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Abstract: We explored the association between macronutrient intake and postprandial glucose
variability in a large sample of youth living with T1D and consuming free-living meals. In the Type 1
Diabetes Exercise Initiative Pediatric (T1DEXIP) Study, youth took photographs before and after their
meals on 3 days during a 10 day observation period. We used the remote food photograph method to
obtain the macronutrient content of youth’s meals. We also collected physical activity, continuous
glucose monitoring, and insulin use data. We measured glycemic variability using standard deviation
(SD) and coefficient of variation (CV) of glucose for up to 3 h after meals. Our sample included
208 youth with T1D (mean age: 14 ± 2 years, mean HbA1c: 54 ± 14.2 mmol/mol [7.1 ± 1.3%];
40% female). We observed greater postprandial glycemic variability (SD and CV) following meals
with more carbohydrates. In contrast, we observed less postprandial variability following meals
with more fat (SD and CV) and protein (SD only) after adjusting for carbohydrates. Insulin modality,
exercise after meals, and exercise intensity did not influence associations between macronutrients
and postprandial glycemic variability. To reduce postprandial glycemic variability in youth with
T1D, clinicians should encourage diversified macronutrient meal content, with a goal to approximate
dietary guidelines for suggested carbohydrate intake.

Keywords: type 1 diabetes; pediatric diabetes; variability; glucose control; macronutrients

1. Introduction

In youth living with type 1 diabetes (T1D), the goal of daily therapy is to mimic
near-normal glucose metabolism and minimize the occurrence of hyperglycemic and
hypoglycemic events [1]. This is because research has linked excessive time spent in hy-
perglycemia to the development of long-term micro- and macrovascular complications [2].
Plus, there is evidence that greater time spent in hyperglycemia and hypoglycemia can
increase the risk of acute complications including diabetic ketoacidosis (DKA) and severe
hypoglycemia [3]. A key contributor to time spent above and below range is glycemic
variability. Youth with T1D are vulnerable to periods of glycemic variability following
meals and intensive physical activity, especially when these occur spontaneously [4]. Addi-
tionally, there is emerging evidence that the type of foods youth consume may contribute
to postprandial glycemic variability. For instance, in a small randomized cross-over trial
that included four test meals containing the same carbohydrate amount, Smart et al. [5]
found youth with T1D experienced greater postprandial variability following the meal
that was high in both protein and fat compared to the meal that was low in protein and
fat. Moreover, a recent small clinical trial reported greater glycemic variability following
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test meals containing 50% of total daily energy from carbohydrates compared to 30% of
total daily energy from carbohydrates [6]. In adolescents with T1D, researchers have yet to
examine how the macronutrient content of free-living meals might relate to youths’ post-
prandial glycemic variability. Thus, using data from the Type 1 Diabetes Exercise Initiative
Pediatric (T1DEXIP) study, we examined how the macronutrient content of typical meals
influenced postprandial glycemic variability for youth living with T1D. Consistent with
published trial results, we hypothesized greater glycemic variability following free-living
meals comprised of larger carbohydrate, fat, and protein content. In subgroup analyses,
we also examined the influence of insulin modality, exercise following meals, and exercise
intensity on the relationship between the macronutrient content of meals and youth’s
postprandial glycemic variability.

2. Materials and Methods

The T1DEXIP study was a large observational study that recruited youth living with
T1D from across the United States. Eligible youth were between 12 and 17 years old;
diagnosed with T1D for at least three months; following an intensive insulin regimen
for at least one month; and reporting a Physical Activity Questionnaire for Children and
Adolescents (PAQ) survey [7] score of at least 1.5, indicating a moderate or high level of
physical activity. We excluded youth reporting two or more severe hypoglycemic events
in the past year and youth reporting three or more overnight hospitalizations for blood
glucose control in the past year. The T1DEXIP study was approved by the Jaeb Center for
Health Research Institutional Review Board (protocol code T1DEXIP and date of approval:
22 April 2021).

Using online surveys, youth self-reported on their insulin regimen, most recent HbA1c,
and history of severe hypoglycemia and DKA events. We then trained youth via video
conferencing to use a wrist-worn activity tracker (Garmin vivosmart® 4, Garmin Interna-
tional Inc., Olathe, KS, USA) and a study-specific version of the Bant Diabetes smart phone
application (University Health Network and the Hospital for Sick Children, Toronto, ON,
Canada) to self-report activity type, duration, and perceived intensity of any physical activ-
ity events that lasted greater than 10 min. We also trained youth to use the Bant app to enter
meal information (and insulin for multiple daily injection (MDI) users) and to take before
and after meal pictures to record their food intake for any three days (including at least one
weekend day) during the observation period. To minimize missing data, participants set
reminders within the Bant app to receive prompts on the days they planned to collect food
photos at their typical mealtimes for those days.

Youth participated in the study observation period for approximately 10 days. During
this period, youth continued their usual schedule and engaged in typical forms of physical
activity and exercise and consumed their usual meals, while we collected continuous
glucose monitoring (CGM) data. Youth who were current Dexcom G6, (Dexcom, Inc.,
San Diego, CA, USA) users continued to use their personal CGM during the study period,
while youth who did not use the Dexcom G6 used a blinded Dexcom G6 pro sensor. We
also collected insulin pump data, when available.

The Ingestive Behavior Laboratory at the Pennington Biomedical Research Center
analyzed food photos from the participants using the validated Remote Food Photography
Method (RFPM) [8,9]. RFPM uses a trained human rater and specialized computer program
to estimate the portion sizes of foods in the photos and link these to macronutrient data
from the Food and Nutrient Database for Dietary Studies [10] and other online resources.
Research shows RFPM to be accurate in assessing energy and other nutrient intake in adults
compared to the gold standard [8] and has been used previously in youth with T1D [11].

Statistical Methods

We calculated glucose standard deviation (SD) and glucose coefficient of variation
(CV) to measure postprandial variability. We used postprandial periods up to three hours
following each meal and required at least two hours of CGM data in each postprandial
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period to calculate outcomes. We used grams of carbohydrates, grams of protein per kg,
and grams of fat to assess whether there was an association with postprandial glucose
SD and CV. We fit a repeated measures linear regression model for each independent
variable (e.g., carbohydrate, fat, protein) adjusting for HbA1c, outcome (either SD or CV
of glucose levels) in the 24 h prior to the meal, glucose at the start of the meal, insulin
on board, grams of fiber, and grams of carbohydrates with an exchangeable correlation
structure to handle the repeated meals. We used robust mixed-effects regression models
if residuals were highly skewed. Subgroup analyses explored whether any subgroups
affected the relationship between nutritional content and postprandial variability using
the same regression model but adding a main effect and interaction between the subgroup
factor and nutritional content factor to the model. We examined the following subgroup
factors: age, sex, mealtime of day, insulin on board, glucose at start of meal, and exercise
following a meal.

There was no imputation of missing data. All p-values were two-sided, and we
controlled the false discovery rate using the two-stage Benjamini–Hochberg adaptive false
discovery rate correction procedure. We performed all statistical tests using SAS software,
version 9.4 (SAS Institute, Cary, NC, USA).

3. Results

The T1DEXIP study enrolled and observed youth between 6 October 2021 and 17
December 2022. This analysis cohort included 208 youth (mean ± SD age 14 ± 2 years,
mean HbA1c 7.1 ± 1.3% (54 ± 14.2 mmol/mol), mean BMI percentile 61 ± 27%, mean T1D
duration 5.4 ± 3.9 years). Forty percent of youth identified as female, 83% identified as non-
Hispanic White, 7% as Hispanic, 5% as more than one race, 2% as Asian, 2% as unreported,
and <1% as American Indian/Alaskan Native. In our cohort, 16% of youth used MDI, 27%
used an open-loop insulin pump (Pump), and 57% used a hybrid closed-loop insulin pump
(HCL). Almost all youth (>99%) reported personal CGM use at enrollment. With respect
to total energy, youth consumed 50 ± 21% calories from carbohydrates, 36 ± 17% calories
from fat, and a median (quartiles) of 13% (7%, 19%) from protein.

We summarize the macronutrient content of the 1980 meals included in the analyses
in Table 1. In general, the youth’s meals consisted of a median (quartiles) of 44 g (24, 69) of
carbohydrates, 16 g (7, 29) of fat, and 2.7 g (1.1, 5.1) of fiber. The median protein content of
meals adjusted for an individual youth’s weight was 0.25 g/kg (0.08, 0.48). Mean glucose
before meals was 144 ± 61 mg/dL (8.0 ± 3.4 mmol/L) (Table S1). The mean postprandial
maximum glucose was 206 ± 68 mg/dL (11.4 ± 3.8 mmol/L), and the median time to peak
glucose was 76 min (39, 131). Postprandial mean glucose was similar for the fat and protein
groups. Mean postprandial glucose SD was 30 ± 17 mg/dL (1.7 ± 0.8 mmol/L), and mean
CV was 19 ± 10%.

Consistent with our hypothesis, we observed greater postprandial glycemic variability
following meals with more carbohydrates for both glucose CV and glucose SD (Figures 1
and 2). Compared to meals containing <25 g of carbohydrates, the adjusted mean difference
in glucose CV was 0.3% (95% confidence interval (CI): −0.8% to 1.5%) higher following
meals containing 25 to <50 g of carbohydrates, 1.9% (CI: 0.6% to 3.2%) higher for meals
with 50 to <75 g of carbohydrates, and 3.0% (CI: 1.4% to 4.6%) higher following meals
containing ≥75 g of carbohydrates (p = 0.002 for overall effect of carbohydrates on glucose
CV, Table 2). We observed similar results for SD, as meals with more carbohydrates
had higher postprandial SD. Contrary to our hypothesis, we observed less postprandial
glycemic variability following meals higher in fat content after adjusting for carbohydrates.
Specifically, compared to meals containing <10 g of fat, the adjusted mean difference in
glucose CV for meals containing 10 to <30 g and ≥30 g of fat was −0.5% (CI: −1.5%
to 0.5%) and −1.0% (CI: −2.4% to 0.3%), respectively (p = 0.006). We observed similar
results for SD as meals with more fat had lower postprandial SD. Also, contrary to our
hypothesis, we observed less postprandial glucose SD for meals with higher protein content
after adjusting for carbohydrates. Compared to meals containing <0.25 g/kg of protein,
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the adjusted mean differences in glucose SD for meals containing 0.25 to <0.50 g/kg and
≥0.50 g/kg of protein were −0.7 mg/dL (CI: −2.6 to 1.2 mg/dL) (−0.03 mmol/L [CI:
−0.14 to 0.07 mmol/L]) and −1.8 mg/dL (CI: −3.8 to 0.3 mg/dL) (−0.1 mmol/L [CI: −0.2
to 0.02 mmol/L]), respectively (p = 0.03). Higher protein content did not have a significant
effect on postprandial glucose CV.
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Table 1. Meal characteristics. Data are median (quartiles).

Carbohydrates Fat Protein

Overall <25 g 25–<50 g 50–<75 g ≥75 g <10 g 10–<30 g ≥30 g <0.25 g/kg 0.25–<0.50 g/kg ≥0.5 g/kg

Number of Meals 1980 507 603 458 412 695 815 470 1000 514 466
Carbohydrates (g) 44 (24, 69) 16 (11, 19) 37 (30, 43) 61 (55, 67) 96 (83, 114) 24 (14, 43) 50 (33, 68) 72 (46, 99) 30 (18, 49) 57 (35, 80) 68 (44, 97)

Protein (g/kg) 0.25 0.05 0.20 0.31 0.49 0.06 0.28 0.61 0.08 0.36 0.70
(0.08, 0.48) (0.02, 0.19) (0.08, 0.40) (0.17, 0.51) (0.33, 0.72) (0.02, 0.16) (0.14, 0.45) (0.42, 0.83) (0.03, 0.16) (0.31, 0.43) (0.59, 0.88)

Fat (g) 16 (7, 29) 6 (1, 11) 14 (8, 23) 20 (11, 30) 32 (20, 47) 4 (1, 7) 18 (14, 23) 42 (35, 53) 8 (3, 14) 21 (14, 31) 36 (24, 51)

Fiber (g) 2.7 0.7 2.2 3.7 6.2 1.0 3.1 5.2 1.5 3.7 5.3
(1.1, 5.1) (0.1, 1.6) (1.2, 3.5) (2.2, 5.5) (4.3, 8.8) (0.3, 2.7) (1.6, 5.1) (3.1, 7.7) (0.5, 3.1) (2.0, 5.6) (2.9, 7.6)

Meal weight (g) 248 68 215 305 481 124 246 400 121 307 427
(111, 401) (28, 161) (118, 327) (208, 419) (358, 661) (32, 272) (135, 393) (285, 585) (49, 248) (204, 430) (327, 629)

Insulin on board
(U/kg)

0.07 0.05 0.07 0.08 0.09 0.06 0.07 0.07 0.06 0.07 0.08
(0.02, 0.12) (0.02, 0.09) (0.02, 0.11) (0.02, 0.14) (0.03, 0.15) (0.02, 0.11) (0.02, 0.13) (0.02, 0.13) (0.02, 0.12) (0.02, 0.13) (0.03, 0.13)
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Table 2. Effect of macronutrients on postprandial glycemic variability.

N Mean ± SD Adjusted Mean
Difference (95% CI) p-Value a

Glucose CV (%)

Overall 1980 19 ± 10% - -

Carbohydrates 0.002
<25 g 507 18 ± 9% Reference
25 to <50 g 603 18 ± 9% 0.3% (−0.8%, 1.5%)
50 to <75 g 458 20 ± 10% 1.9% (0.6%, 3.2%)
≥75 g 412 21 ± 10% 3.0% (1.4%, 4.6%)

Fat 0.006
<10 g 695 19 ± 9% Reference
10 to <30 g 815 19 ± 10% −0.5% (−1.5%, 0.5%)
≥30 g 470 19 ± 10% −1.0% (−2.4%, 0.3%)

Protein 0.19
<0.25 g/kg 1000 19 ± 9% Reference
0.25 to <0.50 g/kg 514 19 ± 9% −0.7% (−1.8%, 0.4%)
≥0.50 g/kg 466 19 ± 10% −0.9% (−2.1%, 0.3%)

Glucose SD (mg/dL)

Overall 1980 30 ± 17 - -

Carbohydrates <0.001
<25 g 507 26 ± 15 Reference
25 to <50 g 603 28 ± 15 1.6 (−0.4, 3.6)
50 to <75 g 458 32 ± 18 5.1 (2.8, 7.4)
≥75 g 412 33 ± 19 6.6 (3.8, 9.3)

Fat <0.001
<10 g 695 29 ± 17 Reference
10 to <30 g 815 30 ± 17 −0.5 (−2.3, 1.3)
≥30 g 470 30 ± 17 −2.7 (−5.0, −0.4)

Protein 0.03
<0.25 g/kg 1000 29 ± 16 Reference
0.25 to <0.50 g/kg 514 30 ± 17 −0.7 (−2.6, 1.2)
≥0.50 g/kg 466 30 ± 18 −1.8 (−3.8, 0.3)

a—p-value on the effect of nutritional content (carbohydrates, fat, or protein) on glucose CV and glucose SD based
on a repeated measures linear regression model adjusting for HbA1c, outcome in 24 h prior to meal, glucose
at the start of the meal, insulin on board, grams of fiber, and grams of carbohydrates with an exchangeable
correlation structure.

There were no differences found in postprandial variability when models included
insulin modality (Table S2), exercise following meals (Table S3), or intensity of exercise
following meals (Table S4) as independent variables.

4. Discussion

Leveraging data from the T1DEXIP observational study provided a unique opportu-
nity to assess the impact of macronutrient content on postprandial glycemic variability
outside of rigorously structured clinical research trials in youth living with T1D while they
continued their usual dietary and physical activity patterns. This assessment of data from
the real world supported the hypothesis that greater carbohydrate content of meals relates
to increased postprandial glycemic variability in youth with T1D. Surprisingly, there was
an association between reduced postprandial glycemic variability and meals with higher
fat content after adjusting for grams of carbohydrates in the meal. Also, meals with higher
protein content had reduced postprandial glucose SD, but not glucose CV. Since SD is
correlated with mean glucose, these findings suggest that higher protein intake may only
be reducing the postprandial mean glucose with little effect on postprandial variability.
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The T1DEXIP study collected detailed data on physical activity events of study par-
ticipants as well as insulin delivery data. Due to this, we were able to explore factors
related to treatment, such as insulin delivery modality, as well as event-level factors, like
exercise during the postprandial period and intensity of exercise, in a subgroup analysis.
Interestingly, we found no significant impact of insulin modality, exercise following meals,
or intensity of exercise following meals on the associations between the carbohydrate, fat,
and protein content of youth’s meals and their immediate postprandial glycemic variability.

Though there are a few published trials showing associations between greater carbo-
hydrate, fat, and protein content of meals and greater postprandial glycemic variability in
youth with T1D [5,6], these trials used small samples and standardized meals, which may
limit their generalizability and clinical application. Our analyses of the T1DEXIP study data
provide a unique opportunity to examine these associations using real-world data. Our
models also control for multiple factors likely to affect postprandial glycemic variability in
youth (e.g., youth’s HbA1c, glucose level at the start of the meal, insulin on board, grams
of fiber, grams of carbohydrates, and either SD or CV of glucose levels in the 24 h prior
to meals), which may enhance the scientific rigor of our findings. Our results specific
to carbohydrate content are generally consistent with the published trial data showing
greater postprandial glycemic variability following standardized meals that were higher in
carbohydrate content [5,6]. Moreover, our results echo findings from a small observational
study among very young children with T1D wherein researchers found greater glycemic
variability following free-living meals that were higher in carbohydrate content [12].

In contrast, our results pertaining to the fat and protein content of meals deviate
from published trial results. That is, in a previous randomized controlled trial, Smart
et al. [5] observed greater postprandial glycemic variability up to five hours following
standardized meals comprised of the same carbohydrate content and either higher fat or
protein content. Additionally, they found the effect of fat and protein was cumulative,
such that the standardized meal that was higher in both fat and protein associated with
significantly greater postprandial glycemic variability compared to the standardized meals
that were higher in fat or protein. In our models, we found reduced glycemic variability
following meals with higher fat content after adjusting for carbohydrate content, and
we found reduced glycemic variability following meals with higher protein content after
adjusting for carbohydrate content. Our results align better with two recent studies that
have also examined postprandial glycemic variability following free-living meals. For
instance, like our results, Monzon et al. [12], found reduced glycemic variability following
free-living meals with higher protein content in very young children with T1D, though
they did not see an effect on glycemic variability following meals higher in fat content.
Our results are also consistent with a small trial that examined the order of intake of
carbohydrates, protein, and fat on postprandial variability in youth with T1D [13]. It is
generally held that the addition of fat and protein to a fixed amount of carbohydrate in each
meal delays the postprandial peak in glucose and extends glycemic excursions [14]. Thus,
to reconcile differences observed in the glycemic patterns of youth with T1D following
standardized versus free-living meals that were higher in either fat or protein, we offer a
few considerations. First, the purpose of the study. In contrast to the previous controlled
trial [5] that sought to examine glycemic impact of added fat or protein to a fixed amount
of carbohydrate in a prescriptive fashion, we investigated the influence of macronutrient
amount on glycemic variation in the real world. Second, the observation window. The
previous controlled trial [5] measured glycemic variability up to five hours following the
standardized meal, while our study and the two previously described studies [12,13] that
used free-living meals measured glycemic variability up to three hours following the meal.
It is possible that use of the shorter observation windows created an artificial ceiling on
youth’s glycemic variability following meals. Third, the standardized meal. The previous
controlled trial [5] only measured glycemic variability following breakfast, while our study
assessed glycemic variability following all meals. It is possible time of day or bolus insulin
taken for any snacks youth consumed within three hours of the observed meals could have
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reduced their glycemic variability. Finally, our study included a slight majority of youth
(57%) on HCL, while the previous controlled trial [5] did not. As such, it is possible we
observed less glycemic variability following meals higher in either fat or protein because
the algorithm underlying youth’s HCL systems were automatically adjusting the youth’s
insulin dose to correct for any projected deviation from target range. Of note, there are
data in persons with type 2 diabetes suggesting different glycemic effects associated with
the source of protein (i.e., plant versus animal) in their diet [15]. It does not seem this
association has received much attention in persons with T1D. Therefore, a future study
may want to investigate this association more in depth in youth with T1D.

As noted earlier, youth with T1D are vulnerable to developing hypoglycemia and/or
hyperglycemia with planned and spontaneous physical activity [4]. As a result, expert
guidelines exist to help youth with T1D consume adequate grams of carbohydrates before
exercise to reduce their risk of hypoglycemia [16]. However, less is known about how exer-
cise and the macronutrient content of meals may relate to postprandial glycemic variability
in youth with T1D. To our knowledge, we are the first to examine these associations based
on the carbohydrate and fat content of youth’s meals. We were surprised not to observe an
effect of exercise during the postprandial period on glycemic variability following meals
higher in carbohydrate content. Clinically, this result suggests that to reduce postprandial
glycemic variability in youth with T1D, it may be more effective to target their diet than to
prescribe physical activity, though physical activity has other health benefits and should not
be discounted altogether [4,16]. One recent study examined the effect of exercise on the as-
sociation between protein and glycemia in youth with T1D [17]. This study used data from
free-living meals and youth-reported episodes of physical activity collected from 112 ado-
lescents with T1D participating in a randomized clinical trial testing an adaptive behavioral
intervention. Researchers found daily protein intake ≥1.2 g/kg associated with greater
time in range and less time above range for the 24 h following exercise. However, when
examining for specific effects of post-exercise protein intake on post-exercise glycemia, they
only found associations for female adolescents, namely, every 0.25 g/kg of post-exercise
protein intake relating to 1.4% less time below range and 2.3% time within range [17]. Our
model was slightly different because we examined protein intake in meals occurring before
exercise versus after exercise. We also used different measures of variability and applied
a narrower observation window when examining glycemic variability (3 h versus 24 h
post-exercise). It is possible that to observe any exercise effect on the association between
the protein content of meals and postprandial glycemic variability, a longer observation
window is required.

Our results associating greater glycemic variability following meals higher in carbohy-
drates in youth with T1D underscore the importance of teaching healthy eating principles
as part of clinical nutritional counseling. Meals that include whole grains, legumes, veg-
etables, and fruits offer many healthful vitamins and minerals and may help to reduce
postprandial glycemic excursions [18]. There is also evidence suggesting early adminis-
tration of mealtime insulin ≈ 15–20 min before the meal can be an effective strategy to
minimize postprandial glycemic variability [19,20]. Per international guidelines, data do
not currently support recommending very low carbohydrate diets (<20–50 g/day) for
youth with T1D, and the findings related to carbohydrate restriction are mixed [18]. Here,
again, it may be advisable for providers to counsel families regarding healthy eating prin-
ciples, how to replace higher glycemic index (GI) carbohydrates with lower GI choices,
and preprandial insulin administration when addressing glycemic variability. Whilst the
addition of fat or protein to meals can help to delay glucose absorption [21–23] and our
data suggest reduced glycemic variability following free-living meals higher in either fat or
protein in youth with T1D, we encourage providers to continue to recommend moderate
fat and saturated fat intake because of the associated risk of cardiovascular disease [18,24].
Regarding protein intake, we encourage youth with T1D to obtain personalized recommen-
dations from a dietician to ensure a daily intake level that will support normal growth and
physical activity.
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As a limitation, we note that our study design was observational and therefore we
cannot assume any causation when relating youth’s macronutrient intake to their post-
prandial glycemic variability. We acknowledge that our data focused on free-living meals
without any standardization. With self-reported data, there is a risk of missing data if youth
did not record all meals or snacks. However, we limited food photo collection to three days
to reduce data reporting fatigue.

It is possible that there are other confounders not assessed that could have impacted
the macronutrient effect on postprandial variability, though we did design our models
to adjust for many known factors likely to influence postprandial glycemia. Related, we
acknowledge that dietary impacts on postprandial glycemia can be individualized. Thus,
to address this, our analyses mainly assessed macronutrients and postprandial glycemia
within participants versus between participants. While protein intake was scaled for
body mass in our study, which is customary for growing youth [25], carbohydrate and fat
intake were not. We also acknowledge that we only included grams of fiber as a potential
confounder in our models versus examining for any glycemic effects of fiber per se. Finally,
we acknowledge that the T1DEXIP study recruited a cohort of youth with T1D who were
already engaged in at least moderate levels of daily physical activity and had a mean HbA1c
of 7.1%. It is possible these cohort characteristics could make our results less generalizable
to typical youth living with T1D. Yet, as a counterpoint, our study cohort consumed a diet
comparable to other published samples [26–28] and close to international guidelines [18]
for percent calories from carbohydrate, fat, and protein, which may provide evidence of
generalizability.

As strengths of our study, we think it is important to note the large sample size for the
T1DEXIP study, its use of multiple technologies and often passive data collection methods
(e.g., CGM, activity wearables), and its use of RFPM to collect and analyze the youth’s
dietary intake. Previous trials have shown a tendency for people to under-report food
intake [29] and over-report physical activity [30]. Thus, we believe these more objective
and, in some cases, passive data collection methods improve the rigor of our data, though
we also acknowledge these methods maintain a risk of data loss due to technological
disruptions, inaccuracy if the activity wearable is not worn correctly, and participant
reactivity [31]. Because the T1DEXIP study only collected free-living data, it is possible
findings may be more generalizable than in laboratory settings. Finally, we identify our
inclusion of multiple dietary and T1D-specific variables related to postprandial glycemic
variability in our models as a strength.

5. Conclusions

When exploring how meals of different macronutrient content relate to postprandial
glucose variability in youth with T1D, most of the existing studies have been small and
used standardized meals [5,6]. Thus, we extend the literature exploring these associations
in a large sample of youth consuming their normal nutrient intake during this observational
study. Overall, our results suggest greater glycemic variability following meals higher in
carbohydrate content, while we observed lower variability following meals higher in fat
or protein. Notably, in our sub-analyses, insulin modality, exercise in the postprandial
period, and exercise intensity did not appear to influence the relationship between meal-
time macronutrients and postprandial glycemic variability. A future direction may be to
conduct another large observational study of free-living meals in youth with T1D, this time
extending the postprandial window to up to five hours to closer approximate controlled
studies [5,6]. This study provides further evidence underscoring the potential impact of tar-
geting diet and carbohydrate intake closely approximating the dietary guidelines [1,18] as
two methods that may help to reduce postprandial glycemic variability in youth with T1D.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu16010162/s1, Table S1: Postprandial characteristics. Table S2:
Effect of insulin modality and macronutrients on postprandial glycemic variability. Table S3: Effect of
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exercise following meals and macronutrients on postprandial glycemic variability. Table S4: Effect of
exercise intensity and macronutrients on postprandial glycemic variability.

Author Contributions: Conceptualization, S.R.P. and M.C.R.; methodology, S.R.P., S.B. and M.C.R.;
formal analysis, S.B. and P.C.; investigation, R.L.G. and C.K.M.; resources, R.L.G. and C.K.M.; data
curation, S.B., P.C. and R.L.G.; writing—original draft preparation, S.R.P. and S.B.; writing—review
and editing, J.L.S., R.L.G., P.C., M.A.C., M.C.R. and C.K.M.; visualization, S.B. and S.R.P.; project
administration, R.L.G.; funding acquisition, R.L.G. and M.C.R. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by The Leona M. and Harry B. Helmsley Charitable Trust.
Dexcom provided continuous glucose monitors at a discounted rate.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Jaeb Center for Health Research Institutional Review Board (protocol
code T1DEXIP and date of approval: 22 April 2021).

Informed Consent Statement: Informed consent and assent were obtained from all subjects involved
in the study.

Data Availability Statement: Deidentified data are available through Vivli: https://doi.org/10.259
34/PR00008429 (accessed on 28 December 2023).

Conflicts of Interest: S.R.P. reports receiving grants from The Leona M. and Harry B. Helmsley Char-
itable Trust, the National Institutes of Health, and the Jaeb Center for Health Research, as well as
honorarium from the American Diabetes Association, outside the submitted work. S.B., R.L.G., and P.C.
report no conflicts of interest. J.L.S. has served as a consultant to Abbott Diabetes, Bigfoot Biomedical,
Insulet, Medtronic Diabetes, and Zealand. The Yale School of Medicine has received research support
for J.L.S. from Abbott Diabetes, the Jaeb Center for Health Research, JDRF, Insulet, Medtronic, NIH,
and Provention Bio. M.A.C. is chief medical officer of Glooko, inc., and has received research support
from Dexcom and Abbott Diabetes Care. Children’s Mercy Kansas City has received grants or contracts
for M.A.C. from the National Institutes of Health, The Leona M. and Harry B. Helmsley Charitable
Trust, JDRF, the Emily Rosebud Foundation, Eli Lilly, the Jaeb Center for Health Research, Tolerion, and
Garmin. M.C.R. serves on the following advisory panels: Zealand Pharma A/S, Zucara Therapeutics,
and Indigo Diabetes; acts as a consultant for the Jaeb Center for Health Research; and has given lectures
sponsored by Dexcom, Inc., Novo Nordisk, and Sanofi. He is also a shareholder, or holds stocks in,
Supersapiens and Zucara Therapeutics. C.K.M. reports no conflicts of interest.

References
1. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, F.M.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.; Johnson,

E.L.; et al. 14. Children and Adolescents: Standards of Care in Diabetes-2023. Diabetes Care 2023, 46, S230–S253. [CrossRef] [PubMed]
2. Kahkoska, A.R.; Nguyen, C.T.; Adair, L.A.; Aiello, A.E.; Burger, K.S.; Buse, J.B.; Dabelea, D.; Dolan, L.M.; Malik, F.S.; Mottl,

A.K.; et al. Longitudinal Phenotypes of Type 1 Diabetes in Youth Based on Weight and Glycemia and Their Association with
Complications. J. Clin. Endocrinol. Metab. 2019, 104, 6003–6016. [CrossRef] [PubMed]

3. Cengiz, E.; Xing, D.; Wong, J.C.; Wolfsdorf, J.I.; Haymond, M.W.; Rewers, A.; Shanmugham, S.; Tamborlane, W.V.; Willi, S.M.;
Seiple, D.L.; et al. Severe hypoglycemia and diabetic ketoacidosis among youth with type 1 diabetes in the T1D Exchange clinic
registry. Pediatr. Diabetes 2013, 14, 447–454. [CrossRef] [PubMed]

4. Pivovarov, J.A.; Taplin, C.E.; Riddell, M.C. Current perspectives on physical activity and exercise for youth with diabetes. Pediatr.
Diabetes 2015, 16, 242–255. [CrossRef] [PubMed]

5. Smart, C.E.; Evans, M.; O’Connell, S.M.; McElduff, P.; Lopez, P.E.; Jones, T.W.; Davis, E.A.; King, B.R. Both dietary protein and
fat increase postprandial glucose excursions in children with type 1 diabetes, and the effect is additive. Diabetes Care 2013, 36,
3897–3902. [CrossRef] [PubMed]

6. Lejk, A.; Chrzanowski, J.; Cieslak, A.; Fendler, W.; Mysliwiec, M. Reduced Carbohydrate Diet Influence on Postprandial Glycemia-
Results of a Short, CGM-Based, Interventional Study in Adolescents with Type 1 Diabetes. Nutrients 2022, 14, 4689. [CrossRef]
[PubMed]

7. Booth, M. Assessment of physical activity: An international perspective. Res. Q. Exerc. Sport 2000, 71, S114–S120. [CrossRef]
8. Martin, C.K.; Correa, J.B.; Han, H.; Allen, H.R.; Rood, J.C.; Champagne, C.M.; Gunturk, B.K.; Bray, G.A. Validity of the Remote

Food Photography Method (RFPM) for estimating energy and nutrient intake in near real-time. Obesity 2012, 20, 891–899.
[CrossRef]

9. Martin, C.K.; Han, H.; Coulon, S.M.; Allen, H.R.; Champagne, C.M.; Anton, S.D. A novel method to remotely measure food
intake of free-living individuals in real time: The remote food photography method. Br. J. Nutr. 2009, 101, 446–456. [CrossRef]

https://doi.org/10.25934/PR00008429
https://doi.org/10.25934/PR00008429
https://doi.org/10.2337/dc23-S014
https://www.ncbi.nlm.nih.gov/pubmed/36507640
https://doi.org/10.1210/jc.2019-00734
https://www.ncbi.nlm.nih.gov/pubmed/31290977
https://doi.org/10.1111/pedi.12030
https://www.ncbi.nlm.nih.gov/pubmed/23469984
https://doi.org/10.1111/pedi.12272
https://www.ncbi.nlm.nih.gov/pubmed/25754326
https://doi.org/10.2337/dc13-1195
https://www.ncbi.nlm.nih.gov/pubmed/24170749
https://doi.org/10.3390/nu14214689
https://www.ncbi.nlm.nih.gov/pubmed/36364951
https://doi.org/10.1080/02701367.2000.11082794
https://doi.org/10.1038/oby.2011.344
https://doi.org/10.1017/S0007114508027438


Nutrients 2024, 16, 162 11 of 11

10. U.S. Department of Agriculture ARS. USDA Food and Nutrient Database for Dietary Studies 2015–2016; U.S. Department of
Agriculture ARS: Beltsville, MD, USA, 2018.

11. Rose, M.H.; Streisand, R.; Aronow, L.; Tully, C.; Martin, C.K.; Mackey, E. Preliminary Feasibility and Acceptability of the Remote
Food Photography Method for Assessing Nutrition in Young Children with Type 1 Diabetes. Clin. Pract. Pediatr. Psychol. 2018, 6,
270–277. [CrossRef]

12. Monzon, A.D.; Smith, L.B.; Powers, S.W.; Dolan, L.M.; Patton, S.R. The Association between Glycemic Variability and Macronutri-
ents in Young Children with T1D. J. Pediatr. Psychol. 2020, 45, 749–758. [CrossRef] [PubMed]

13. Faber, E.M.; van Kampen, P.M.; Clement-de Boers, A.; Houdijk, E.; van der Kaay, D.C.M. The influence of food order on
postprandial glucose levels in children with type 1 diabetes. Pediatr. Diabetes 2018, 19, 809–815. [CrossRef] [PubMed]

14. Wolpert, H.A.; Atakov-Castillo, A.; Smith, S.A.; Steil, G.M. Dietary fat acutely increases glucose concentrations and insulin
requirements in patients with type 1 diabetes: Implications for carbohydrate-based bolus dose calculation and intensive diabetes
management. Diabetes Care 2013, 36, 810–816. [CrossRef] [PubMed]

15. Viguiliouk, E.; Stewart, S.E.; Jayalath, V.H.; Ng, A.P.; Mirrahimi, A.; de Souza, R.J.; Hanley, A.J.; Bazinet, R.P.; Blanco Mejia, S.;
Leiter, L.A.; et al. Effect of Replacing Animal Protein with Plant Protein on Glycemic Control in Diabetes: A Systematic Review
and Meta-Analysis of Randomized Controlled Trials. Nutrients 2015, 7, 9804–9824. [CrossRef] [PubMed]

16. Adolfsson, P.; Taplin, C.E.; Zaharieva, D.P.; Pemberton, J.; Davis, E.A.; Riddell, M.C.; McGavock, J.; Moser, O.; Szadkowska, A.;
Lopez, P.; et al. ISPAD Clinical Practice Consensus Guidelines 2022: Exercise in children and adolescents with diabetes. Pediatr.
Diabetes 2022, 23, 1341–1372. [CrossRef] [PubMed]

17. Muntis, F.R.; Smith-Ryan, A.E.; Crandell, J.; Evenson, K.R.; Maahs, D.M.; Seid, M.; Shaikh, S.R.; Mayer-Davis, E.J. A High Protein
Diet Is Associated with Improved Glycemic Control Following Exercise among Adolescents with Type 1 Diabetes. Nutrients 2023,
15, 1981. [CrossRef] [PubMed]

18. Annan, S.F.; Higgins, L.A.; Jelleryd, E.; Hannon, T.; Rose, S.; Salis, S.; Baptista, J.; Chinchilla, P.; Marcovecchio, M.L. ISPAD Clinical
Practice Consensus Guidelines 2022: Nutritional management in children and adolescents with diabetes. Pediatr. Diabetes 2022,
23, 1297–1321. [CrossRef]

19. Bell, K.J.; Smart, C.E.; Steil, G.M.; Brand-Miller, J.C.; King, B.; Wolpert, H.A. Impact of fat, protein, and glycemic index on
postprandial glucose control in type 1 diabetes: Implications for intensive diabetes management in the continuous glucose
monitoring era. Diabetes Care 2015, 38, 1008–1015. [CrossRef]

20. Mozzillo, E.; Franceschi, R.; Di Candia, F.; Ricci, A.; Leonardi, L.; Girardi, M.; Rosanio, F.M.; Marcovecchio, M.L. Optimal Prandial
Timing of Insulin Bolus in Youths with Type 1 Diabetes: A Systematic Review. J. Pers. Med. 2022, 12, 58. [CrossRef]

21. Kuwata, H.; Iwasaki, M.; Shimizu, S.; Minami, K.; Maeda, H.; Seino, S.; Nakada, K.; Nosaka, C.; Murotani, K.; Kurose, T.; et al.
Meal sequence and glucose excursion, gastric emptying and incretin secretion in type 2 diabetes: A randomised, controlled
crossover, exploratory trial. Diabetologia 2016, 59, 453–461. [CrossRef]

22. Ma, J.; Stevens, J.E.; Cukier, K.; Maddox, A.F.; Wishart, J.M.; Jones, K.L.; Clifton, P.M.; Horowitz, M.; Rayner, C.K. Effects of a
protein preload on gastric emptying, glycemia, and gut hormones after a carbohydrate meal in diet-controlled type 2 diabetes.
Diabetes Care 2009, 32, 1600–1602. [CrossRef] [PubMed]

23. Wolever, T.M.; Mullan, Y.M. Sugars and fat have different effects on postprandial glucose responses in normal and type 1 diabetic
subjects. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 719–725. [CrossRef] [PubMed]

24. Craig, M.E.; Twigg, S.M.; Donaghue, K.C.; Cameron, F.J.; Conn, J.; Jenkins, A.J.; Silink, M. National Evidence-Based Clinical Care
Guidelines for Type 1 Diabetes in Children, Adolescents, and Adults; Australian Government Department of Health and Ageing:
Canberra, Australia, 2011.

25. Garcia-Iborra, M.; Castanys-Munoz, E.; Oliveros, E.; Ramirez, M. Optimal Protein Intake in Healthy Children and Adolescents:
Evaluating Current Evidence. Nutrients 2023, 15, 1683. [CrossRef] [PubMed]

26. Katz, M.L.; Mehta, S.; Nansel, T.; Quinn, H.; Lipsky, L.M.; Laffel, L.M. Associations of nutrient intake with glycemic control in
youth with type 1 diabetes: Differences by insulin regimen. Diabetes Technol. Ther. 2014, 16, 512–518. [CrossRef] [PubMed]

27. Mackey, E.R.; O’Brecht, L.; Holmes, C.S.; Jacobs, M.; Streisand, R. Teens with Type 1 Diabetes: How Does Their Nutrition Measure
Up? J. Diabetes Res. 2018, 2018, 5094569. [CrossRef] [PubMed]

28. Thongpaeng, S.; Sorncharoen, P.; Preechasuk, L.; Santiprabhob, J. Dietary Intake and Physical Activity of Thai Children and
Adolescents with Type 1 Diabetes Mellitus. Nutrients 2022, 14, 5169. [CrossRef] [PubMed]

29. Vance, V.A.; Woodruff, S.J.; McCargar, L.J.; Husted, J.; Hanning, R.M. Self-reported dietary energy intake of normal weight,
overweight and obese adolescents. Public. Health Nutr. 2009, 12, 222–227. [CrossRef]

30. LeBlanc, A.G.; Janssen, I. Difference between self-reported and accelerometer measured moderate-to-vigorous physical activity in
youth. Pediatr. Exerc. Sci. 2010, 22, 523–534. [CrossRef]

31. Spruijt-Metz, D.; Wen, C.K.F.; Bell, B.M.; Intille, S.; Huang, J.S.; Baranowski, T. Advances and Controversies in Diet and Physical
Activity Measurement in Youth. Am. J. Prev. Med. 2018, 55, e81–e91. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1037/cpp0000240
https://doi.org/10.1093/jpepsy/jsaa046
https://www.ncbi.nlm.nih.gov/pubmed/32642773
https://doi.org/10.1111/pedi.12640
https://www.ncbi.nlm.nih.gov/pubmed/29527759
https://doi.org/10.2337/dc12-0092
https://www.ncbi.nlm.nih.gov/pubmed/23193216
https://doi.org/10.3390/nu7125509
https://www.ncbi.nlm.nih.gov/pubmed/26633472
https://doi.org/10.1111/pedi.13452
https://www.ncbi.nlm.nih.gov/pubmed/36537529
https://doi.org/10.3390/nu15081981
https://www.ncbi.nlm.nih.gov/pubmed/37111199
https://doi.org/10.1111/pedi.13429
https://doi.org/10.2337/dc15-0100
https://doi.org/10.3390/jpm12122058
https://doi.org/10.1007/s00125-015-3841-z
https://doi.org/10.2337/dc09-0723
https://www.ncbi.nlm.nih.gov/pubmed/19542012
https://doi.org/10.1016/j.numecd.2010.12.005
https://www.ncbi.nlm.nih.gov/pubmed/21330118
https://doi.org/10.3390/nu15071683
https://www.ncbi.nlm.nih.gov/pubmed/37049523
https://doi.org/10.1089/dia.2013.0389
https://www.ncbi.nlm.nih.gov/pubmed/24766666
https://doi.org/10.1155/2018/5094569
https://www.ncbi.nlm.nih.gov/pubmed/30258854
https://doi.org/10.3390/nu14235169
https://www.ncbi.nlm.nih.gov/pubmed/36501199
https://doi.org/10.1017/S1368980008003108
https://doi.org/10.1123/pes.22.4.523
https://doi.org/10.1016/j.amepre.2018.06.012

	Postprandial Glucose Variability Following Typical Meals in Youth Living with Type 1 Diabetes.
	Recommended Citation
	Creator(s)

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

