cognitive performance



		2.2.11 Compliance









		2.3 Data management



		2.4 Sample size calculation









		3 Statistical analysis



		4 Results



		5 Discussion



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnut-10-1281978-g001.jpg
Fully controlled dietary intervention

Week -3 Week 0 Week 9
I |

(Glucose monitoring
Physical activity
|Short-term health
Blood sample
IStool + saliva sample
[Transit time
[Time-restricted eating
[24-hour urine

Buccal swab

HFMM

loGTT

MRI/IH-MRS
|Questionnaires
ICANTAB






OPS/images/fnut-10-1281978-g002.jpg
Testday 1 Athome days Athome days Testday 3

75 ) Stool sample Saliva & buccal swab 24-hour urine Fasting blood sample

¥
e S
Waist & hip
umference

AGE accumulation

circl

Standardized meal CANTAB Standardized meal
Continuous glucose monitoring





OPS/images/cover.jpg
, frontiers | Frontiers in Nutrition

Are postprandial glucose
responses sufficiently
person-specificto use in
personalized dietary advice?
Design of the RepEAT study: a fully
controlled dietary intervention to
determine the variation in glucose
responses












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’frontiers ‘ Frontiers in Nutrition






