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Abstract

IMPORTANCE Emerging evidence suggests that postprandial glycemic responses (PPGRs) to food
may be influenced by and predicted according to characteristics unique to each individual, including
anthropometric and microbiome variables. Interindividual diversity in PPGRs to food requires a
personalized approach for the maintenance of healthy glycemic levels.

OBJECTIVES To describe and predict the glycemic responses of individuals to a diverse array of
foods using a model that considers the physiology and microbiome of the individual in addition to the
characteristics of the foods consumed.

DESIGN, SETTING, AND PARTICIPANTS This cohort study using a personalized predictive model
enrolled 327 individuals without diabetes from October 11, 2016, to December 13, 2017, in Minnesota
and Florida to be part of a study lasting 6 days. The study measured anthropometric variables,
described the gut microbial composition, and assessed blood glucose levels every 5 minutes using a
continuous glucose monitor. Participants logged their food and activity information for the duration
of the study. A predictive model of individualized PPGRs to a diverse array of foods was trained

and applied.

MAIN OUTCOMES AND MEASURES Glycemic responses to food consumed over 6 days for each
participant. The predictive model of personalized PPGRs considered individual features, including
the microbiome, in addition to the features of the foods consumed.

RESULTS Postprandial response to the same foods varied across 327 individuals (mean [SD] age, 45
[12] years; 78.0% female). A model predicting each individual's responses to food that considers
several individual factors in addition to food features had better overall performance (R = 0.62) than
current standard-of-care approaches using nutritional content alone (R = 0.34 for calories and

R = 0.40 for carbohydrates) to control postprandial glycemic levels.

CONCLUSIONS AND RELEVANCE Across the cohort of adults without diabetes who were
examined, a personalized predictive model that considers unique features of the individual, such as
clinical characteristics, physiological variables, and the microbiome, in addition to nutrient content
was more predictive than current dietary approaches that focus only on the calorie or carbohydrate
content of foods. Providing individuals with tools to manage their glycemic responses to food based
on personalized predictions of their PPGRs may allow them to maintain their blood glucose levels
within limits associated with good health.
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Key Points

Question Does a model considering the
features of individuals predict the
glycemic responses to food better than
models based on the calorie or

carbohydrate content?

Findings In this cohort study using a
personalized predictive model among
327 participants without diabetes,
glycemic responses to food varied
significantly across the cohort.
Observed postprandial glycemic
responses showed higher correlation
with values predicted by the model
taking into consideration the features of
individuals than with the calorie and
carbohydrate content of the meals.

Meaning A personalized predictive
model that takes into consideration
unique features of an individual in
addition to food characteristics may
allow individuals to better manage their
glycemic responses to food consumed.
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From the information collected from the study participants, we retrained a model for
personalized predictive PPGRs using the same framework as previously applied to an Israeli
population.™ The model combining data from the Israeli and American cohorts was used to predict
the response for different foods for each individual who participated in our study (eAppendix in the
Supplement). We then tested these predictions against our data set by using 10-fold cross-
validation (R = 0.62 + 0.01). The correlation between PPGRs predicted by our model and those
observed in our participants was substantially higher than that between observed PPGRs and the
calorie or carbohydrate content of the meals (R = 0.62 vs R = 0.34 for calories and R = 0.40 for
carbohydrates) (Figure 4A-C). Given the R = 0.66 intraindividual correlation observed for
standardized meals, our model appears to explain a large percentage of the explainable variance.
Receiver operating characteristic curves across 3 threshold values, representing the 50th, 75th, and
90th percentiles of all measured PPGRs in the Midwestern cohort, further show that our predictive
model consistently and substantially outperformed the models based on the calorie and
carbohydrate content of the meals consumed (Figure 4D and eFigure in the Supplement).

To further assess the accuracy of predictions, we computed both the root-mean-square error
(14.82 mg/dL*h) and the median absolute error (8.23 mg/dL*h) for PPGR predictions. In addition, to
estimate how prediction accuracy varied across the range of PPGRs and to eliminate the possibility
that the correlations reported were driven by extreme values only, we computed the correlation
between the mean predicted PPGRs and the mean measured PPGRs when data were binned to 10
quantile bins and observed a high correlation (R = 0.99). Finally, we observed a low percentage of
cases with gross prediction errors in which the measured PPGR was low and the predicted one was
high (0.004 of cases) or vice versa (0.009 of cases). Taken together, these results and statistics
indicate that the model constructed provides more accurate predictions relative to more commonly
used models considering solely the calorie or carbohydrate content of the foods consumed and
demonstrate that prediction accuracy is consistent across large ranges of measured PPGRs.

Figure 2. Variability in Glycemic Responses to Food Among the Individuals in the Cohort

@ Glycemic responses to food Carbohydrate sensitivity

Participant: 6816, PPGRs (40.3, 41.0) (mg/dL* h)
Participant: 4809, PPGRs (17.5, 14.5) (mg/dL* h)
Participant: 4428, PPGRs (39.7, 40.5) (mg/dL* h)
Participant: 5027, PPGRs (119.9, 96.9) (mg/dL* h)
Participant: 5097, PPGRs (9.8, 9.2) (mg/dL* h)
-------------- Participant: 5137, PPGRs (62.2, 60.2) (mg/dL* h)
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A, Shown is an example of intraindividual consistency and interindividual variability in incremental area under the curve of blood glucose levels in the 2 hours after a meal (to
response to the bagel and cream cheese meal. The key shows the participant number convert glucose to mmol/L, multiply by 0.0555). B, Carbohydrate sensitivity is measured
and the computed postprandial glycemic response (PPGR) for meals eaten by the same as the correlation between carbohydrates (in grams) in the meal consumed and
participant on different days. Postprandial glycemic response was computed as the the PPGR.
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Discussion

In this study, we demonstrated that a tool generating personalized predictions considering a variety
of an individual's features can predict his or her personal glycemic responses to diverse foods. The
tool empowers each person to accurately predict his or her glycemic response to specific foods,
exceeding the accuracy of the information on the calorie or carbohydrate content alone.

Our cohort was homogeneous and representative of a Midwestern population consuming a
Western diet, and the baseline clinical characteristics, dietary habits, and microbiome composition of
our participants show that they were generally healthy (Table).2”->2 Despite this, our results
demonstrate a wide variation in individual glycemic responses to the foods consumed. To rule out the
possible influence of the diverse food items consumed on this variability, a test meal of bagel and
cream cheese was provided to all participants, allowing the comparison of responses with a
standardized meal. The type and amplitude of the response were fairly consistent for each individual;
however, the interindividual variability was significantly higher and consistent with previous

Figure 3. Distribution of the Glycemic Responses to the Different Proportions and Ratios of Nutrients

E\ Glycemic response for meals containing different ranges @ Glycemic response for meals containing different ratios
of carbohydrate proportions of carbohydrates to proteins
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observations.>* The specific factors contributing to this variability were not further explored in this
study but have been previously suggested to include both the unique characteristics of foods”1°-3>36
and the unique features of individuals.™'#37-3° Therefore, it is important to take an individual's
characteristics into consideration when determining and recommending the best dietary approach
for managing glycemic levels.

The glycemic responses to the meals recorded by the participants of our study were overall
consistent with trends suggesting a dampening influence on the glycemic response induced by
carbohydrates in meals by addition of proteins or fats.>™® However, we still show substantial
variability around these trends, reflecting the individuality of a participant’s responses and the need
for personalized approaches for the control of these responses.

The tool used in our study to predict PPGRs of individuals to food represents a modification and
extension of the model created by Zeevi et al'* for the individuals in the Israeli population. We added
the information gathered from our study participants to the original data set and retrained the
model. Similar to the model by Zeevi et al,'* the predicted and observed PPGRs were highly
correlated with each other. Furthermore, this correlation was substantially higher than that observed
for current standard-of-care approaches used to inform management of postprandial glycemic levels,

Figure 4. Performance of the Model Developed in This Study, as Well as Calorie-Only or Carbohydrate-Only Models,
in Predicting the Postprandial Glycemic Response (PPGR) to Food

@ Association between measured PPGR and predicted PPGR Association between measured PPGR and energy
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A-C, Correlation between measured and various PPGR predictors. For definition of the comparison of the model presented herein, as well as models based on the calorie or

measured PPGRs, see the Outcomes subsection in the Methods section. C, Note thatrare  carbohydrate content alone for classifying high PPGR, where high PPGR was defined as
cases in which meals were reported to have more than 40 g of carbohydrates showed a the 75th percentile of all measured PPGRs in the US cohort. Additional receiver operating
remarkably low glycemic response (<5 mg/dL*h), and were excluded to reduce potential ~ characteristic curve analyses at other PPGR quantiles are available in the eFigure in the
influences of meal misreporting. D, Receiver operating characteristic curve analysis for Supplement.
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