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ABSTRACT
Introduction  Lifestyle determinants of 2-hour glucose 
concentration in people with type 2 diabetes and 
interindividual differences need to be identified.
Research design and methods  38 participants with 
type 2 diabetes, treated with lifestyle advice and/or 
metformin, tracked their physical activity, sleep and dietary 
intake, while continuously monitoring interstitial glucose 
concentrations for 11 periods of four consecutive days 
each. A linear mixed-effects model was used to quantify 
the effect of sleep, stress, current glucose, carbohydrate 
intake and exercise on glucose levels 2 hours later.
Results  The final model identified carbohydrate intake 
(grams) in the past 5 min as well as in the past 30 min, 
sleep duration during the previous night (hours) and 
physical activity (metabolic equivalents) over the past 12 
hours as significant fixed effects that influenced glucose 
concentrations 2 hours later. In addition, carbohydrate 
intake in the past 5 and past 30 min, and physical activity 
in the past and future 30 min were included as random 
or individualized effects. Although carbohydrate intake 
led to increased glucose concentrations in 2 hours in all 
individuals, the magnitude of this effect varied between 
individuals. The physical activity on glucose concentrations 
in 2 hours varied among individuals as well, in terms 
of magnitude and in terms of direction (showing either 
increase or decline).
Conclusions  Carbohydrate intake, sleep and physical 
activity at specific points in time have both fixed as well as 
individualized effects on glucose concentrations 2 hours 
later in individuals with type 2 diabetes. Interindividual 
differences in glycemic response to lifestyle components 
call for personalized advice in the management of type 2 
diabetes.

INTRODUCTION
Type 2 diabetes is a metabolic disorder that 
affects millions of individuals worldwide.1 
Lifestyle modification, including changes 
in dietary intake and physical activity, is 
widely recommended as a primary treat-
ment approach.2 Indeed, adopting a healthy 
lifestyle can enhance insulin sensitivity and 
improve glycemic control.3 Personaliza-
tion of lifestyle advice, taking into account 

the person’s biological, cultural, social, 
and economic background may facilitate 
long-term engagement and optimal health 
outcomes.4–6 As the effect of distinct lifestyle 
factors on blood glucose concentrations may 
vary substantially among individuals, person-
alized advice should ideally take into account 
the individualized glucose response to life-
style.7 For example, the postprandial glucose 
response to identical meals was highly variable 
among individuals in an 800-person cohort of 
people without diabetes.8 Also, the glycemic 
response to a starch-rich meal was reported to 
vary substantially between and within 10 indi-
viduals with type 2 diabetes, and 50 min of 
walking before dinner increased postprandial 
glucose concentrations in some and reduced 
them in others in a group of 80 people with 
type 2 diabetes.8–11

Providing personalized lifestyle advice 
requires knowledge of how different lifestyle 
components affect glucose regulation per 
se, as well as knowledge on interindividual 
variation therein. Important components to 
incorporate in a lifestyle intervention for type 
2 diabetes are physical activity, dietary intake 
and sleep.2 The impact of these lifestyle 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Carbohydrates and exercise can affect people with 
type 2 diabetes differently as shown in clinical trials.

WHAT THIS STUDY ADDS
	⇒ During daily living the effect of exercise and carbo-
hydrate is shown to differ.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study indicated that lifestyle should be person-
alized when it comes to carbohydrate consumption 
and exercise for people with diabetes treated with 
lifestyle only or only with metformin.

B
M

J O
pen D

iabetes R
esearch &

 C
are: first published as 10.1136/bm

jdrc-2024-004506 on 24 D
ecem

ber 2024. D
ow

nloaded from
 https://drc.bm

j.com
 on 17 A

pril 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

http://drc.bmj.com/
http://orcid.org/0009-0009-9249-9972
http://orcid.org/0000-0002-1952-4774
https://doi.org/10.1136/bmjdrc-2024-004506
https://doi.org/10.1136/bmjdrc-2024-004506
https://doi.org/10.1136/bmjdrc-2024-004506
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjdrc-2024-004506&domain=pdf&date_stamp=2024-11-24


2 BMJ Open Diab Res Care 2024;12:e004506. doi:10.1136/bmjdrc-2024-004506

Clinical care/Education/Nutrition

components on glycemic control in patients with type 
2 diabetes has been well studied in highly controlled 
research settings.12–18 However, studies under such 
controlled conditions, often focusing on the impact of 
specific lifestyle components in isolation, may not fully 
capture the effects of lifestyle, or the interaction between 
distinct components, on glucose control in daily life. We 
used a variety of sensors and apps to monitor dietary 
intake, physical activity, sleep and glucose concentrations 
in people with type 2 diabetes in real life. Subsequently, 
a linear mixed-effects model was used to determine 
which of these lifestyle features, within prespecified 
time frames, had the greatest impact on glucose concen-
trations 2 hours later. The selection of the 2-hour time 
point as an outcome measure is underpinned by two 
key considerations. First, prediction of glucose levels 
at a time point 2 hours in the future provides people 
with type 2 diabetes with a reasonable amount of time 
for proactive intervention, if such prediction algorithms 
were included in an application for real-time feedback in 
a real-life setting. Second, the 2-hour glucose level is used 
in oral glucose tolerance tests as a diagnostic criterion. 
Generally speaking, 2 hours should be enough for post-
prandial glucose levels to return to normal in a healthy 
person and as such provides insight into whether glucose 
concentrations normalize within a clinically desirable 
time window, rather than trying to predict a temporary 
peak in glucose. That renders it an optimal interval for 
assessing the putative effects of dietary intake, physical 
activity and/or sleep on glucose concentrations. We used 
a linear mixed-effects model because it is fully explain-
able and can conveniently identify significant individual-
ized effects on top of a population average.

RESEARCH DESIGN AND METHODS
Study population and design
A total of 41 individuals with type 2 diabetes were 
included in the study during October 2019 and January 
2021 via local newspapers and social media. Eligibility 
criteria required subjects to have a body mass index 
(BMI) below 40 kg/m2, and no previous insulin treat-
ment, instead relying on lifestyle modifications and/or 
metformin.19 Included participants wore a continuous 
glucose monitor (CGM) and activity/sleep tracker, and 
logged their dietary intake in a food diary application 
(see below) during 11 monitoring periods of four consec-
utive days each. All monitoring periods were separated 
by a washout period of at least 1 week. During three of 
the 11 periods, participants monitored lifestyle and 
glucose parameters during regular daily life. These three 
monitoring periods, which were scheduled at study start, 
mid-term and end, served as control. In between control 
periods, participants were allocated to four distinct 
interventions twice, in random order. These interven-
tions were: (1) a carbohydrate-restricted (<100 g/day) 
diet; (2) a Mediterranean diet; (3) 15 min of moderate-
intensity walking after each main meal; and (4) 5 min 

of moderate-intensity physical activity every hour from 
09:00 hours to 17:00 hours. At baseline, the Pittsburgh 
Sleep Quality Index (PSQI) questionnaire was adminis-
tered as well as general characteristics.20

Of the 41 people with type 2 diabetes enrolled in the 
study, two dropped out halfway through: one due to recur-
ring technical difficulties with the CGM and one due to a 
change in medication. A third participant was excluded 
from the data analysis due to regular night shift work. 
Missing data were left out of the analysis. The particulars 
of participant recruitment and the experimental design 
have been described elsewhere.19

Measurements and data preprocessing
The outcome variable was the glucose concentration, 
quantified at any point in time. The interstitial glucose 
concentration in millimoles per liter was measured 
every 5 min with the Dexcom G6 continuous glucose 
monitoring system (DexCom, San Diego, USA). 
Measured lifestyle factors included physical activity, 
sleep duration and dietary intake. Physical activity level 
was expressed in ‘metabolic equivalent of task’, or MET, 
averaged per 5 min, and sleep duration in hours per 
night. Both variables were measured and calculated by 
the Fitbit Charge 3 (Fitbit, San Francisco, USA). Dietary 
intake and macronutrient composition data in grams 
were collected using a custom smartphone applica-
tion (HowAmI app, TNO, Leiden, The Netherlands) 
and the FatSecret database (Secret Industries, Victoria, 
Australia). Meal logging was done via manual entry. The 
nutritional information of the meals that were provided 
during the diet phases was already prefilled. Subject 
only needed to adjust the amount they consumed. In 
our models, we included data from 06:00 hours until 
24:00 hours to capture the dynamics during waking 
hours. We created a suitable dataset for the prediction 
of glucose 2 hours in the future via data aggregation 
and feature engineering steps. This was done to deal 
with varying sampling intervals across the different 
modalities. The various time lags chosen were based 
on literature. We tried various time lags for the effect 
of exercise ranging from total exercise in the past 24 
hours to 2 hours before the prediction moment and 
time points in between.12 13 21 For carbohydrate intake, 
time lags ranged from the past 12 hours, to account for 
an overnight effect of carbohydrate consumption on 
breakfast glucose levels,18 to 2 hours before the predic-
tion moment and time points in between.22–25 Features 
for physical activity level were created by averaging the 
METs per minute over the predefined period. Features 
for carbohydrate intake were created by taking the sum 
of grams of carbohydrates consumed over a certain 
predefined period. The amounts of protein and fat 
were not included in the model due to the high degree 
of multicollinearity. While techniques to mitigate this 
exist, it was chosen not to do so as using such techniques 
would hamper the interpretability of the results.
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Model
We used a linear mixed-effects model, including both 
population (fixed) and individual (random) effects, to 
quantify the effects of various lifestyle factors on glucose 
concentrations 2 hours later. The statistical formulation 
for a linear mixed-effects model, considering a contin-
uous outcome variable ‍yij ‍ for subject ‍i = 1‍,., ‍N ‍ at time 
point ‍j = 1‍,., ‍Ji ‍ can be presented as follows:

	﻿‍ yij = µi + αijβi + εij ‍�

	﻿‍ εij ∼ N(0,σ2
ε)‍�

	﻿‍
µi ∼ N(µ0,σ2

µ
)
‍�

	﻿‍ effect : βk ∼ N(β0,Σβ)‍�

	﻿‍ randomeffect : βi,k ∼ N(βK,σ2
βk)‍�

where ‍µi ‍ is the intercept for individual ‍i ‍ coming from 
a normal distribution with the mean ‍µ0‍ as the popula-
tion mean of the intercept or baseline glucose level, and 

‍σ
2
µ‍ as the corresponding variance. ‍αij ‍ is the vector with 

independent variables for individual ‍i ‍ at a time point ‍j ‍ 
with the fixed and random effects model coefficients for 
individual ‍i ‍ contained in vector ‍βi ‍. The fixed effect ‍βi,k‍ is 
equal to the fixed effect ‍βk‍, where k indicates the variable, 
with a covariance matrix ‍Σβ‍ between the fixed effects. For 
a random effect for variable k, ‍βi,k‍ is normally distributed 
with mean ‍βk‍, which is equal to the fixed effect if present, 
and is zero if no fixed effect is present, and variance ‍σ

2
βk

‍. The general error ‍ϵij ‍ follows an independent, normal 

distribution with mean 0 and variance ‍σ
2
ϵ ‍.

The process of creating the linear mixed-effects model 
was as follows (figure 1). The ‘null model’ included only 
the current glucose concentration (t=0) and an indi-
vidual intercept as independent (predictor) variables to 
model the glucose concentration 2 hours. The individual 
intercept was included in the model to account for the 
fact that baseline glucose concentrations differ among 
participants, assuming baseline glucose concentrations 
are normally distributed within the sample. Subse-
quently, several lifestyle factors were included in what was 
called the ‘full linear mixed effect model’. These lifestyle 
factors were hours of sleep in the previous night, phys-
ical activity and carbohydrate intake. For physical activity 
and carbohydrate intake, features for various time lags 
around t=0, with t=0 as the moment of prediction, were 
included in the model. The interaction between exercise 
and carbohydrate intake was taken into consideration, 
as it is shown that postprandial exercise lowers plasma 

glucose concentrations.12 This was reflected in the model 
as an interaction effect between carbohydrate intake in 
the past 30 min and the exercise in the 30 min after the 
time of prediction, thus reflecting postprandial exercise. 
Finally, the added value of including BMI, diabetes dura-
tion, age, blood pressure and gender as variables with 
fixed effects in the model was explored. The best model 
was selected based on the Akaike information criterion 
(AIC), Bayesian information criterion (BIC) and R2 
(data not shown), that is, the model with the lowest AIC 
was chosen as ‘full model’.

We started with this full model that included all of the 
preselected features as described before, after which we 
took out variables one by one in a stepwise fashion. For 
fixed effects, we removed variables that did not have a 
significant effect on glucose concentrations 2 hours later 
using a cut-off of p<0.05 and selected models with a lower 
AIC. This resulted in the intermediate model. Then, we 
evaluated the effect of addition or deletion of random 
effects by the change in AIC, resulting in the ‘final model’. 
The linear mixed-effects models were created using lme4 
(version 1.1-29) in R (R package version 4.0.3.) using 
restricted maximum likelihood.

RESULTS
Study participants
38 participants were included in data analysis. The average 
participant had an age of 63, a BMI of 28, was treated 
mostly with lifestyle (39%) (for full details see online 
supplemental table 1). Participants in the study logged at 
least 80% of their required calories based on their basal 
metabolic rate on 1231 out of 1670 days (73%).

Model fitting
The model coefficients and goodness-of-fit measures 
for the null, full and final models are shown in table 1. 
The null model included only the current glucose and 
the individual as a grouping-level variable. The intraclass 
correlation of 0.45 indicates the proportion of variance 
explained by the grouping variables, in this case the indi-
vidual, and further justifies the choice to add the indi-
vidual as a level in the multilevel model.

The full model included the glucose value at t=0, hours 
of sleep in the previous night, carbohydrate intake in the 
last 5 min, carbohydrate intake in the last 30 min, MET in 
the last 30 min, MET in the last 12 hours, and MET 30 min 
after the current moment. The full model included non-
significant fixed effects for exercise. After accounting for 
personal differences by the random effects of exercise, 

Figure 1  Flow chart of the linear mixed effects modeling approach. Starting with the null model including only the current 
glucose concentration and an individual intercept as independent (predictor) variables. Next, the full model included all relevant 
variables, where the fixed variables were removed in a stepwise manner to get to the intermediate model. Again, making a 
selection on the random effect to end up with the final model.
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the fixed effects did not contribute to a better model 
and were therefore left out. After removing these fixed 
effects, the interaction effect between exercise 30 min in 
the future and carbohydrate intake in the past 30 min 
was no longer significant. Removing both this interaction 
effect and the fixed effects for the 30 min exercise time 
frame did not significantly change the other parameters 
and improved the model fit, justifying the choice to leave 
them out of the final model as well as showing the robust-
ness of the direction of the effects.

The explained variance and model fit improved when 
comparing the full model with the final model. The 
overall quality of the final model was assessed using 
the AIC, BIC and R2 (table  1). There was no strong 
evidence of heteroskedasticity, but the residuals were 
not completely normally distributed. The random effects 
were not normally distributed due to some individuals 
having a high baseline glucose concentration (online 
supplemental figures 1–3).

Final model results
The final model showed an R2 of 0.124 when only consid-
ering fixed effects (marginal R2) and 0.6 for the full 
model (conditional R2). This means that taking into 
account individual variation, the final model explained 
roughly 60% of the variability in the data. The final 
model included four fixed effects and four random 
effects (figure 2). The random effects were carbohydrate 
intake in the past 5 and past 30 min and exercise in the 
past 30 and future 30 min, meaning that for these vari-
ables accounting for interindividual differences in the 
coefficients improved the model. The individual model 
coefficients of carbohydrate intake in the past 5 and 30 
min were mostly positive, ranging from 0 mmol/L/g to 
0.1 mmol/L/g for all but a few participants (figure 3). As 
seen by the Spearman correlation coefficient, the indi-
vidual coefficients of carbohydrate intake are not related 
to baseline HbA1c levels (online supplemental figure 4). 
The individual coefficients for exercise were centered 

Table 1  Coefficients of the different models and goodness-of-fit measures

Null model Full model Final model

Predictors Estimates Estimates Estimates

 � Intercept 5.44 (4.99–5.88) ** 6.03 (5.51–6.55)** 6.15 (5.69–6.61)**

 � Current glucose 0.35 (0.34–0.36)** 0.34 (0.33–0.36)** 0.34 (0.33–0.35)**

 � Sleep −0.01 (−0.02 to −0.00)* −0.01 (−0.02 to 0.01)*

 � Exercise in the past 12 hours (MET) −0.31 (−0.35 to −0.27)** −0.31 (−0.35 to −0.27)**

 � Carbohydrates in the past 5 min (g) 0.03 (0.01–0.04)** 0.02 (0.01–0.04)**

 � Carbohydrates in the past 30 min (g) 0.02 (0.01–0.033)** 0.02 (0.00–0.03)*

 � Exercise in the future 30 min (MET) 0.02 (−0.04 to 0.08)

 � Exercise in the past 30 min (MET) 0.02 (−0.05 to 0.09)

 � Exercise in the future 30 min 
(MET)×carbohydrates in the past 30 min 
(g)

−0.01 (−0.01 to −0.00)*

SD of random effects

 � Participant 1.376 1.57 1.62

 � Exercise in the future 30 min (MET) 0.16 0.16

 � Exercise in the past 30 min (MET) 0.2 0.2

 � Carbohydrates in the past 5 min (g) 0.03 0.03

 � Carbohydrates in the past 30 min (g) 0.04

 � Measures of fit

 � Σ2 2.328 2.228 2.220

 � ICC 0.449 0.483 0.533

 � Marginal R2/conditional R2 0.136/0.523 0.137/0.554 0.127/0.592

 � NPAR 20 22

 � AIC 119 580.9 119 500.8

 � BIC 119 748.9 119 685.5

 � Deviance 119 540.9 119 456.8

*P<0.05, **p<0.001.
AIC, Akaike information criterion; BIC, Bayesian information criterion; ICC, intraclass correlation ; MET, metabolic equivalent of task; 
NPAR, number of parameters.
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around zero ranging from a negative to a positive 
effect on glucose concentrations 2 hours in the future, 
ranging from −0.5 mmol/L/MET to 0.4 mmol/L/MET 
(figure 3). The following fixed effects were included in 
the model: the current glucose in millimoles per liter, 
carbohydrate intake in the past 30 min and in the past 
5 min in grams, sleep in the past night in hours, and 
activity in the past 12 hours in METs (figure 2). All fixed 

effects had a statistically significant effect on the glucose 
concentration 2 hours.

DISCUSSION
In this paper, we show that the direct effect of different 
lifestyle factors on glucose concentrations 2 hours later 
in people with type 2 diabetes during daily life can be 

Figure 2  Predicting factors of glucose concentrations 2 hours later in the final model. F, fixed effect; MET, metabolic 
equivalent of task; R, random effect; t, time in hours.

Figure 3  Individual difference in glucose response to exercise and carbohydrate as shown in a histogram depicting the 
distribution of individual coefficients on glucose concentrations 2 hours later. (A) Carbohydrates eaten in the last 5 min. 
This shows that for all but two people, carbohydrates increase the glucose concentration between 0 and 0.1 mmol/L/g of 
carbohydrates. (B) Similar to the carbohydrates in the last 5 min, carbohydrates eaten in the past 30 min mostly increase 
glucose concentration. However, the magnitude of the effect differs between individuals. (C) The effect of exercise in the last 
30 min on the glucose concentrations showing both an increase and decrease in glucose concentration between individuals. 
(D) The effect of exercise in the next 30 min on the glucose concentrations showing again an increase and decrease in glucose 
concentration between individuals in response to exercise. This time, a bit larger effect than the exercise in the past 30 min.
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described by a multilevel model using CGM and contex-
tual data. The final model accounted for 60% of the vari-
ation in glucose concentrations 2 hours later as measured 
by a CGM.

To identify the impact of lifestyle effects on glucose 
concentrations for an individual, the interpretability of 
our model results was deemed important.2 Limiting the 
included lifestyle variables to only carbohydrate intake, 
glucose, sleep and exercise for the sake of interpretability 
might limit the explained variance to some degree. 
For example, it is known that fat influences the gastric 
emptying, affecting blood glucose for over 2 hours after a 
meal in people with type 2 diabetes. Despite not covering 
all the factors that could affect glucose, our model was 
able to capture a significant amount of variation in the 
glucose concentration 2 hours later. A model using data 
collected in a more controlled setting, including personal 
characteristics and carbohydrate intake, and trying to 
predict a glucose peak in the next 0–4 hours accounted 
for 49% of the variation.26 Potentially, by incorporating 
random effects into the mixed-effects model, our model 
could account for the inherent variability in individuals’ 
responses, potentially including differences between 
individuals in protein and fat intake, and provide a 
more comprehensive understanding of the relationship 
between carbohydrate intake, exercise, sleep and 2-hour 
glucose concentrations.

Multilevel modeling of the 2-hour glucose concentra-
tion showed fixed effects of sleep, carbohydrate intake 
and exercise, and random effects for exercise and 
carbohydrates indicating interindividual differences 
in glycemic response. Overall, carbohydrate intake led 
to an increase in glucose concentration 2 hours later. 
However, the magnitude of this effect varied between 
individuals, with some exhibiting little to no effect and 
others a significant increase in glucose concentrations of 
up to 0.1 mmol/L for every gram of carbohydrates eaten. 
The fact that blood glucose concentrations increase after 
the consumption of carbohydrates and that the level of 
response varies between individuals is known,27 but the 
magnitude of how much this can increase is new. The 
fact that the effect of carbohydrates can vary from no 
effect to an increase of 0.1 mmol/L/g of carbohydrates 
underlines the importance of looking at the individual in 
providing lifestyle recommendations.

The underlying cause for the large interindividual 
differences in glucose response to carbohydrate intake 
cannot be distilled by the model. Literature does provide 
some insights into why individuals might differ in their 
glucose response. First, it could be due to differences 
between individuals in underlying pathophysiology, such 
as the level of insulin resistance and which organs are 
mostly affected.28 29 Second, it could be due to differ-
ences in lifestyle between individuals. It has been shown 
in a controlled setting that the glucose response to a 
specific meal is influenced by the carbohydrate content, 
and by the type of carbohydrate, meal composition and 
meal timing, and stress, and is even subject to day-to-day 

variation.30–32 Lifestyle habits such as skipping breakfast, 
having frequent snacks or always choosing whole grains 
may therefore influence glycemic responses of an indi-
vidual. Additionally, meal order or carry-over effects 
between meals could partly explain the variability in post-
prandial glucose response in real life.22 26 Irrespective 
of the cause, the interindividual differences in glucose 
response to carbohydrates should be considered when 
interpreting glucose values for individuals with type 2 
diabetes.

From our model, exercise in the past day seems to 
have a small but beneficial effect on glucose concen-
trations. This feature could represent habitual physical 
activity patterns, as several studies have shown that a 
higher level of physical activity in general can improve 
glycemic control.33 However, the effect of exercise before 
or after a meal on glucose concentrations 2 hours later 
seems to differ greatly between individuals. Additionally, 
in our model there was no interaction effect between 
exercise and carbohydrate intake, suggesting that the 
influence of exercise on glucose concentrations is not 
dependent on prior carbohydrate intake. The American 
College of Sport recommends exercise for people with 
type 2 diabetes to lower glucose values, especially in the 
postprandial period.34 Our results suggest that for some 
people the glucose-lowering effects of exercise may not 
be as large as one might expect. Also, from our model it 
seems not all individuals with type 2 diabetes may benefit 
from postprandial exercise specifically; for some indi-
viduals, preprandial exercise may be more effective. It 
should be noted that we only modeled the effect of exer-
cise on glucose concentration 2 hours later. Also, physical 
activity has multiple health benefits besides contributing 
to improved glycemic control.35

Specifically looking at the effects of moderate-intensity 
physical activity, which was also recommended during 
the exercise interventions in our study, there is quite 
some variation in the effects on glucose levels among 
studies.11–13 21 25 While the study design, interventions and 
outcome measures differ between studies, there seems to 
be a tendency for non-response and more effect of exer-
cise during the postprandial period as compared with 
before. Also, beneficial effects are more often found on 
a composite measure of glucose over time rather than 
point estimates of glucose, such as the 2-hour glucose 
concentration. Nonetheless, in our real-world study, an 
overall positive effect of postprandial or preprandial 
exercise on the glucose response was not found. This 
could be explained by interindividual differences in the 
effects of physical activity on glucose levels, but it may 
also be that the time-dependent effect of physical activity 
on glucose is not being captured by the single time point 
of the 2-hour glucose concentration.

When considering sleep, our study results are in line 
with literature, as more sleep was associated with a slightly 
lower glucose during the day. Cross-sectional research in 
people with type 2 diabetes shows that a shorter average 
sleep duration per night is associated with a higher 
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HbA1c.36 Additionally, interventional research in healthy 
participants found that a bad night of sleep can increase 
insulin resistance by 19–25% the next day.37 In compar-
ison, the effect of sleep in the present study looks small 
with a 0.01 mmol/L decrease in 2-hour glucose concen-
trations for every additional hour of sleep. Given that our 
study did not include a sleep intervention, our data do 
not include many examples of more extreme sleep condi-
tions such as a 4-hour night or an excessively long night 
of good sleep. As indicated by the PSQI results, our study 
population had a poor sleep quality and slept 6.45 hours 
per night on average, with a small SD of 1.25 hours. The 
low variability in sleep data might explain the relatively 
small effect of sleep on glucose levels found in our study, 
as compared with what is currently known.

People with type 2 diabetes can differ in insulin resis-
tance and insulin production especially between people 
with or without insulin treatment. Our study population 
was homogeneous. It consisted of individuals with well-
managed type 2 diabetes using only metformin or no 
diabetes-related medication. The majority of people had 
an HbA1c below 7% mmol/L. Although this represents 
the largest group of people with type 2 diabetes, this 
affects the generalizability of our results. Our study does 
show the feasibility to generate more personal estimates 
of how lifestyle might affect glucose values. This approach 
could in the future be expanded to a more heteroge-
neous group of people with type 2 diabetes.

The data collection process itself posed potential 
biases. Particularly biased is the collection of nutritional 
data, where accurate and consistent collection can be 
challenging. To mitigate this, we implemented several 
measures, including a thorough review of the data by 
experts to identify and rectify large errors, upfront 
training for participants, and a simplified data entry 
system for meals delivered during the diet intervention. 
Despite these efforts, the inherent difficulty in obtaining 
precise nutritional information remains a limitation. 
Furthermore, the exercise data were collected using 
Fitbit devices, which only measured steps and heart rate, 
and extrapolated the METs from these measurements. 
This approach lacks differentiation in exercise types 
and should therefore be interpreted more on the area 
of moderate-intensity exercise. Nevertheless, moderate-
intensity exercise is one of the main preferred methods 
in the treatment of diabetes.38

To summarize, in our linear mixed effects model, 
exercise in the past 12 hours and sleep duration were 
associated with a lower glucose concentration 2 hours 
later, while a higher carbohydrate intake and a higher 
current glucose level were associated with a higher 
glucose concentration 2 hours later. The direction 
of the effects of exercise before and after a meal on 
glucose control seems individually determined as indi-
cated by the fact that the coefficients for the random 
effects for exercise in the past 30 and future 30 min 
were centered around 0, with both positive and nega-
tive effects on glucose concentrations 2 hours later. 

For carbohydrate intake, mainly the magnitude of the 
effect differed between individuals, with both a positive 
fixed and mainly positive random effects of carbohy-
drate intake on glucose concentrations 2 hours later. 
Knowing the acute effects of lifestyle factors on glucose 
concentrations for an individual is a prerequisite for 
precision lifestyle recommendations for improved 
glycemic control, for example, to avoid high glucose 
values in people with type 2 diabetes.

Author affiliations
1Medical Affairs, Roche Diagnostics, Almere, Netherlands
2Endocrinology, Leiden Universitair Medisch Centrum, Leiden, Netherlands
3Risk Analysis for Prevention, Innovation & Development, Netherlands Organization 
for Applied Scientific Research, Utrecht, Netherlands
4Microbiology & Systems Biology, Netherlands Organization for Applied Scientific 
Research, Zeist, Netherlands

Acknowledgements  The authors of this study thank the research participants for 
their hard work and dedication.

Contributors  TS conducted the clinical study, researched data, contributed to 
discussion, and wrote the first draft of the manuscript. IMdH conducted the clinical 
study, wrote the first draft of the manuscript, contributed to discussion, and 
reviewed and edited the manuscript. TK conducted the statistical analyses and 
contributed to discussion. RJMK conducted the clinical study. HME, AAdG, TK and 
HP contributed to discussion and reviewed and edited the manuscript. All authors 
approved the final version of the manuscript. TS is the guarantor.

Funding  This study was part of the public–private partnership ‘Gluco-Insight’ 
with TNO, Roche Diabetes Care Nederland, Reinier Haga Medisch Diagnostisch 
Centrum, EKOMENU and Leiden University Medical Center. The collaboration project 
was cofunded by the PPP Allowance made available by Health~Holland, Top Sector 
Life Sciences & Health, to stimulate public–private partnership.

Competing interests  TS has a paid position at Roche Diagnostics Netherlands 
that markets tools related to diabetes self-management.

Patient consent for publication  Not applicable.

Ethics approval  This study involves human participants and was approved by the 
Ethics Committee of METC Brabant (protocol code P1934, ID: NL70771.028.19) on 
October 28, 2020. The study was conducted in accordance with the Declaration of 
Helsinki. Informed consent was obtained from all subjects involved in the study. 
Participants gave informed consent to participate in the study before taking part.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request. The raw 
anonymized data supporting the conclusions of this article will be made available 
by the authors on reasonable request.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely 
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability 
and responsibility arising from any reliance placed on the content. Where the 
content includes any translated material, BMJ does not warrant the accuracy and 
reliability of the translations (including but not limited to local regulations, clinical 
guidelines, terminology, drug names and drug dosages), and is not responsible 
for any error and/or omissions arising from translation and adaptation or 
otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Tim Snel http://orcid.org/0009-0009-9249-9972
Iris M de Hoogh http://orcid.org/0000-0002-1952-4774

B
M

J O
pen D

iabetes R
esearch &

 C
are: first published as 10.1136/bm

jdrc-2024-004506 on 24 D
ecem

ber 2024. D
ow

nloaded from
 https://drc.bm

j.com
 on 17 A

pril 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0009-0009-9249-9972
http://orcid.org/0000-0002-1952-4774


8 BMJ Open Diab Res Care 2024;12:e004506. doi:10.1136/bmjdrc-2024-004506

Clinical care/Education/Nutrition

REFERENCES
	 1	 Federation ID. IDF diabetes atlas. 2021 Available: https://​

diabetesatlas.org/atlas/tenth-edition/
	 2	 Davies MJ, Aroda VR, Collins BS, et al. Management of 

Hyperglycemia in Type 2 Diabetes, 2022. A Consensus Report 
by the American Diabetes Association (ADA) and the European 
Association for the Study of Diabetes (EASD). Diabetes Care 
2022;45:2753–86. 

	 3	 McAuley KA, Williams SM, Mann JI, et al. Intensive lifestyle changes 
are necessary to improve insulin sensitivity: a randomized controlled 
trial. Diabetes Care 2002;25:445–52. 

	 4	 Osokpo O, Riegel B. Cultural factors influencing self-care by persons 
with cardiovascular disease: An integrative review. Int J Nurs Stud 
2021;116:103383. 

	 5	 Tatulashvili S, Fagherazzi G, Dow C, et al. Socioeconomic 
inequalities and type 2 diabetes complications: A systematic review. 
Diabetes Metab 2020;46:89–99. 

	 6	 van Ommen B, Wopereis S, van Empelen P, et al. From Diabetes 
Care to Diabetes Cure—The Integration of Systems Biology, eHealth, 
and Behavioral Change. Front Endocrinol 2018;8:381. 

	 7	 van den Brink WJ, van den Broek TJ, Palmisano S, et al. Digital 
Biomarkers for Personalized Nutrition: Predicting Meal Moments 
and Interstitial Glucose with Non-Invasive, Wearable Technologies. 
Nutrients 2022;14:4465. 

	 8	 Zeevi D, Korem T, Zmora N, et al. Personalized Nutrition by 
Prediction of Glycemic Responses. Cell 2015;163:1079–94. 

	 9	 Rasmussen OW, Gregersen S, Dørup J, et al. Day-to-day variation of 
blood glucose and insulin responses in NIDDM subjects after starch-
rich meal. Diabetes Care 1992;15:522–4. 

	10	 Korem T, Zeevi D, Zmora N, et al. Bread Affects Clinical Parameters 
and Induces Gut Microbiome-Associated Personal Glycemic 
Responses. Cell Metab 2017;25:1243–53. 

	11	 Rees JL, Chang CR, François ME, et al. Minimal effect of 
walking before dinner on glycemic responses in type 2 diabetes: 
outcomes from the multi-site E-PAraDiGM study. Acta Diabetol 
2019;56:755–65. 

	12	 Colberg SR, Zarrabi L, Bennington L, et al. Postprandial Walking 
is Better for Lowering the Glycemic Effect of Dinner than Pre-
Dinner Exercise in Type 2 Diabetic Individuals. J Am Med Dir Assoc 
2009;10:394–7. 

	13	 Francois ME, Baldi JC, Manning PJ, et al. “Exercise snacks” before 
meals: a novel strategy to improve glycaemic control in individuals 
with insulin resistance. Diabetologia 2014;57:1437–45. 

	14	 Haxhi J, Leto G, di Palumbo AS, et al. Exercise at lunchtime: effect 
on glycemic control and oxidative stress in middle-aged men with 
type 2 diabetes. Eur J Appl Physiol 2016;116:573–82. 

	15	 Savikj M, Gabriel BM, Alm PS, et al. Afternoon exercise is more 
efficacious than morning exercise at improving blood glucose levels 
in individuals with type 2 diabetes: a randomised crossover trial. 
Diabetologia 2019;62:233–7. 

	16	 Axelsen M, Arvidsson Lenner R, Lönnroth P, et al. Breakfast 
glycaemic response in patients with type 2 diabetes: effects of 
bedtime dietary carbohydrates. Eur J Clin Nutr 1999;53:706–10. 

	17	 Thomsen C, Christiansen C, Rasmussen OW, et al. Comparison 
of the Effects of Two Weeks’ Intervention with Different Meal 
Frequencies on Glucose Metabolism. 1997;41:173–80. 

	18	 Arauz-Pacheco C, Clements G, Cercone S, et al. Effects of a Large 
Supper on Glucose Levels the Following Morning in Patients with 
Type 2 Diabetes. J Diabetes Complicat 1998;12:61–4. 

	19	 Register DT. Dutch trial register 24321. 2019. Available: https://www.​
onderzoekmetmensen.nl/en/trial/24321

	20	 Mollayeva T, Thurairajah P, Burton K, et al. The Pittsburgh sleep 
quality index as a screening tool for sleep dysfunction in clinical and 
non-clinical samples: A systematic review and meta-analysis. Sleep 
Med Rev 2016;25:52–73. 

	21	 Reynolds AN, Mann JI, Williams S, et al. Advice to walk after 
meals is more effective for lowering postprandial glycaemia in type 
2 diabetes mellitus than advice that does not specify timing: a 
randomised crossover study. Diabetologia 2016;59:2572–8. 

	22	 Imai S, Kajiyama S, Hashimoto Y, et al. Consuming snacks mid-
afternoon compared with just after lunch improves mean amplitude 
of glycaemic excursions in patients with type 2 diabetes: A 
randomized crossover clinical trial. Diabetes Metab 2018;44:482–7. 

	23	 Imai S, Kajiyama S, Hashimoto Y, et al. Divided consumption of 
late-night-dinner improves glycemic excursions in patients with type 
2 diabetes: A randomized cross-over clinical trial. Diabetes Res Clin 
Pract 2017;129:206–12. 

	24	 Shukla AP, Andono J, Touhamy SH, et al. Carbohydrate-last meal 
pattern lowers postprandial glucose and insulin excursions in type 2 
diabetes. BMJ Open Diabetes Res Care 2017;5:e000440. 

	25	 Meng H, Matthan NR, Ausman LM, et al. Effect of prior meal 
macronutrient composition on postprandial glycemic responses and 
glycemic index and glycemic load value determinations. Am J Clin 
Nutr 2017;106:1246–56. 

	26	 Franc S, Dardari D, Peschard C, et al. Can postprandial blood 
glucose excursion be predicted in type 2 diabetes? Diabetes Care 
2010;33:1913–8. 

	27	 Vega-López S, Ausman LM, Griffith JL, et al. Interindividual variability 
and intra-individual reproducibility of glycemic index values for 
commercial white bread. Diabetes Care 2007;30:1412–7. 

	28	 Ahlqvist E, Prasad RB, Groop L. Subtypes of Type 2 Diabetes 
Determined From Clinical Parameters. Diabetes 2020;69:2086–93. 

	29	 de Hoogh IM, Pasman WJ, Boorsma A, et al. Effects of a 13-Week 
Personalized Lifestyle Intervention Based on the Diabetes Subtype 
for People with Newly Diagnosed Type 2 Diabetes. Biomedicines 
2022;10:643. 

	30	 Wolever TM, Csima A, Jenkins DJ, et al. The glycemic index: 
variation between subjects and predictive difference. J Am Coll Nutr 
1989;8:235–47. 

	31	 Faulenbach M, Uthoff H, Schwegler K, et al. Effect of psychological 
stress on glucose control in patients with Type 2 diabetes. Diabet 
Med 2012;29:128–31. 

	32	 Berry SE, Valdes AM, Drew DA, et al. Human postprandial 
responses to food and potential for precision nutrition. Nat Med 
2020;26:964–73. 

	33	 Colberg SR, Sigal RJ, Fernhall B, et al. Exercise and Type 2 
Diabetes. Diabetes Care 2010;33:e147–67. 

	34	 Kanaley JA, Colberg SR, Corcoran MH, et al. Exercise/Physical 
Activity in Individuals with Type 2 Diabetes: A Consensus Statement 
from the American College of Sports Medicine. Med Sci Sports 
Exerc 2022;54:353–68. 

	35	 Khan KM, Thompson AM, Blair SN, et al. Sport and exercise as 
contributors to the health of nations. Lancet 2012;380:59–64. 

	36	 Martorina W, Tavares A. Real-World Data in Support of Short Sleep 
Duration with Poor Glycemic Control, in People with Type 2 Diabetes 
Mellitus. J Diabetes Res 2019;2019:6297162. 

	37	 Donga E, van Dijk M, van Dijk JG, et al. A Single Night of 
Partial Sleep Deprivation Induces Insulin Resistance in Multiple 
Metabolic Pathways in Healthy Subjects. J Clin Endocrinol Metab 
2010;95:2963–8. 

	38	 Dutton GR, Lewis CE. The Look AHEAD Trial: Implications for 
Lifestyle Intervention in Type 2 Diabetes Mellitus. Prog Cardiovasc 
Dis 2015;58:69–75. 

B
M

J O
pen D

iabetes R
esearch &

 C
are: first published as 10.1136/bm

jdrc-2024-004506 on 24 D
ecem

ber 2024. D
ow

nloaded from
 https://drc.bm

j.com
 on 17 A

pril 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

https://diabetesatlas.org/atlas/tenth-edition/
https://diabetesatlas.org/atlas/tenth-edition/
http://dx.doi.org/10.2337/dci22-0034
http://dx.doi.org/10.2337/diacare.25.3.445
http://dx.doi.org/10.1016/j.ijnurstu.2019.06.014
http://dx.doi.org/10.1016/j.diabet.2019.11.001
http://dx.doi.org/10.3389/fendo.2017.00381
http://dx.doi.org/10.3390/nu14214465
http://dx.doi.org/10.1016/j.cell.2015.11.001
http://dx.doi.org/10.2337/diacare.15.4.522
http://dx.doi.org/10.1016/j.cmet.2017.05.002
http://dx.doi.org/10.1007/s00592-019-01358-x
http://dx.doi.org/10.1016/j.jamda.2009.03.015
http://dx.doi.org/10.1007/s00125-014-3244-6
http://dx.doi.org/10.1007/s00421-015-3317-3
http://dx.doi.org/10.1007/s00125-018-4767-z
http://dx.doi.org/10.1038/sj.ejcn.1600837
http://dx.doi.org/10.1016/S1056-8727(97)00073-1
https://www.onderzoekmetmensen.nl/en/trial/24321
https://www.onderzoekmetmensen.nl/en/trial/24321
http://dx.doi.org/10.1016/j.smrv.2015.01.009
http://dx.doi.org/10.1016/j.smrv.2015.01.009
http://dx.doi.org/10.1007/s00125-016-4085-2
http://dx.doi.org/10.1016/j.diabet.2018.07.001
http://dx.doi.org/10.1016/j.diabres.2017.05.010
http://dx.doi.org/10.1016/j.diabres.2017.05.010
http://dx.doi.org/10.1136/bmjdrc-2017-000440
http://dx.doi.org/10.3945/ajcn.117.162727
http://dx.doi.org/10.3945/ajcn.117.162727
http://dx.doi.org/10.2337/dc10-0115
http://dx.doi.org/10.2337/dc06-1598
http://dx.doi.org/10.2337/dbi20-0001
http://dx.doi.org/10.3390/biomedicines10030643
http://dx.doi.org/10.1080/07315724.1989.10720298
http://dx.doi.org/10.1111/j.1464-5491.2011.03431.x
http://dx.doi.org/10.1111/j.1464-5491.2011.03431.x
http://dx.doi.org/10.1038/s41591-020-0934-0
http://dx.doi.org/10.2337/dc10-9990
http://dx.doi.org/10.1249/MSS.0000000000002800
http://dx.doi.org/10.1249/MSS.0000000000002800
http://dx.doi.org/10.1016/S0140-6736(12)60865-4
http://dx.doi.org/10.1155/2019/6297162
http://dx.doi.org/10.1210/jc.2009-2430
http://dx.doi.org/10.1016/j.pcad.2015.04.002
http://dx.doi.org/10.1016/j.pcad.2015.04.002

	Differential impact of lifestyle factors on 2-­hour glucose values in individuals with type 2 diabetes: potential for more personalized interventions
	Abstract
	Introduction﻿﻿
	Research design and methods
	Study population and design
	Measurements and data preprocessing
	Model

	Results
	Study participants
	Model fitting
	Final model results

	Discussion
	References


