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Abstract

Background: The median eating duration in the U.S. is 14.75 h, spread throughout
the period of wakefulness and ending before sleep. Food intake at an inappropriate
circadian time may lead to adverse metabolic outcomes. Emerging literature sug-
gests that time restricted eating (TRE) may improve glucose tolerance and insulin
sensitivity. The aim was to compare 24-h glucose profiles and insulin sensitivity in
participants after completing 12 weeks of a behavioral weight loss intervention
based on early TRE plus daily caloric restriction (E-TRE+DCR) or DCR alone.
Methods: Eighty-one adults with overweight or obesity (age 18-50 years, BMI 25-
45 kg/m?) were randomized to either E-TRE+DCR or DCR alone. Each participant
wore a continuous glucose monitor (CGM) for 7 days and insulin sensitivity was
estimated using the homeostatic model assessment of insulin resistance (HOMA-IR)
at Baseline and Week 12. Changes in CGM-derived measures and HOMA-IR from
Baseline to Week 12 were assessed within and between groups using random
intercept mixed models.

Results: Forty-four participants had valid CGM data at both time points, while 38
had valid glucose, insulin, HOMA-IR, and hemoglobin Alc (Alc) data at both
timepoints. There were no significant differences in sex, age, BMI, or the percentage
of participants with prediabetes between the groups (28% female, age
39.2 + 6.9 years, BMI 33.8 + 5.7 kg/m?, 16% with prediabetes). After adjusting for
weight, there were no between-group differences in changes in overall average
sensor glucose, standard deviation of glucose levels, the coefficient of variation of
glucose levels, daytime or nighttime average sensor glucose, fasting glucose, insulin,
HOMA-IR, or Alc. However, mean amplitude of glycemic excursions changed
differently over time between the two groups, with a greater reduction found in the
DCR as compared to E-TRE+DCR (p = 0.03).
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1 | INTRODUCTION

Dietary patterns have changed over recent decades, with a shift to-
ward more frequent eating over a longer period throughout the
day.? Recent data suggest that the median eating duration in US
adults is 14.75 h, with many individuals exhibiting a pattern of eating
episodes occurring throughout wakefulness and cessation of eating
only during sleep.? Because metabolic processes are entrained to
circadian rhythms, food intake at an inappropriate circadian time may
lead to adverse metabolic outcomes, including the development of
obesity, type 2 diabetes, and cardiovascular disease.>* Indeed, data
from studies of shift workers have consistently shown that night shift
workers are at higher risk for overweight/obesity, metabolic syn-
drome, hypertension, type 2 diabetes, and cardiovascular disease.’
Restricting feeding to an 8-12-h window of time during the biological
day has been shown to restore circadian rhythmicity in peripheral
metabolic organs, improve glucose tolerance, and reduce hep-
atosteatosis in animal models of diet-induced obesity.""7 Further,
human studies of short-term, eucaloric time restricted eating (TRE,
<5 weeks with caloric intake matched to energy requirements) have
demonstrated improvements in glucose homeostasis, insulin sensi-
tivity, B-cell responsiveness, increased fat oxidation, and reductions
in blood pressure as well as appetite.8-1* A number of studies have
also evaluated the impact of TRE on glycemic parameters using a 24-
h continuous glucose monitor (CGM) and have found favorable ef-
fects of TRE on mean glucose, time-in-range, glycemic variability, and
glucose excursions.®>?>71? The TRE interventions in these studies
utilized a variety of eating windows (timing and duration) and the
interventions ranged from 4 days to 12 weeks in length. However,
none of these studies provided recommendations on calorie restric-
tion or implemented guidelines-based behavioral support for weight
loss.2°

In contrast, the authors recently completed a 39-week trial
comparing the effects of early TRE plus daily caloric restriction
(E-TRE+DCR) to DCR alone, with all participants receiving a group-
based behavioral weight loss intervention. They found that both
groups lost significant weight at 12 weeks as compared to baseline
(E-TRE+DCR —6.3% and DCR —5.5%) with minimal weight regain at
week 39 (E-TRE+DCR —5.2% and DCR —-4.7%), with no between-
group differences in weight loss.2! Therefore, the primary aim of

Conclusion: There were no major differences between E-TRE+DCR and DCR
groups in continuous glucose profiles or insulin sensitivity 12 weeks after the
intervention. Because the study sample included participants with normal baseline
mean glucose profiles and insulin sensitivity, the ability to detect changes in these

outcomes may have been limited.

behavioral strategies, caloric restriction, continuous glucose monitoring, insulin sensitivity,
time restricted eating, weight management

this exploratory secondary analysis was to compare 24-h glucose
profiles and insulin sensitivity in participants after completing 12
weeks of a behavioral weight loss intervention based on E-TRE+DCR
or DCR alone. The hypothesis was that glycemic outcomes would
improve in both groups with weight loss, but that there would be
greater improvements in the E-TRE+DCR group. The authors addi-
tionally explored associations between measures of glucose and
measures of both body composition and meal timing at baseline.

2 | MATERIALS AND METHODS

2.1 | Participants

Adults aged 18-50 years with a BMI of 27-45 kg/m? and weight
stable (<5% change by self-report over the previous 6 months) with a
self-reported typical eating duration >12 h per day were recruited
for a behavioral weight loss trial from the University of Colorado
Anschutz Medical Campus and surrounding community. The Colo-
rado Multiple Institutional Review Board approved the study proto-
col and all participants provided written informed consent prior to
participation (approval code: 18-0487, approval date: 5/7/2018). This
study was conducted in accordance with the principles expressed in
the Declaration of Helsinki. Clinicaltrials.gov: NCT03571048.

2.2 | Study design

The present study is a secondary analysis focusing on the first
12 weeks of a 39-week randomized clinical trial that has been pre-
viously published.?! Methods relevant to this secondary analysis are
briefly described below.

2.2.1 | Screening, baseline, and randomization

All participants completed screening labs and were evaluated by the
study physician prior to the collection of baseline measures. Baseline
assessments relevant to this secondary analysis included body

composition, physical activity, 24-h glucose profiles, and fasting
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insulin sensitivity (described below). Following baseline assessments,
participants were randomized 1:1 to E-TRE+DCR or DCR.

2.2.2 | Group-based behavioral weight loss
intervention

The randomized groups met separately and were led by registered
dietitians who met weekly with participants during the first
12 weeks of the behavioral weight loss program. The curriculum for
the intervention was based on the PreventT2 curriculum and utilized
a skills-based approach and cognitive behavioral strategies for
lifestyle modification with a dietary focus on daily caloric restric-
tion.?? Participants in both groups were given personalized calorie
goals based on their measured resting energy expenditure (indirect
calorimetry) reduced by 10% (~35% caloric restriction). Participants
in the DCR group were not given any specific instruction regarding
timing of food intake, whereas participants in the E-TRE+DCR
group were instructed to eat only during a window of 10 h, starting
within 3 h of waking. Volunteers in both groups were counseled on
the importance of physical activity for weight loss and received a
recommendation to perform 150 min/week of moderate intensity

physical activity.

2.2.3 | COVID-19 related intervention modification
Participants were recruited and enrolled in 3 cohorts between July
2018 and February 2020. Cohort 1 (n = 29) and Cohort 2 (n = 26)
completed all study measures prior to the start of the 2020 COVID-
19 pandemic in the United States. Cohort 3 (n = 26) started the
intervention in February 2020 and was at Week 6 of the intervention
when a stay-at-home order was issued in Colorado. The behavioral
weight loss intervention was moved to a secure virtual platform and
Week 12 assessments of body composition, 24-h glucose levels and
insulin sensitivity were not performed due to restrictions on in-
person research. Therefore, only data from Cohorts 1 and 2 are
included in this analysis.

2.3 | Assessments
Changes in CGM profiles and insulin sensitivity were the primary
goals of this secondary analysis and these measures were performed

at baseline and week 12.

2.3.1 | 24-h glucose levels

Free-living plasma glucose levels were measured using a continuous
glucose monitoring system (FreeStyle LibrePro) for 7 days. The de-
vice consists of a sensor applied to the back of the patient's upper
arm that measures glucose in interstitial fluid every 15 min. Partici-

pants were blinded to continuous plasma glucose levels.
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2.3.2 | Management of implausible continuous
glucose monitor data

Theresearchers used previously published criteria by Shah et al. to flag
and exclude implausible glucose data from our CGM output.®
Implausible data were defined in the following ways': any low CGM
readings <50 mg/dL (2.8 mmol/L) during sleep time as defined by the
CGM logs when the participant was likely to be lying on the CGM
sensor,? any low CGM readings <50 mg/dL on the first day of sensor
wear for each participant,® any strings (three or more consecutive
readings) of CGM-measured lows <50 mg/dL flanked by CGM readings
>80 mg/dL within 10 min before and after the string, and* any strings
during which readings of >200 mg/dL were interspersed with readings

of <70 mg/dL. Implausible CGM outputs were handled as missing data.

2.3.3 | Insulin sensitivity

Blood samples were obtained at Baseline and Week 12 and were
analyzed at the Colorado Clinical and Translational Sciences Institute
Core Lab. Glucose was measured using an ultraviolet hexokinase
assay and insulin was measured via chemiluminescent immuno-
assay.?*?> A Homeostasis Model Assessment of Insulin Resistance
(HOMA-IR) was calculated using the formula: fasting serum insulin
(uU/mi) x fasting plasma glucose (mmol/L)/22.5.2° Hemoglobin Alc
(Alc) was additionally measured using potassium ferricyanide.?”

A secondary goal of the present analysis was to explore the as-
sociations among glycemic parameters, body composition, physical
activity, and meal timing at Baseline. Methodology for the assess-
ments relevant to this analysis conducted at Baseline and Week 12
are as follows:

2.3.4 | Body composition
Participants underwent measurement of body composition by dual x-
ray absorptiometry (Hologic Inc.).

2.3.5 | Physical activity

Activity levels and postural changes were measured over 7 days, 24 h/
day using ActivPAL (PALTechnologies). The ActivPAL was placed on
the participant's anterior thigh and accelerometer-derived informa-
tion was used to spent in different body positions. A time-stamped
“event” data file was used to determine the time spent sitting, stand-
ing, and stepping per day. The data file also estimated daily energy

expenditure expressed in metabolic equivalents (METs) per hour.

2.3.6 | Meal timing

Participants used personal smartphones to take pictures before and

after consuming all calorie-containing food and beverages during the
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7-day period and then texted these photographs directly to a secure
account that was monitored in real time by study personnel.?® The
timestamps on the photographs were used to estimate the frequency
and timing of energy intake across the daily eating window. For the
purpose of quantifying the timing of energy intake, days were
considered to start at 4 AM and include the following 24 h through 4
AM on the next day. Valid days were defined as those with at least
two eating episodes at least 5 h apart. Invalid days were excluded
from the analysis.

2.4 | Sample size determination and power analysis
Assuming 80% power and a 5% significance level, the main trial
aimed to randomize 80 participants in order to detect an effect size
of 0.63 Cohen's d.?* Given a standard deviation of 9.9 for average
glucose, a corresponding detectable difference in a 6.24 mg/dL
change in average glucose existed between the groups. However, due
to COVID-19 interruptions, only n = 44 children were included in this
analysis. With this sample size, there was 80% power to detect an
effect size of 0.87 Cohen's d, corresponding to a detectable differ-

ence in a 8.61 mg/dL change in average glucose.

2.5 | Statistical analysis

Continuous glucose monitor variables were derived using the “cgm
analysis” package for R (R Foundation for Statistical Computing).?’
Two-sample t-tests, Chi-square tests, or Fisher's exact tests were
used to assess differences in baseline characteristics by randomized
group. Random intercept mixed models with unstructured covariance
matrices were used to assess whether there were between group and
within group differences in various measures of glucose. These
models included time, randomized group, and time by randomized
group interactions, as well as an adjustment for weight. Additionally,
Spearman correlations were included for associations between
measures of glucose and measures of body composition, physical
activity, and meal timing at Baseline. Finally, rank sum tests were
used to assess whether measures of glucose differed between those
who lost >5% of their body weight and those who did not. Because of
small sample sizes, additional analyses of changes in glycemic pa-
rameters and insulin sensitivity were not performed among partici-
pants with prediabetes at baseline (n = 7). Due to the exploratory

nature of these analyses, p-values were not adjusted for multiple

testing.
3 | RESULTS
3.1 | Participants

Out of the 95 participants who were assessed for eligibility, N = 85
individuals were enrolled and N = 81 started the 12-week

intervention. Since volunteers in Cohort 3 were affected by
COVID-19-related restrictions on in-person research, they did not
have 24-h glucose levels and insulin sensitivity performed at Week
12. Therefore, only data from Cohorts 1 and 2 are included in the
present analysis and include n = 44 participants who had complete
CGM data and n = 38 participants who had complete glycemic
parameter data (Figure 1). Baseline demographic characteristics of
the participants from Cohorts 1 and 2 included in this study are
shown in Table 1. There were no differences in age, sex, body
composition, or prediabetes status at baseline, but there was a
higher proportion of white participants in the E-TRE+DCR group
compared with DCR (p = 0.042). Differences in weight, body
composition, eating behaviors, energy intake, physical activity and
sedentary behavior, and sleep in all participants who started the
intervention—including a separate secondary analysis on how these
parameters were affected by COVID-19—were previously re-
ported.?*® Amongst all 3 cohorts, the E-TRE+DCR group had an
eating duration 1.6 (95% Cl: —2.6, —1.0, p < 0.001) hours shorter
than DCR group at Week 12, and the E-TRE+DCR group ate their
last meal 0.93 (95% Cl: —1.59, —0.27) hours earlier, on average, than
those in DCR (p = 0.007).2*

3.2 | Mealtiming and eating duration of participants
in cohorts 1 and 2

Among those with valid meal timing data in this secondary analysis,
Baseline median (interquartile range, IQR) first mealtimes were
08:42 (07:41-09:15) for E-TRE+DCR and 09:00 (07:30-10:12) for
DCR, and Baseline last mealtimes were 20:09 (19:20-20:31) for E-
TRE+DCR and 18:45 (17:43-20:07) for DCR. At Week 12, the first
mealtimes were 09:58 (08:36-10:17) for E-TRE+DCR and 09:24
(07:20-10:27) for DCR, while the last mealtimes were 18:53
(17:48-19:22) for E-TRE+DCR and 18:53 (18:20-19:45) for DCR.
The median (IQR) eating duration for E-TRE+DCR was 11:53 h
(10:25-12:29 h) at Baseline and 09:17 h (08:29-09:46 h) at Week
12, while the eating duration for the DCR group was 10:45 h
(09:52-11:43 h) at Baseline and 10:28 h (08:54-11:19 h) at
Week 122

3.3 | Correlations between glycemic parameters
and body composition, physical activity, and meal
timing at baseline

Correlations between baseline CGM parameters and glycemic mea-
sures with body composition, physical activity, and meal timing were
assessed (Figure 2). No significant correlations existed between CGM
profiles and body composition, physical activity, or meal timing.
However, there were significant correlations between insulin sensi-
tivity, physical activity, and meal timing. Specifically, there were sig-
nificant negative correlations between the HOMA-IR and step count
(r = =0.36, p = 0.022), and HOMA-IR and METs (r = —0.36,
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(n=42)

*  Withdrew before
intervention started (n=2)

Started intervention (n=40)

Cohort 1 Cohort 2

(n=13)

Cohort 3
(n=13)

(n=14)

Allocated to E-TRE+DCR

(n=43)
* Baseline data collected
(n=43)

+  Withdrew before
intervention started (n=2)
Started intervention (n=41

Cohort 1 Cohort2 | Cohort3
(n=13) (n=13)

(n=15)

Withdrew from 12-week

intervention (n=6)

«  Week 12 data collected
and analyzed (n=34)

Cohort 1

Withdrew from 12-week

intervention (n=5)

*  Week 12 data collected
and analyzed (n=36)

Cohort 1

Cohort 2 ‘ Cohort 3

(n=14) (n=9) (n=11)

Cohort 2 ‘ Cohort 3

(n=13) (n=12) (n=11)

[ Glucose Data |

* CGM data (n=21)
*  Glycemic
parameters (n=20)

*+ CGM data (n=23)
* Glycemic
parameters (n=18)

FIGURE 1 Flowchart of participants included in this analysis from the main study. Eighty-five participants were randomized to the parent
trial, but only 81 individuals began the intervention. Cohort 1 (n = 29) and Cohort 2 (n = 26) completed all study measures prior to the start of
the 2020 COVID-19 pandemic in the United States. Cohort 3 (n = 26) started the intervention in February 2020 and had to move their
participation to a virtual platform starting week 6 given restrictions on in-person research. 24-h glucose levels and insulin sensitivity were not
performed in Cohort 3. Therefore, only data from Cohorts 1 and 2 are included in the present analysis, which includes 44 individuals with valid
CGM data and 38 individuals with valid glycemic parameter data. CGM, continuous glucose monitor.

p = 0.023). There were also significant positive correlations between
HOMA-IR and weight (r = 0.41, p = 0.009), fat mass (r = 0.52,
p < 0.001), and the time of the first meal (r = 0.41, p = 0.012).
Similarly, there were significant negative correlations between insulin
and step count (r = —0.39, p = 0.015) and METs (r = -0.39,
p = 0.015), and there were significant positive correlations between
insulin and weight (r = 0.43, p = 0.007), fat mass (r = 0.52, p < 0.001),
and the first mealtime (r = 0.43, p = 0.009). Finally, there was a
significant positive correlation between Alc and fat mass (r = 0.33,
p = 0.027).

3.4 | Continuous glucose profile

Continuous glucose profiles of the E-TRE+DCR and DCR groups pre-
and post-intervention are shown in Figure 3. At Baseline, the 24-h
average sensor glucose, glucose standard deviation, nighttime
average sensor glucose, mean amplitude of glycemic excursions of
glucose, and Alc were all higher in DCR as compared to E-TRE+DCR
(p < 0.05 for all parameters, Table 2). Among those in DCR, there was a
significant decrease from Baseline to Week 12 in glucose standard

deviation, coefficient of variation, and mean amplitude of glycemic
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excursions (p < 0.05 for all parameters, Figure 4B). Among those in E-
TRE+DCR, there were no significant changes across the 12-week
intervention (Table 3). There was a significant difference in the

TABLE 1 Participant characteristics at baseline.

DCR E-TRE+DCR
(n = 21) (n = 23) p-value
Age (years) 38.3 (7.1) 39.9 (6.7) 0.440
Height (m) 1.6 (0.1) 1.7 (0.1) 0.755
Weight (kg) 88.4 (18.4) 95.4 (19.5) 0.233
BMI (kg/m?) 32.5 (4.7) 34.8 (6.4) 0.182
Sex—n (%) 0.348
Male 1(4.8) 4 (17.4)
Female 20 (95.2) 19 (82.6)
Race—n (%) 0.042
Other 9 (42.9) 3(13.0)
White 12 (57.1) 20 (87.0)
Prediabetes—n (%) 0.448
No 16 (76.2) 20 (87.0)
Yes 5(23.8) 3(13.0)

Note: Mean (standard deviation) are presented. p-values were calculated
using two sample t-tests, Chi-Square tests or Fisher's exact tests when
appropriate. Bold values indicates statistical significance p < 0.05.

change in mean amplitude of glycemic excursions across the 12-week
period between the groups (p = 0.03), with a greater reduction in
mean amplitude of glycemic excursions in the DCR as compared to the
E-TRE+DCR. Average sensor glucose, glucose standard deviation,
nighttime average sensor glucose, and Alc did not change within or
between the groups over the 12-week duration of this study.

3.5 | Insulin sensitivity

There were no differences between DCR and E-TRE+DCR in fasting
glucose levels, insulin levels, or insulin sensitivity by HOMA-IR at
Baseline. There was a significant decrease in HOMA-IR in the DCR
group between Baseline and Week 12, which was driven by a sig-
nificant decrease in insulin (p < 0.05, Figure 4C). These glycemic
parameters did not change significantly in the E-TRE+DCR group.
The changes in fasting glucose, insulin levels, and HOMA-IR did not
statistically differ between the groups between Baseline and Week
12 (Table 3).

3.6 | Changes in glycemic parameters stratified by
weight loss

In a post-hoc analysis, there were no differences in the changes in

glucose variables, insulin, or HOMA-IR from Baseline to Week 12 in

Average Sensor Glucose -

Standard Deviation

Coefficient of Variation -

Daytime Average Sensor Glucose *
Nighttime Average Sensor Glucose —
MAGE -

Glucose

Insulin

HOMA-IR

Alc *

~0.0

Weight

Fat Mass

*
*
Spearman Correlation

Step Count

METs -

*
LR ERENES
*

Time Sit (Bout>=30 min) -

Time Sit (Bout>=60 min) -

First Meal Time

Last Meal Time +

FIGURE 2 Spearman correlations of Baseline parameters. Spearman correlations of glucose and measures of body composition, physical
activity, and meal timing at Baseline. Statistically significant correlations (p < 0.05) are marked with an asterisk. Alc, hemoglobin Alc; HOMA-
IR, homeostatic model assessment of insulin resistance; MAGE, mean amplitude of glycemic excursions; METs, metabolic equivalents.
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FIGURE 3 Continuous glucose tracings. Continuous glucose tracings of the E-TRE+DCR and DCR groups at Baseline and after the 12-

week intervention.

TABLE 2 Baseline continuous
glucose and insulin sensitivity
parameters.

Standard deviation (mg/dL)

Average sensor glucose (mg/dL)

Coefficient of variation

Daytime average sensor glucose (mg/dL)

Nighttime average sensor glucose (mg/dL)

MAGE (mg/dL)
Glucose (mg/dL)
Insulin (ulU/mL)
HOMA-IR

Alc

DCR E-TRE+DCR p-value
95.8 (9.0) 90.5 (10.2) 0.042
15.8 (3.6) 13.6 (3.9) 0.034
0.16 (0.03) 0.15 (0.03) 0.122
97.0 (8.6) 92.0 (10.3) 0.067
92.8 (11.9) 87.3 (10.9) 0.032
35.2 (8.6) 29.1 (9.6) 0.018
77.2 (16.9) 81.2 (7.0) 0.146
7.8 (4.9) 8.3 (4.8) 0.989
1.6 (1.1) 1.7 (1.1) 0.965
5.4 (0.3) 5.2 (0.3) 0.042

Note: p-value calculated from weight-adjusted mixed model. Mean (standard deviation) are
presented. Bold values indicates statistical significance p < 0.05.

Abbreviations: Alc, hemoglobin Alc; HOMA-IR, homeostatic model assessment of insulin resistance;
MAGE, mean amplitude of glycemic excursions.

participants who lost 5% or more body weight versus those who did
not (Table 4).

4 | DISCUSSION

The primary goal of this secondary analysis was to compare 24-h
glucose profiles and insulin sensitivity in participants comple-
ting 12 weeks of a behavioral weight loss intervention based on
E-TRE+DCR or DCR alone. In contrast to prior studies that showed
improvements in glycemic outcomes with short-term TRE, there
were no clinically significant differences between E-TRE+DCR and

DCR in glucose profiles or insulin sensitivity after 12 weeks of the

dietary interventions. Due to COVID-19-related interruptions in
clinical research, the current analysis includes only a subset of par-
ticipants in whom there were unexpected baseline between-group
differences. Specifically, there were fewer white participants and
higher 24-h average sensor glucose, standard deviation, nighttime
average sensor glucose, mean amplitude of glycemic excursions, and
Alc in DCR as compared to E-TRE+DCR. Glucose parameters are
expected to improve with weight loss in individuals with abnormal
glucose levels or insulin resistance at baseline. Indeed, among the
DCR, there were reductions in HOMA-IR, mean amplitude of glyce-
mic excursions, glucose standard deviation, and coefficient of varia-
tion, whereas there were no significant changes in the E-TRE+DCR.

The only statistically significant difference between groups was a
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FIGURE 4 Change in glucose and insulin variables from Baseline to Week 12. Changes are shown for average changes in (A) average

overall glucose, average glucose during the day, average glucose during the night, and day/night ratio; (B) coefficient of variation, standard
deviation, and mean amplitude of glycemic excursions; and (C) glucose, insulin, homeostatic model assessment of insulin resistance (HOMA-
IR), and Alc. Boxplots show the median, 25th and 75th percentiles (IQR). Whiskers are 1.5x IQR. *Statistically significant change from baseline

(p < 0.05 extracted from mixed models adjusting for weight).

greater reduction in mean amplitude of glycemic excursions in the
DCR as compared to the E-TRE+DCR, which is of uncertain clinical
significance and was likely driven by the higher mean amplitude of
glycemic excursions in the DCR at baseline. The generalizability
of the present findings may also be limited due to the small number
of males included in the analyses (Table 1). Additionally, the ability to
detect significant differences between the groups was likely due to
the reduction in the sample size from the original study.

Time restricted eating is a relatively new dietary strategy that has
been gaining popularity for the treatment of obesity and related car-
diometabolic complications. The literature to date has shown an ov-
erall beneficial trend of TRE on glycemic parameters,®%1>17-19:31-38
although these findings have not been universal.11163239-51 The jm-
provements in fasting glucose, insulin resistance, and insulin sensitivity
that have been observed in studies have often been attributed to cal-
orie restriction and weight loss,®34¢52755 though there are a hand-
ful of TRE trials that demonstrated a positive effect of TRE on

glucose metabolism in the absence of significant changes in energy

intake or weight.”1%32-37 The conflicting results of these studies
may be related to variable timing and duration of eating windows,
short duration of intervention, and small sample sizes in many of the
studies.

Previous studies have shown improvements in glycemic out-
comes with weight loss from TRE only in those with impairments at
baseline. For example, in a recent study by Manoogian et al.*® Alc,
fasting glucose, fasting insulin, and HOMA-IR did not change over
12 weeks in 137 firefighters working 24-h shifts who followed TRE.
However, the subset of TRE participants who had impaired fasting
glucose or HOMA-IR at baseline had significant improvements in
these parameters in comparison to the control group participants
who had similar metabolic abnormalities at study start. Similarly, in a
2020 meta-analysis by Moon et al. that included 10 studies of TRE,>®
the five studies that included participants with a metabolic abnor-
mality all showed a significant change in fasting glucose, whereas the
five studies with healthy participants did not show any significant

change in this parameter. In contrast, in Xie et al's 2022 study
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TABLE 3 Measures of continuous glucose and insulin sensitivity parameters for both randomized groups.

DCR DCR
Variable baseline 12 weeks Change
Average sensor glucose 958 (9.0) 93.2(9.2) -2.5(12.0)
Standard deviation 15.8 (3.6) 14.0 (2.7) -1.8 (3.7)

Coefficient of variation

Daytime average sensor glucose  97.0 (8.6) 94.4 (10.8) -2.6(11.9)
Nighttime average sensor glucose 92.8 (11.9) 90.5 (7.3) -2.3(13.4)
MAGE 352 (8.6) 29.8(6.5) -5.4(7.3)
Glucose 77.2 (16.9) 80.4 (6.8) 3.2 (19.3)
Insulin 7.8 (4.9) 5.9 (3.7) -1.9(3.2)
HOMA-IR 1.6 (1.1) 1.2 (0.7) -0.4 (0.7)
Alc 5.4 (0.3) 5.4 (0.4) 0.0 (0.3)

0.16 (0.03) 0.15 (0.03) -0.01 (0.03)

E-TRE
p-value® baseline

E-TRE

12 weeks Change p-value* p-value®

0.430 90.5 (10.2) 92.7 (11.1) 2.1(11.9) 0.278 0.187

0.022 13.6 (3.9) 13.0 (3.0) -0.6 (30) 0474 0.228

0.041 0.15 (0.03) 0.14 (0.03) -0.01(0.03) 0.177 0.566
0.396 92.0 (10.3) 94.6 (11.5) 2.7 (11.2) 0.195 0.131

0.564 87.3 (10.9) 88.3(10.7) 1.0(13.8) 0.533 0.396

0.002 29.1 (9.6) 286 (8.3) -0.6 (700 0.801 0.030
0.386 81.2(7.0) 83.7(55) 22(4.3) 0.532 0.879
0.022 8.3 (4.8) 6.8 (3.3) -18(2.8) 0.057 0.817
0.025 17 (1.1) 1.4 (0.7) -0.3(0.6) 0.111 0.666
0.234 5.2 (0.3) 5.2 (0.4) 0.0(0.2) 0.601 0.618

Note: Mean (standard deviation) are presented. Bold values indicates statistical significance p < 0.05.

Abbreviations: Alc, hemoglobin Alc; HOMA-IR, homeostatic model assessment of insulin resistance; MAGE, mean amplitude of glycemic excursions;

METs, metabolic equivalents.

@p-value calculated from weight-adjusted mixed model tests whether baseline differs from Week 12 within each randomized group.

bp-value calculated from randomized group x time interaction of weight-adjusted mixed model tests whether the changes in each outcome from

baseline to week 12 differed by randomized group.

TABLE 4 Changes in continuous glucose and insulin sensitivity measures stratified by weight loss over 12 weeks.

Lost <5% or gained

weight (n = 25) Lost >5% (n = 19) p-value
Change in average sensor glucose 2.4 (-4.8,7.4) 1.5 (-14.2, 9.9) 0.742
Change in SD -0.5 (-1.4, 0.5) -1.2 (-1.6, 0.6) 0.452
Change in CV -0.0 (0.0, 0.0) -0.0 (0.0, 0.0) 0.573
Change in daytime average sensor glucose 2.1 (-5.4, 8.0) 0.9 (-11.5, 9.4) 0.869
Change in nighttime average sensor glucose 2.7 (4.3, 9.1) 1.6 (-17.2, 12.4) 0.605
Change in MAGE -3.1(-6.7,2.7) -2.9 (-6.9,0.8) 0.605
Change in glucose 1.5 (-4.0, 7.0) 1.5 (-2.0, 3.0) 0.860
Change in insulin -2.0 (-4.0, 0.0) -0.5 (-5.0, 0.5) 0.712
Change in HOMA-IR -0.4 (-0.7,0.1) -0.1 (-1.0,0.1) 0.826
Change in Alc 0.1 (0.0, 0.2) -0.1 (-0.1, 0.1) 0.137

Note: Median (IQR) presented. Differences in change variables between those who lost 5% or more weight versus those who did not were assessed

using Wilcoxon rank sum tests.

Abbreviations: Alc, hemoglobin Alc; HOMA-IR, homeostatic model assessment of insulin resistance; MAGE, mean amplitude of glycemic excursions.

examining TRE in healthy volunteers without obesity, participants
randomized to E-TRE showed significant improvements in both
fasting plasma glucose and HOMA-IR compared to controls over
5 weeks.”” The discrepancy in the results between these three
studies may have been due to the large variability in time windows
used in the TRE arms.

This trend toward improvement in glycemic parameters has also
been demonstrated in at least 8 studies using continuous glucose

8,9,15-19,31

monitoring. For example, the randomized cross-over

studies by Jamshed et. al” and Andriessen et al.'” both showed a

reduction in the 24-h mean glucose when participants followed TRE.
This trend toward a lower 24-h mean glucose was also notable in
studies by Wilkinson et al.*® and Zhao et al.*® At least 6 of these
studies commented on lowered fasting glucose trends in the TRE
group.8916-1831 However, it is important to note that the eating
windows were of various lengths and had different starting or
stopping times. Interestingly, studies by Jones et al.'®> and Haganes
et al.'? showed decreases in nocturnal glucose in the TRE groups
although there were no differences in overall mean glucose in these

interventional groups.'® Other continuous glucose parameters that
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were positively impacted by TRE included reduced glycemic excur-
sions,” glycemic variability,'®> and time-in-range.®'” Positive changes
in continuous glucose parameters were again more notable in par-
ticipants with glucose aberrations at baseline (i.e., prediabetes or

diabetes) in these studies, ¢’

although a recent 4-week study of
TRE versus low-carbohydrate diet to improve mean glucose in pa-
tients with type 2 diabetes showed that while TRE was associated
with an improvement in the glucose management indicator, TRE
participants also spent less time in the range and more time hyper-
glycemic than low-carbohydrate diet.”®

The authors also assessed correlations between measures of
glucose and body composition, physical activity, and meal timing at
baseline. Unsurprisingly, there were negative correlations between
HOMA-IR and step count and METs, as well as between insulin levels
and both step count and METs. Together, these correlations are in
line with previous findings that suggest lower levels of physical ac-
tivity are associated with greater insulin resistance.”” HOMA-IR and
insulin also had significant positive correlations with weight, fat mass,
and average first mealtime at Baseline. Similarly, there was a signif-
icant positive correlation between Alc and fat mass. It is well
established that insulin resistance is more prevalent in those of
higher weight and with increased adiposity.®® However, the positive
correlation between the HOMA-IR and first mealtime indicates that
individuals who start eating later in the day may be at higher risk for
insulin resistance. This finding is supported by studies of breakfast
skipping, which have shown that skipping breakfast is associated with

6162 and insulin resistance.®® This trend has also been

type 2 diabetes
demonstrated in previous TRE studies and supports the hypothesis
that early TRE may play a role in improving circadian rhythmicity to
improve insulin sensitivity.'0-1%

This study has several limitations, including the reduction in
sample size due to COVID-19-related restrictions on in-person
research, which resulted in baseline differences between groups
and may have limited the ability to detect between group differences.
Although the main study's inclusion criteria included a self-reported
eating duration of greater than 12 h, both groups in this subset of
participants had baseline median eating durations that were less than
12 h, and notably shorter than the national median eating duration of
14.75 h.2 It is certainly possible that not all eating episodes were
recorded with the photographic food records. The E-TRE+DCR group
decreased their median duration of eating from 11.9 to 9.3 h over the
12 weeks, while the DCR group decreased their eating duration from
10.8 to 10.5 h over the 12 weeks of the intervention. When assessing
the changes in eating duration across all 3 cohorts,?* the E-TRE+DCR
group had an eating duration 1.6 (95% Cl: -2.6, —1.0, p < 0.001)
hours shorter than DCR group at Week 12, and the E-TRE+DCR
group ate their last meal 0.93 (95% Cl: —1.59, —0.27) hours earlier,
on average, than those in DCR (p = 0.007).2* Given the smaller
sample size in this secondary analysis, statistically significant differ-
ences in meal timing or meal duration were not assessed. Since the
subset of participants included in this study in both groups had
relatively short eating durations at baseline and reduced their eating

duration to some degree during the study, any potential glycemic

effects of the TRE intervention may have been blunted. Finally, the
generalizability of this study's findings may also be limited due to the
small number of males included in this analysis (Figure 1).

There are fortunately several upcoming studies that will further
assess the role of TRE in glucose metabolism with the use of
CGM.%%%% This is particularly important in populations with dys-
glycemia at baseline as most studies to date that have found
favorable changes in continuous glucose profiles or glycemic pa-
rameters have been in individuals with baseline-impaired glucose.
Another area of interest is assessing how the timing of the eating
window may affect glucose outcomes as there is both pre-clinical
and clinical evidence that the 24-h circadian rhythm, which is syn-
chronized with behavioral and environmental patterns, impacts
nutrient utilization and storage.®? Upcoming trials will further
examine changes in continuous glucose and glycemic parameters in
early versus late TRE interventions.®® It is of particular importance
to determine whether late TRE results in cardiometabolic improve-
ments, given that many individuals attempting to follow TRE prefer a
delayed eating window to better align with social eating occasions.®”
While longer-term studies are needed to understand the impact of
TRE and the timing of eating windows (i.e., early vs. late) on
continuous glucose and insulin sensitivity in the general population,
future studies on TRE in individuals with prediabetes and diabetes

are particularly necessary.

5 | CONCLUSION

In summary, there were no significant differences between
E-TRE+DCR and DCR in glucose profiles or insulin sensitivity after
12 weeks of the dietary interventions, except for a significant dif-
ference in the decrease in the mean amplitude of glycemic variation.
It is possible that this secondary analysis did not demonstrate
favorable changes between E-TRE and glycemic parameters due to
between-group differences at baseline. As only 16% of the study's
cohort had prediabetes, the ability to detect changes in glucose
profiles and insulin sensitivity may have been further limited. More
studies utilizing CGM are needed to understand the impact of TRE
and the timing of eating windows (i.e., early vs. late) on continuous
glucose and insulin sensitivity, especially in individuals with predia-
betes and diabetes. To further understand the potential glycemic
effects of a TRE intervention, future studies could also prescribe
shorter eating durations to achieve a greater separation in eating

windows between groups.
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