nature medicine

Article

https://doi.org/10.1038/s41591-023-02287-7

Intermittentfasting plus early time-
restricted eating versus calorierestriction
and standard careinadults atrisk of type 2
diabetes: arandomized controlled trial

Received: 19 September 2022

Accepted: 2 March 2023

Published online: 06 April 2023

% Check for updates

A list of authors and their affiliations appears at the end of the paper

Intermittent fasting appears an equivalent alternative to calorie restriction
(CR) toimprove health in humans. However, few trials have considered
applying meal timing during the ‘fasting’ day, which may be alimitation.

We developed anovel intermittent fasting plus early time-restricted eating
(iTRE) approach. Adults (VN =209, 58 + 10 years, 34.8 + 4.7 kg m ) atincreased
risk of developing type 2 diabetes were randomized to one of three groups
(2:2:1):iTRE (30% energy requirements between 0800 and 1200 hours and
followed by a 20-h fasting period on three nonconsecutive days per week,
and ad libitum eating on other days); CR (70% of energy requirements daily,
without time prescription); or standard care (weight loss booklet). This
open-label, parallel group, three-arm randomized controlled trial provided
nutritional support to participants in the iTRE and CR arms for 6 months,
with an additional 12-month follow-up. The primary outcome was change
inglucose area under the curve in response to a mixed-meal tolerance test
atmonth 6 iniTRE versus CR. Glucose tolerance was improved to a greater
extentiniTRE compared with CR (-10.10 (95% confidence interval —14.08,-6.11)
versus —3.57 (95% confidence interval -7.72,0.57) mg dI" min™; P= 0.03) at
month 6, but these differences were lost at month 18. Adverse events were
transient and generally mild. Reports of fatigue were higher in iTRE versus
CR and standard care, whereas reports of constipation and headache were
higher iniTRE and CR versus standard care. In conclusion, incorporating
advice for meal timing with prolonged fasting led to greater improvements
in postprandial glucose metabolismin adults atincreased risk of developing
type 2 diabetes. ClinicalTrials.gov identifier NCT03689608.

Dietary interventions thatinvolve moderate calorie restriction (CR) are Intermittent fasting (IF), defined as a period of fasting interspersed
anestablished strategy for weight managementandreducetheriskof  withdays ofad libitum eating, has gained popularity as an alternative to
developing type 2 diabetes for over 10 years'”. However, anemerging  CR®. Anumbrella review of meta-analyses showed that IF is an equiva-
area of research is the role of meal timing and prolonged fastingin  lentalternative to CR for weight loss and health outcomes assessed in

extending the health benefits of CR.

the fasting state*. Only two trials have been powered to assess insulin
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Contacted (N = 3,020)

Assessed for eligibility (N = 268)

Excluded (n=59)

- Did not meet inclusion criteria (n = 23)
- Withdrew consent (n = 16)

- Lost contact (n =12)

- Other (n=8)

Randomized (N = 209)

iTRE (n = 85)

- Did not wish to continue (n =10)
- Lost contact (n = 4)

- Health condition unrelated to the study
(n=2)

CR(n=83)

- Did not wish to continue (n =12)
- Lost contact (n = 6)
- Withdrawn by investigators (n = 1)

- Health condition unrelated to the study
(n=2)

Standard care (n = 41)

- Did not wish to continue (n =7)
- Lost contact (n=2)

6 months completion (n = 69)

6 months completion (n = 62)

6 months completion (n = 32)

Analyzed at 6 months
Primary analysis set: 67
Analyzed for 2 or 6 months
Full analysis set: 79

Analyzed at 6 months
Primary analysis set: 62
Analyzed for 2 or 6 months
Full analysis set: 67

Analyzed for 2 or 6 months
Full analysis set: 37

- Lost contact (n =11)
- Did not wish to continue (n = 3)

- Lost contact (n = 6)
- Did not wish to continue (n = 2)

- Lost contact (n=2)
- Did not wish to continue (n = 2)

18 months completion (n = 55)

18 months completion (n = 54)

18 months completion (n = 28)

Analyzed at 18 months
Final analysis set: 55

Analyzed at 18 months
Final analysis set: 54

Analyzed at 18 months
Final analysis set: 28

Fig.1|Participant flow diagram. Participants were randomized to either intermittent fasting plus early time-restricted eating (iTRE, n = 85) or calorie restriction

(CR, n=83) orstandard care group (n=41).

sensitivity by homeostatic model assessment for insulin resistance®,
reporting greaterimprovementsin IF versus CR. To our knowledge, no
studies have been powered for postprandial assessments of glycemia,
which are better indicators of diabetes risk than fasting assessment.
Furthermore, it is theorized that IF may provide a greater stimulus
than CR for altering nutrient signaling pathways, lipid metabolism
and insulin sensitivity”. Thus, high-quality evidence on whether IFisan
effective strategy to improve glucose tolerance compared with CRis
lackingin humans. Furthermore, the comparative effects of IFand CR

on -hexosaminidase, alysosomalisozymeinvolvedin the degradation
of glycosaminoglycans, gangliosides and oligosaccharides®, have not
been tested. Plasma 3-hexosaminidase activity is elevated in people
who live with diabetes and/or Alzheimer’s disease’—both age-related
diseases with shared behavioral risk factors—and is a clinical marker
of liver health'**2,

Most IF protocols have prescribed ~30% of energy needs on two
to three (consecutive or nonconsecutive) ‘fasting’ days per week,
but have not specified when food is eaten during the ‘fasting’ day".
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Thisis alimitation because it has become clear that provision of food
atthe onset of the active phase with prolonged fasting during the rest
phase maximized the longevity and health benefit of CR in mice™* ™.
Alongside this evidence, time-restricted eating (TRE) hasemerged asa
novel formof IF thatemphasizes a daily shorter eating window (4-10 h)
in alignment with circadian rhythms"”. Three randomized controlled
trials have compared the benefits of adding TRE witha CR dietin adults
with obesity'®2°. TRE did not add to CR-induced improvements in
body composition, blood lipids or glucose parameters'®', although
one study showed 1.5% greater weight loss and greater reductions
in blood pressure after 14 weeks with early TRE (limiting food intake
to between 0700 and 1500 hours daily)®°. In these studies, the fast-
ing periods were 14-16 h, which may be insufficient to activate some
metabolic pathways?.

Here, we tested IF plus early time-restricted eating (iTRE), by
allowing 30% energy requirement to be consumed before 1200 hours,
followed by a 20-h fasting period on three nonconsecutive days per
week compared with CRand astandard care groupinadults atelevated
risk of developing type 2 diabetes.

Results

Trial participants

In total, 209 participants (57% female, 58 + 10 years, 34.8 + 4.7 kg m™)
were enrolled between 26 September 2018 and 4 May 2020: 85
(40.7%) were allocated toiTRE, 83 (39.7%) were allocated to CR and 41
(19.6%) were allocated to standard care (Fig. 1and Table 1). At month
6,46 participants had withdrawn: 29 did not wish to continue, 12 were
lost to contact, 4 withdrew owing to health conditions unrelated to
the study and 1 was withdrawn by the investigators owing to very low
blood pressure at baseline.

Glycemic control

Therewasagreaterimprovementinthe primary outcome postprandial
glucose area under the curve (AUC) at month 6 in iTRE (-10.10 (95%
confidenceintervals (Cl) -14.08, -6.11) mg dI'min™) versus CR (-3.57
(95% C1-7.72,0.57) mg dI™ min™) (P=0.03; Table 2 and Fig. 2a).In a
secondary analysis, the comparison of glucose AUC at month 6 across
allgroups did not reach statistical significance (P=0.06). The reduction
inpostprandialinsulin AUC was greater iniTRE versus CR and standard
care at month 6 (Table 2 and Fig. 2b). Glycated hemoglobin (HbAlc)
was reduced in both iTRE and CR versus standard care at month 6.
Nobetween-group differences were detected inthe reductioninfasting
glucose or insulin (Table 2), or postprandial nonesterified fatty acids
(NEFA) AUC (Fig.2c). However, a greater reduction was observed in fast-
ing NEFAiniTRE versus CRat months 2 and 6, and versus standard care
atmonth 6 (Table 2). There were no qualitative differences between the
frequentist and Bayesian secondary analyses of postprandial glucose
and HbAlc change (Supplementary Table 1 and Extended Data Fig. 1).

Cardiovascular risk

There were greater reductions in systolic blood pressure iniTRE and
CRyversus standard care at month 2, and CR versus standard care only
at month 6 (Table 2). A greater reduction in diastolic blood pressure
also occurred in both iTRE and CR versus standard care at month 6.
Fasting triglycerides were lower iniTRE versus CR and standard care at
month2and 6. There were no between-group differences detectedin
postprandial triglycerides. Total cholesterol and low-density lipopro-
tein (LDL) were lower iniTRE versus standard care at month 6. A greater
reductionin the cholesterol to HDL ratio was observed in iTRE versus
CRatmonth2, and versus standard care at months 2 and 6.

Liver health

There was no significant difference between groups in the reduc-
tion in alanine aminotransferase (ALT) or aspartate aminotrans-
ferase (AST) at month 6 (Table 2). There was a greater reduction

Table 1| Baseline characteristics

iTRE (n=85) CR (n=83) SC (n=41)

Age (years) 57+10 58+10 59+11
Female, n (%) 49 (58) 49 (59) 22 (54)
AUSDRISK score 18+4 18+4 174
Body weight (kg) 98.8+16.8 10111611 94.5+16.1
Body mass index (kgm™) 347+4.6 35.0+4.6 33.8+4.9
Fat mass (kg) 43.8+9.8 447+11.3 42.2+10.1
Fat-free mass (kg) 55.3+11.3 53.9+9.5 54.6+12.9
Waist circumference (cm) 110.4+121 112.8+11.0 109.3+121
Blood pressure (mmHg)

Systolic 122.8+14.0 126.6+14.0 125.9+17.7

Diastolic 80.1+8.6 80.5+6.1 80.7+8.8

HbA1c (%) 5.8+0.4 5.9+0.3 5.9+0.4

Fasting glucose (mgdl™) 109.3+10.3 108.3+11.8 109.2+9.7

Fasting insulin (UL™) 19.7+10.0 20.4+11.2 19.7+9.2
Cholesterol (mgdl™)

Total 200.2+42.3 197.3+41.0 204.8+38.3

HDL 47.2+12.4 51.1+13.3 50.2+12.7

LDL 139.6+£39.2 134.8+40.2 143.0+£37.8

Fasting triglycerides 153.5+112.8 131.5+98.5 133.2+76.4
(mgdl™)

hs-CRP (mgdl™) 4.3+75 3.2+3.9 3.6+5.3

Data are shown as mean+s.d. SC, standard care diet.

in plasma B-hexosaminidase activity in iTRE (-24.70 (95% CI
-33.81, -15.59) pmol min™ mg™) versus CR (-8.91 (95% CI -18.32,
0.50) pmol min™ mg™) and versus standard care (4.51 (95% C1-8.51,
17.53) pmol min™ mg™) at month 6 (Table 2).

Body weight and composition

Body weight and fat mass loss were greater in bothiTRE and CR ver-
sus standard care over the first 6 months (Table 3). There were no
detectable differences in weight trajectories between the iTRE and
CR groups (Supplementary Table 2 and Extended Data Figs. 2 and 3).
Waist circumference wasreduced iniTRE and CR versus standard care
atmonth 6 (Table 3).

Physical activity and self-reported dietary intake

Physical activity did not differ between groups (Supplementary
Table 3). However, self-reported energy intake was modestly lower in
iTRE versus CR at month 2. Protein and fiber intakes were also lower
atmonths 2 and 6 in iTRE versus CR. Energy intake during iTRE and
ad libitum days at month 2 did not differ from month 6, indicating
comparable adherence over time iniTRE (Supplementary Table 4).

Follow-up data at 18 months

When participants were offered the choice to modify their diet at month
6,32 of 69 (46%) of iTRE said they would maintain 3 days of iTRE per
week, 35 of 69 (51%) chose to reduce to 2 days of iTRE per week, 1 said
they would follow 1day of iTRE per week, and 1 indicated they would
no longer followiTRE. By contrast, 60 of 62 (97%) of the CR completers
indicated they would continue their current diet plan, and 2 chose
to modify to a weight maintenance plan. At month 18, 23 of 55 (42%)
iTRE completers reported they undertook 2-3 days of iTRE per week,
whereas 42 of 54 (78%) CR completers reported they followed a CR
diet. However, there was no difference in weight or body composi-
tion between groups at month 18 (Extended Data Fig. 2 and Table 3).
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Table 2 | Changes in glycemic, cardiovascular and liver markers during a 6-month intervention period and following a
12-month follow-up period

Likelihood ratio test iTRE versus CR Estimated change from baseline (95% CI)
Pvalue Pvalue iTRE CR sC

Glycemic markers
Glucose AUC (mgdl™'min™)

Month 6° — 0.03 -10.10 (-14.08, -6.11) -3.57(-7.72,0.57) -4.15(-9.95,1.64)

Month 18 017 — -4.71(-9.75, 0.33) -3.79 (-8.84,1.26) 3.57(-3.72,10.87)
Insulin AUC (U mL"min™)

Month 6 0.003 0.04 -30.13(-38.80,-21.46)*  -16.83(-25.60, -8.06) -4.25 (-16.52, 8.01)

Month 18 0.07 — -14.25 (-26.10, -2.40) -12.01(-23.82, -0.20) 9.86 (-7.67, 27.40)
NEFA AUC (mmoll™"min™)

Month 6 0.07 — -0.05(-0.07,-0.03) -0.03(-0.05, -0.01) -0.02(-0.04, 0.01)

Month 18 015 — -0.02 (-0.04, 0.00) -0.01(-0.03, 0.01) 0.02(-0.02, 0.05)
HbA1c (%)

Month 2 0.82 -0.11(-0.14, -0.07) -0.11(-0.15, -0.08) -0.07 (-0.12, -0.02)

Month 6 0.003 0.46 -0.09 (-0.13, -0.06)* -0.11(-0.15, -0.07)* 0.02 (-0.03, 0.07)

Month 18 0.44 — -0.07 (-0.12, -0.01) -0.08 (-0.14, -0.02) -0.01(-0.09, 0.07)
Fasting glucose (mgdl™)

Month 2 — -1.24 (-2.92, 0.45) -1.62 (-3.42, 017) -1.82(-4.33,0.70)

Month 6 0.48 — -3.43(-5.10, -1.75) -0.53(-2.30,1.23) -1.52(-4.00, 0.95)

Month 18 0.45 — -1.85 (-4.21, 0.52) -0.48(-2.92,1.97) 0.70 (-2.63, 4.03)
Fasting insulin (UmL™)

Month 2 = -1.26 (-2.61, 0.09) -2.52(-3.97,-1.07) -3.45 (-5.48, -1.43)

Month 6 0.23 — -1.33(-2.69, 0.03) -1.40(-2.82,0.03) -2.76 (-4.73,-0.78)

Month 18 0.45 — =216 (-4.27,-0.04) -0.50 (-2.69, 1.69) -0.04 (-3.01,2.94)
Fasting NEFAs (mmoll™)

Month 2 0.03 -0.20 (-0.24, -0.15) -0.12 (-017,-0.08) -0.14 (-0.18, -0.09)

Month 6 0.006 0.02 -0.14 (-0.18, -0.09)* -0.06 (-0.10, -0.01) -0.04 (-0.10, 0.03)

Month 18 0.51 — -0.02 (-0.08, 0.05) -0.03 (-0.10, 0.03) 0.03(-0.05, 0.12)
Matsuda index®

Month 6 0.07 — 0.51(0.33,0.70) 0.22 (0.06, 0.39) 0.29(0.07,0.54)

Month 18 0.37 — 0.28 (0.06, 0.52) 0.13 (-0.07, 0.36) 0.02(-0.24, 0.31)
Insulinogenic index®

Month 6 0.85 — 017(-0.27,0.69) 0.00(-0.42, 0.49) 0.02(-0.67, 0.87)

Month 18 0.67 — -0.24 (-0.72, 0.34) 0.07 (-0.45, 0.71) -0.33(-1.09, 0.69)
Cardiovascular markers
Systolic blood pressure (mmHg)

Month 2 0.96 -6.16 (-8.42, -3.91)* -6.25 (-8.67, -3.84)* -0.90(-4.32,2.52)

Month 6 0.009 0.72 -812(-10.40, -5.85) -8.75 (-1116, -6.33)* -4.29 (-761,-0.98)

Month 18 0.06 — -2.20 (-4.80, 0.41) -4.68 (-7.39,-1.97) 0.82(-2.86, 4.50)
Diastolic blood pressure (mmHg)

Month 2 0.44 -4.01(-5.27,-2.75) -3.26 (-4.62, -1.91) -1.77 (-3.69, 0.14)

Month 6 0.01 0.55 -5.42 (-6.69, -4.15)* -4.84 (-6.19, -3.49)* -2.19 (-4.05, -0.33)

Month 18 012 — -2.01(-3.42, -0.60) -3.33(-4.80, -1.87) -0.76 (-2.76,1.23)
Fasting triglycerides (mgdl™)

Month 2 0.02 -14.43 (-21.96, -6.39)* 0.20(-7.74, 8.75) 1.44 (<1013, 14.23)

Month 6 0.005 0.01 -18.41(-25.68, -10.63)* -2.80(-10.40, 5.37) -2.49 (-13.35, 9.49)

Month 18 0.85 — -1.07 (-10.65, 9.28) -4.54 (-13.14, 4.80) -2.14 (-14.27,11.40)
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Table 2 (continued) | Changes in glycemic, cardiovascular and liver markers during a 6-month intervention period and

following a 12-month follow-up period

Likelihood ratio test iTRE versus CR Estimated change from baseline (95% CI)
Pvalue Pvalue iTRE CR sC

Triglycerides AUC (mgdl™min™)

Month 6 0.65 — -11.29 (-20.29, -1.70) -11.05 (-19.31, -2.23) -4.61(-17.38, 9.39)

Month 18 0.32 — 4.74(-779,18.33) -7.99 (-18.45, 3.38) -5.61(-23.15,14.33)
Total cholesterol (mgdl™)

Month 2 017 -8.37(-14.82,-1.92) -162(-8.50, 5.26) 2.61(-7.07,12.29)

Month 6 0.04 0.35 -14.55 (-21.00, -8.10)* -10.01(-16.82, -3.20) -0.79 (-10.21, 8.64)

Month 18 0.34 — 4.05 (-3.39, 11.50) -3.03 (-10.90, 4.84) -3.65 (-14.21, 6.90)
HDL (mgdl™)

Month 2 — 1.00 (-0.41, 2.40) -1.69 (-3.20, -0.18) -0.38(-2.47,1.71)

Month 6 on — 1.78 (0.37,318) 0.52(-0.98, 2.01) 113(-0.92, 317)

Month 18 0.97 — 3.09 (1.27, 4.91) 2.89(0.98, 4.80) 3.24 (065, 5.83)
LDL (mgdLl™)

Month 2 0.10 -7.67 (-13.86, -1.49) 0.22 (-6.43, 6.86) 315 (-6.14,12.45)

Month 6 0.04 0.38 -13.87 (-20.05, -7.69)* -9.81(-16.34, -3.28) -1.52(-10.56, 7.52)

Month 18 0.27 — 1.93 (-5.31, 9.16) -5.31(-12.97, 2.36) -6.95 (-17.21, 3.31)
Total cholesterol to HDL ratio

Month 2 0.01 -0.31(-0.49, -0.12)* 0.06 (-0.14, 0.26) 0.06 (-0.22, 0.34)

Month 6 0.02 014 -0.49 (-0.68, -0.30)* -0.28 (-0.48, -0.08) -0.11(-0.38, 0.16)

Month 18 0.88 — -0.22 (-0.41, -0.02) -0.28 (-0.49, -0.07) -0.29 (-0.57,-0.02)
hs-CRP (mgdl™)

Month 2 — -0.10 (-0.41, 0.27) 0.05 (-0.30, 0.48) -0.20 (-0.56, 0.28)

Month 6 0.77 — -0.39 (-0.65, -0.08) -0.61(-0.84, -0.33) -0.51(-0.79, -0.14)

Month 18 0.86 — -0.46 (-0.80,-0.02) -0.46 (-0.80, 0.00) -0.55 (-0.91, -0.03)
Liver markers
ALT (UL

Month 2 — -1.92(-3.31,-0.42) -0.85(-2.40, 0.83) -3.16 (-5.07, -1.04)

Month 6 0.64 — -5.25 (-6.41, -4.00) -4.58 (-5.84, -3.21) -3.31(-5.15, -1.26)

Month 18 0.76 — -2.52(-4.21,-0.66) -3.20 (-4.89,-1.34) -2.10 (-4.49, 0.62)
AST (UL™)

Month 2 — -1.32(-2.28,-0.31) -0.42 (-1.48,0.72) -1.28 (-2.73, 0.29)

Month 6 0.42 — -2.84(-372,-1.92) -214 (=310, -1.13) -1.75 (=313, -0.26)

Month 18 0.52 — -0.08 (-1.27,1.20) -1.04 (-2.21,0.21) -0.21(-1.89, 1.64)
B-hexosaminidase activity (pmolmin”mg™)

Month 2 0.4 -20.98 (-30.95, -11.02) -14.82 (-24.83,-4.82) -7.47 (-22.92,7.98)

Month 6 0.005 0.02 -24.70 (-33.81, -15.59)* -8.91(-18.32, 0.50) 4.51(-8.51,17.53)

*P<0.05 versus SC. *Primary analysis between iTRE and CR (P=0.03), secondary analysis with all three treatment groups (likelihood ratio test, P=0.06). Data are presented as estimated mean
values (with 95% Cl calculated as E +1.96 s.e(ﬁ)). For outcomes with 2- and 6-month assessments the differences between treatment groups are assessed using linear mixed effects
regressions with the following fixed effects: group, month (6 versus 2), sex, AUSDRISK, baseline and the pairwise interaction between month and group. Interactions are assessed using
likelihood ratio tests and pairwise group comparisons are performed only when the interaction is significant. For outcomes with only 6-month assessments and the comparison of month 18

assessments, the differences between treatment groups are assessed using linear regression with factors group, sex, AUSDRISK and baseline. Pairwise group comparisons are performed only

when the overall effect of treatment (likelihood ratio test) is significant. P values are two-sided and not adjusted for multiple testing. The number of individuals with assessments at each
time-point for each variable analyzed, see Supplementary Table 7. "These were not prespecified and considered exploratory outcomes.

There were also no between-group differences in the reported bio-
markers of health (Table 2), except for lower waist circumference in
CRversus standard care.

Exploratory analyses
We calculated insulin sensitivity using the Matsuda index and insulin
secretion using the insulinogenic index, neither reached statistical

significance (Table 2). We divided iTRE into those who indicated they
would continue with their initial plan (3 days of iTRE per week), and
those who chose to reduce the number of iTRE days per week, but
we did not detect any between-group differences (Supplementary
Table 5). We also combined iTRE with CR and observed lower insulin
AUC, andatrend for differencesin glucose and NEFA AUC versus stand-
ard care (Supplementary Table 6).
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Fig.2|Postprandial responses to mixed-meal tolerance test. a-c, Mean
glucose (a), insulin (b) and NEFA (¢) iniTRE and CR conducted during baseline
(iTREn=81; CRn=78) and month 6 (iTRE glucose n = 67,insulinand NEFA n = 64;
CRglucose, insulinand NEFA n = 62). Presented are means and 95% Cl (calculated

as X + 1.96 s.e.m.). AUC values were compared between iTRE and CR at 6 months
adjusted for sex, AUSDRISK and baseline values. P values are two-sided and not
adjusted for multiple testing.

Safety outcomes

In the first 6 months, 56 of 209 participants reported at least one
adverse event, with flu-like symptoms most frequently reported, and
there was no difference in the incidence between groups (Table 4).
During the follow-up period, 65 0f134 participants reported at least one
adverse event, with back pain and flu-like symptoms most common,
and there was a higher incidence in iTRE (45%) and CR (45%) versus
standard care (19%). Four serious adverse events with hospitalization
werereported, oneinfirst 6 months and three during follow-up; none
were considered to be related to the intervention. Fatigue was higher
iniTRE (56%) versus CR (37%) and standard care (35%) over the first 6
months and during follow-up. Constipation was higher in iTRE (33%)
and CR (27%) versus standard care (5%) over the first 6 months, and
headaches were higher iniTRE (26%) and CR (26%) versus standard
care (6%) during follow-up.

Discussion

This randomized controlled trial demonstrated that iTRE was
superior to CR forimproving postprandial glucose tolerance in adults
atincreased risk of developing type 2 diabetes.

Our findings are in alignment with past studies of IF versus CR
showing similar effectiveness for body weight, fat mass, fasting glucose
and insulin?*?*. However, postprandial responses to a mixed-nutrient
meal are a better assessment of glycemic control than simple fasting
assessments, more highly predictive of type 2 diabetes and cardio-
vascular disease, and provide more physiological relevance than oral
glucose tolerance tests**?. In this large trial, superior improvements
inglucose tolerance were observed iniTRE versus CR after 6 months,
independently of body weight loss. Only three pilot studies have pre-
viously compared the effects of IF versus CR on postprandial glucose
and lipid metabolism in humans. One showed a greater reduction in
postprandial triglycerides following IF, but there were no differences
inpostprandial glucose orinsulininindividuals with obesity (n =16 per
group)”® or without obesity (n = 8-12 per group) after 2-8 weeks>*°.
Improvementsin glucose tolerance can occur throughimproved insu-
linsensitivity, insulin secretion, glucose mass action or slower gastric
emptying. We observed a greater reduction in postprandial insulin
AUC, which could indicate greater improvements in insulin sensitiv-
ity. Early TRE (0800 to 1600 hours) was previously shown to improve
glucose tolerance by increasing insulin sensitivity and the efficiency of
glucose extractioninskeletalmuscle after 2 weeks in healthy men®. In
the current study, greater reductions in fasting NEFA were observed,
whichsuggest greaterimprovementsin adipose tissue insulin sensitiv-
ity, which could also reduce ectopic lipid and increase peripheral glu-
cose uptake®. There was no difference ininsulin secretion as calculated

by the insulinogenic index®. Gastric emptying was not assessed, but
could also have partly contributed to the improvement in glucose
tolerance®, although gastric emptying was not changed following
early TRE (0800 to 1700 hours) after 1 week®. The greater improve-
ments in glucose tolerance did not resultin a greater reduction in
HbAlc. HbAlcis influenced by both postprandial and fasting glucose,
although postprandial glucose is most strongly predictive of HbAlc
in adults without diabetes. Although HbAlc was marginally elevated,
itisminimally shifted with dietary interventions in those without type
2 diabetes™.

Few studies have specified morning meal timing during IF in
humans®, potentially masking its possible health benefits. Eating at
an early time in the day is associated with health benefits in humans
in short-term trials”, including improved 24-h glucose control*® and
insulin sensitivity in response to an oral glucose tolerance test® and
glucose mass action®. Adding early TRE (0700 to 1500 hours) toa CR
diet was also effective for weight loss and reducing diastolicblood pres-
sure after 14 weeks?. Delaying food intake is associated with reduced
weight loss in retrospective cohort studies®”” and increased hunger
and reduced energy expenditure in an acute metabolic ward study*’.
Delayed food intake also delayed adipose tissue clocks and expression
of Period-2 in humans*.. Thus, although a delayed eating plan may be
more socially acceptable and sustainable, it may not be optimal for
glycemic health”*, In contrast to previous long-term IF trials**, we
provide preliminary evidence that prescription of iTRE elicits favorable
alterations in lipid profiles versus CR, including reductions in fasting
triglycerides, which are strongly associated with an increased risk
of cardiovascular diseases****. Fatty liver is also commonly associ-
ated with increased very-LDL triglycerides secretion and hypertri-
glyceridemia, and thus might also reflect an increased reduction in
liver fat®’. Several studies have shown increased B-hexosaminidase
activity in both diabetes and liver disease'*"**, and one study has
extended these findings to Alzheimer’s disease’. Interventions that
improve glycemic control reduce B-hexosaminidase activity**°.
Here, iTRE was more effective in reducing 3-hexosaminidase activity.
This exploratory finding could also reflect superior restoration of lipid
metabolism'>*” and liver health compared with CR, but the clinical
relevance of achangein 3-hexosaminidase with adietary intervention
isuncertain.

Adverse events were generally mild and resolved over the
course of the trial. As iTRE and CR may increase feelings of fatigue,
light-headedness, constipation and/or headache, we prompted par-
ticipants to report on these physical symptoms. Higher fatigue was
observed in iTRE versus CR during the first 6 months, which might
increase difficulty in maintaining iTRE. Fasting protocols that require
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Table 3 | Changes in body weight and body composition during a 6-month intervention period and following a 12-month

follow-up period

Likelihood ratio test iTRE versus CR Estimated change from baseline (95% Cl)
Pvalue Pvalue iTRE CR SC

Body weight (kg)

Month 2 <0.001 0.70 -4.41(-5.15, -3.68)* -419 (-4.99, -3.40)* -1.95 (-3.06, -0.84)

Month 6 0.48 -7.38 (-8.11,-6.64)* -6.98 (-7.77, -6.20)* -2.43(-3.52,-1.34)

Month 18 0.30 — -4.36 (-6.16, -2.55) -5.19 (-7.05, -3.32) -2.64(-5.22, -0.06)
Body weight (%)

Month 2 <0.001 0.62 -4.49 (-5.23, -3.76)* -4.21(-5.00, -3.42)* -1.77 (-2.89, -0.66)

Month 6 0.28 -759 (-8.32, -6.85)* -6.99 (-7.77,-6.20)* -2.55(-3.64, -1.46)

Month 18 0.30 — -4.25 (-5.98, -2.53) -5.23(-7.01,-3.44) -2.79 (-5.25,-0.32)
Waist (cm)

Month 6 0.001 07 -6.80 (-8.13, -5.48)* -6.44 (-7.81, -5.06)* -1.91(-3.84, 0.02)

Month 18 0.05 0.30 -4.62 (-6.48,-2.76) -6.04 (-7.98, -4.11)* -1.82 (-4.47,0.84)
Hip (cm)

Month 6 0.07 — -5.52 (-6.65, -4.39) -4.68 (-5.85, -3.50) -3.18(-4.83,-1.53)

Month 18 0.46 — -4.2 (-5.55, -2.69) -5.06 (-6.55, -3.57) -3.54 (-5.57, -1.51)
Fat mass (kg)

Month 6 0.001 0.60 -6.19 (-7.34, -5.03)* -5.76 (-6.87, -4.66)* -2.48 (-4.12,-0.83)

Month 18 0.56 — -5.58 (-9.85, -1.30) -3.87(-5.81,-1.92) -1.90 (-4.46, 0.67)
Fat mass loss: weight loss (%)*

Month 6 0.67 — 80.62 (7513, 86.11) 84.11(78.63, 89.58) 82.42(70.51, 94.34)

Month 18 0.50 — 74.70 (65.91, 83.49) 78.90 (70.03, 87.76) 90.52 (77.89,103.15)
Fat-free mass (kg)

Month 6 018 — -1.86 (-2.66, -1.07) -1.34 (=210, -0.58) -0.57 (-1.70, 0.56)

Month 18 0.97 — -162(-2.63,-0.62) -173(-2.80, -0.66) -1.49 (-2.90, -0.09)
Fat-free mass loss: weight loss (%)°

Month 6 0.67 — 19.38 (13.89, 24.87) 15.89 (10.42, 21.37) 17.58 (5.66, 29.49)

Month 18 0.50 — 25.30 (16.51, 34.09) 2110 (12.24, 29.97) 9.48 (=315, 22.11)
Visceral fat mass (kg)

Month 6 0.05 0.72 -0.51(-0.63, -0.39)* -0.48 (-0.60, -0.37)* -0.26 (-0.43,-0.09)

Month 18 0.88 — -0.28 (-0.42,-013) -0.29 (-0.45, -0.13) -0.22(-0.43,-0.02)

*P<0.05 versus SC. Data are presented as estimated mean values (with 95% Cl calculated as ﬁ +1.96 s.e.(ﬁ) ). For outcomes with 2- and 6-month assessments the differences between
treatment groups are assessed using linear mixed effects regressions with the following fixed effects: group, month (6 versus 2), sex, AUSDRISK, baseline and the pairwise interaction between
month and group. Interactions are assessed using likelihood ratio tests and pairwise group comparisons are performed only when the interaction is significant. For outcomes with only 6-month
assessments and the comparison of month 18 assessments, the differences between treatment groups are assessed using linear regression with factors group, sex, AUSDRISK and baseline.
Pairwise group comparisons are performed only when the overall effect of treatment (likelihood ratio test) is significant. P values are two-sided and not adjusted for multiple testing.

For calculation of the ratio of fat loss to weight loss and the ratio of fat-free mass loss to weight loss, see Methods. The number of individuals with assessments at each time-point for each

variable analyzed, see Supplementary Table 7.

people to skip dinner several times per week could also lead to poor
adherence. Fewer than half of the iTRE participants indicated they
would continue their current weight loss plan when they were given
the option to modify to a weight maintenance plan that included two
iTRE days per week at month 6. By contrast, 97% of CR participants said
they would continue their current weight loss plan. However, weight
loss maintenance at month 18 did not differ betweeniTRE and CR, sug-
gesting that neither regimen was more sustainable when support from
theinvestigators was withdrawn. The increased health benefitsin the
activeintervention groups were also lost by 18 months. This was partly
duetoalossinpower with 35% withdrawal. A post hoc subanalysis that
divided theiTRE cohortinto those that chose to continue versus change
the diet plan did not alter outcomes. As anexploratory analysis, we also
combinediTRE and CR, and observed sustained reductions in insulin
AUC versus standard care. Future studies should investigate whether

intermittent prescription of alonger daily eating window (for example,
0800t01600 hours) retains the benefit of iTRE versus CR, and if these
interventions are more sustainable long-term.

Strengths of the study include that it is the largest to date, with a
high proportion of menenrolled. This trial also included assessments
of glucose tolerance and aligned meal timing from breakfast during IF.
The limitations include utilizing 2:2:1 randomization, which affected
the ability to detect differences between ‘active’ and ‘inactive’ groups,
particularly at the 18-month follow-up. In addition, some individuals
in the standard care group were highly self-motivated, with 8 of 41
experiencing clinically relevant weight loss (>5%), which could yield
smaller between-group differences in metabolic health-related out-
comes*s. At month 6, we allowed participants in the active groups to
choose whether they changed to a weight maintenance plan during
the additional 12-month follow-up. This trial decision has hindered
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Table 4 | Safety outcomes

iTRE iTRE Baseline to Baseline to Baseline to iTRE iTRE Month 7to 18, N (%)
versus CR versus month 6, month 6, month 6, versusCR  versus
versus SC CR N (%) N (%) N (%) versus SC CR
Pvalue Pvalue iTRE CR SC Pvalue Pvalue iTRE CR SC
(n=84) (n=82) (n=40) (n=69) (n=62) (n=32)
Number of participants 0(0) 1(1) 0(0) 2(2) 101 0(0)
with at least 1 SAE
Number of participants 0.23 0.50 27(32) 22 (27) 7(18) 0.02 1.00 31(45) 28 (45) 6(19)
with at least 1 AE
Back pain® 0.84 2(2) 1(1) 1(3) 0.25 0.75 6(9) 4 (6) 0]
Flu® 0.85 1.00 5(6) 5(6) 1(3) 0.23 0.50 6(9) 3(5) (0]
AEs leading to 0(0) 1(1) 0(0) 0(0) 0(0) 0(0)
discontinuation of study
Number of physical symptoms®
Fatigue 0.02 0.01 47 (56) 30(37) 14 (35) 0.008 0.01 33 (48) 16 (26) 7(22)
Constipation 0.001 0.40 28 (33) 22 (27) 2(5) 0.52 0.29 6(9) 10 (16) 3(9)
Diarrhea 0.09 018 21(25) 13 (16) 4(10) 0.09 0.37 8(12) 4(6) 0(0)
Light-headedness 0.06 0.35 21(25) 15 (18) 3(8) 0.24 1.00 9(13) 9 (15) 1(3)
Headache 0.59 0.53 37(44) 32(39) 14 (35) 0.04 1.00 18 (26) 16 (26) 2(6)

Data are the number of individuals with at least one event. For each assessment period (baseline to month 6, and month 7 to 18) the number of individuals with at least one event was compared
between groups when there were at least four individuals with at least one event across all groups. Comparisons are Fisher exact tests across the three groups and between iTRE and CR.

P values are two-sided and not adjusted for multiple testing. °At least four individuals reported the event during each assessment period. ®Physical symptoms were low grade and required no
treatment, and were either single instances or resolved over the course of the intervention. Report of these physical symptoms was specifically prompted by questionnaire at each clinic visit.
All other AEs were identified by asking whether they had experienced any health-related conditions since the proceeding visit. AE, adverse event; SAE, serious adverse event.

the clinical interpretation of that period because more participants
in the iTRE group chose to alter their diet plans. Whether 24-h post
refeedingis sufficient to entirely wash out the acute effect of the 20-h
fasting period is not clear, although the washout period is in line with
paststudies of IF”°. CR and standard care participants were not provided
withanyinstruction onmeal timing, and adoption of ashortened daily
eating period might have lessened the differences between groups.
The extrapolation of a clinically relevant change in glucose from an
oral glucose tolerance test to a mixed-meal tolerance test requires
further study. Finally, although we theorized thatlimiting meals to the
morning during iTRE was responsible for the greater health benefits
that were observed versus CR, we did notinclude aniTRE group witha
late eating window as a comparator.

In conclusion, iTRE provided modest benefit for postprandial
glycemiainresponse to mixed-meal tolerance test compared with daily
CR without timing advice in adults at elevated risk of type 2 diabetes
after 6 months. This study adds to the growing body of evidence to
indicate that meal timing and fasting advice might be influential in
clinical practice.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Study design and participants

This open-label, three-arm, parallel group sequential randomized
controlled trial was conducted between 26 September 2018 and 30
November 2021 and involved a 6-month intervention phase followed
by a 12-month follow-up. The primary objective for this study was to
assessdifferencesinglucose tolerancein response toa mixed-mealin
iTRE versus CR at 6 months. Because it was expected that weight loss
foriTRE and CR would be similar, a standard care group was included
to ensure weightlosses occurred and to aid quantification of the mag-
nitude of change in the active intervention groups. Secondary aims
were to compareiTRE versus CR versus standard care on body weight,
body composition, fasting and postprandial markers of glycemia,
cardiovascular health and liver health at 6 months, and with a further
12-monthfollow-upinadults at elevated risk of developing type 2 diabe-
tes. Eligible participants (aged 35-75 years, score >12 on the Australian
Type 2 Diabetes Risk Assessment Tool (AUSDRISK), weight fluctuations
<5% for more than 6 months before study entry, without a diagnosis of
diabetes, not taking medications that might affect glucose metabolism
and/or weight management) were randomized to eitheriTRE or CRor
standard care (2:2:1ratio). Randomization was block-stratified by sex
(male; female) and AUSDRISK (score >12 to 19; score >20), according
toacomputer-generated randomization list prepared by a statistician
with no clinical involvement in the trial. The detailed study protocol
including inclusion and exclusion criteria was reported***°, and the
statistical analysis planis available (ClinicalTrials.gov, NCT03689608).
Ethics approval was obtained from the Central Adelaide Local Health
Network Human Research Ethics Committee and participants provided
written informed consent. The study was performed at the South
Australian Health and Medical Research Institute by researchers from
The University of Adelaide and South Australian Health and Medical
Research Institute. An independent data and safety monitoring com-
mittee provided oversight. Inresponse to the coronavirus pandemic, a
lockdownwasin place in South Australia from mid-March to May 2020,
whichbroughta halt to recruiting. The primary outcome visits contin-
ued, but the diet consults were shifted from face-to-faceto telehealth.
Other thanthis period, the Australian border force laws in place meant
the study visits remained largely unaffected, with the final follow-up
visitcompleting around the time that Adelaide relaxed its border rules.

Dietinterventions

TheiTRE group wasinstructed to consume 30% of calculated baseline
energy requirements® as per a prescribed menu on fasting days, fol-
lowed by a 20-h fast from 1200 hours on three nonconsecutive days
per week. The prescribed menu included two meal replacements at
breakfast (approximately 0800 hours) and lunch (approximately
1200 hours) to aid adherence and to ensure adequate nutrient intake.
iTRE participants were instructed to consume their regular prestudy
diet during each nonfasting day. The CR group was prescribed 30%
restriction of calculated baseline energy requirements® daily and
givenrotating menu plans thatincluded a dinner meal and snacks, but
were not specifically instructed on meal timing. The prescribed menu
included one meal replacement per day to aid adherence and to ensure
adequate nutrient intake. The standard care group was given current
guidelines in abooklet, with no counseling or meal replacements. All
groups underwent identical clinic visits fortnightly during the first
6 months and every other month during the 12-month follow-up. All
participants were instructed to maintain their usual physical activity
levels throughout the trial. Only the iTRE and CR groups were provided
one-on-one diet counseling during first 6 months. At month 6, they
were provided with the option to continue with the same weight loss
plan or to modify to aweight maintenance plan. The modified plan for
iTREwas toreduce the number of iTRE days to once or twice per week
and CR were given new target calories thatincreased by 10%-15% above
their current plan.

Outcome measures

The primary outcome was the change in postprandial glucose AUC at
6 months. The secondary outcomesincluded changesinbody weight,
waist circumference, hip circumference, fat mass, fat-free mass, blood
pressure, blood lipids (cholesterol, low-density lipoprotein (LDL),
high-density lipoprotein (HDL), plasma triglycerides), NEFA, HbAlc,
plasma glucose, plasma insulin, serum high-sensitivity C-reactive
protein (hs-CRP), ALT, AST, B-hexosaminidase activity, physical activ-
ity and dietary intake.

Body composition. During each metabolic visit, body weight, and
waist and hip circumference were measured in a gown after voiding.
Body weight was measured to the nearest 0.1 kg with a calibrated scale
(TanitaBWB-800 digital scale, Wedderburn). Waist circumference was
measured at the mid-axillary line (halfway point between lowest rib
and the top of iliac crest), and hip circumference was measured at the
widest circumference of the buttocks. Body mass index was calculated
as weight in kilograms per height in meters squared. Whole-body
composition was measured by dual-energy X-ray absorptiometry
(DXA) (Lunar Prodigy; GE Health Care) and was analyzed using enCORE
software (v.18). Owing to the coronavirus pandemic, the DXA facility
was shut for 5 months, thus there were more missing DXA data during
thefirst 6 months (see available Nin Supplementary Table 7). We calcu-
lated the ratio of fat mass to weight loss, and the ratio of fat-free mass
to weight loss, which was defined as the change in fat mass or fat-free
mass respectively, divided by the change in total body weight x 100.
These were assessed in completers who lost at least 3.6 kg to account
for the potential errors by DXA.

Blood pressure. Blood pressure was measured twice with the partici-
pantseated after 10 min of rest (Welch Allyn Medical Products). A third
measurement was takenifthere was adifference of >3 mmHg. Themean
of the two lowest blood pressure readings was used.

Dietary intake. Prescribed daily energy requirements were calculated
by averaging predicted daily energy expenditure from a published
equation that uses gender, age, height and weight variables®". Partici-
pants were asked to self-reportall their dietary intake viaasmartphone
application (Easy Diet Diary, Xyris Software) before each metabolic
testing at baseline, and at months 2, 6 and 18. Adherence to the diets
was assessed by dietitians using the participants’ self-reported 7-day
food records. The energy and macronutrientsintakes were calculated
by using FoodWorks Professional v.10 (Xyris Software). Perceptions of
diet easiness and satisfaction were assessed at months 2 and 6 using
visual analog scales.

Physical activity. Participants were fitted with a waist-worn triaxial
accelerometer (ActiGraph wGT3X-BT, LLC) secured above the right hip
bone using an elastic belt for measuring human movements and activi-
ties for atleast 7 days before each metabolic testing. The monitor was
initialized at a sample rate of 30 Hz to record activities for free-living
conditions. ActiGraph data was downloaded and analyzed by using
ActilLife 6 software by the investigators upon collection of the devices.

Meal tests. Participants attended the research facility at baseline,
month 6 and month 18 for metabolic testing. Participants arrived at
0730 hours after an overnight 12-h fast, fasting samples (¢ = 0) were
drawn, and participants were then asked to consume a mixed-nutrient
liquid test meal (474 ml Nestle Resource Plus, 730 kcal: 59.4% carbohy-
drate, 14.2% protein, 26.4% fat) within 5 min. Subsequent postprandial
blood samples were drawnat15, 30, 60, 90,120 and 180 min. Additional
fasting samples were obtained following a 12-h fast at month 2. The
blood collection procedure was standardized, with participantsin the
iTRE group attending clinic 24 h after the completing their previous
20-h fasting period.
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Blood analysis. Blood glucose was assayed by the hexokinase method
(Cobas Integra 400 plus, Roche). Plasma insulin was measured by
radioimmunoassay (HI-14K, Millipore). Whole-blood HbAlc, plasma
triglycerides, NEFA, hs-CRP, ALT and AST, were measured using com-
mercially available enzymatic kits on an automated clinical analyzer
(Indiko Plus, Thermo Fisher Scientific). AUC values were calculated
using the trapezoidal rule. The Matsuda index was calculated for insu-
lin sensitivity estimation®. Insulin secretion was estimated using the
insulinogenicindex®.

A subset of 121 individuals had additional fasting bloods drawn
at baseline, month 2 and month 6 to assess plasma 3-hexosaminidase
activity asamarker of glycosphingolipid metabolism relevant to liver
health. 3-Hexosaminidase activity was measured using a plasma sam-
ple as described in Leaback et al. and Whyte et al.>***, Plasma sam-
ples were thawed on ice, vortexed and diluted 1:5 in ice-cold 0.9%
saline. Diluted samples (5 pl) were loaded in triplicate in a 96-well
plate maintained on ice. Saline solution (0.9%) was used as a blank.
4-Methylumbelliferyl-N-acetyl-3-D-glycosaminide (Sigma, catalog
no. 69585; B-hexosaminidase substrate) was prepared by dissolving
4.7 mg of B-hexosaminidase substrate in 10 ml of citrate-phosphate
buffer (pH 4.8, final concentration of 1.24 nmol I™!). Then 100 pl of
B-hexosaminidase substrate wasadded to each well. The plate was incu-
bated for 30 minat37 °C. The reaction was stopped by adding 100 pl of
glycine buffer (0.2 mol I', pH 10.7). 4-Methylumbelliferone was used
as standard (Sigma, catalog no. M1381; 2.84 nmol). Fluorescence was
read ona GloMax microplate reader (Promega). Results are reported as
pmol min™ mg™and calculated by comparing the average fluorescence
readings of each sample with the average of the known standard as such:
B-hexosaminidase activity (pmol min™ mg™) = (fluorescence units (FU)
sample - FU blank)/FU standard x standard amount (2,840 pmol)/
incubation time (30 min)/volume of sample loaded (5 pl) x dilution
factor (5) x1,000/plasma protein concentration (mg ml™).

Safety outcomes. During each clinic visit, participants were asked
to report if they had experienced any health-related conditions. They
were also prompted to report any physical symptoms through the use
ofacheckbox (for example, fatigue, constipation, diarrhea, headache,
light-headedness) since the proceeding visit. All serious adverse events
wereimmediately reported to the study physician and data safety moni-
toring committee. For each assessment period (baseline to month 6,
and month 7 to month 18), the number of individuals with at least one
eventwas compared between groups when there were atleast four indi-
viduals with atleast one eventacross all groups. Fisher’s exact test was
conducted to test whether there were any differences between groups.

Sample size considerations

The original study design was a group sequential design (interim times
at1/6,1/3and 1/2) with dual primary outcomes (HbAlc and postprandial
glucose AUC). The design was changed after the firstinterim analysis to
asingle additional (final) analysis of postprandial glucose AUC owing
toslowaccrual and the coronavirus pandemic. This change was agreed
by the independent data safety monitoring committee”. We assume
a pre-post intervention correlation of 0.4, within-group s.d. of 0.8,
and an anticipated attrition percentage of 25%. Thereby, with n =208
(randomizediTRE to CRto standard care = 2:2:1) there would be >85%
power to detect a clinically relevant® difference of 7.2 mg dI™' min™
in the change of postprandial glucose AUC between iTRE and CR at 6
months (overall two-sided a = 0.05). According to the original design,
only a very small alpha (<1 x 107®) was spent at the interim analysis,
thereby the significance of primary analysis was set at P < 0.049999.

Statistical methods
Baseline data are presented as mean + s.d. for continuous measures
and n (%) for discrete measures. The primary analysis of month 6

postprandial glucose AUC between iTRE and CR was assessed using
baseline and stratification factor (sex, AUSDRISK) adjusted linear
regression. Other analyses also included the standard care and where
appropriate the month 2 assessment. The latter were modeled using
mixed effects linear regressions with arandomintercept perindividual
and adjusted for assessment (month 2 versus month 6) and the pairwise
interaction withtreatment group as fixed effects. Residualand random
effect distributions were assessed to ensure that the model distribu-
tional assumptions were not violated. Fasting triglycerides, hs-CRP,
AST, ALT, Matsuda index, insulinogenic index and step counts out-
comes were log-transformed. Estimates and 95% Cl values are calcu-
lated on the log-transformed scale and reported on the original scale
using following formula <e3 - 1))?0 ,where B isthe estimate or interval
limit and x, is the baseline sample mean. With three groups and two
assessment times there are anumber of potential secondary outcome
comparisons. We prespecified that pairwise comparisons of secondary
analyses would be performed only if the overall effect of treatment
group was significantinalikelihood ratio test with the nested submodel
excluding treatment. For these overall tests, mixed effects models did
notinclude the month by groupinteraction (that s, the likelihood ratio
test statistic was compared against the chi-squared distribution with
two degrees of freedom for all outcomes irrespective of the month 2
assessment). Month 18 assessments were analyzed separately using
linear regressions similarly to secondary outcomes without a month
2 assessment. A post hoc analysis was performed repeating these
regressionsinwhichtheiTRE group was divided into those who chose
to maintain the initial iTRE weight loss plan and those who chose to
modify toaweight maintenance plan. Nonfasting weight assessments
were analyzed using linear mixed effects regression assuming piece-
wise linear effects assumed for the interventions over two periods:
months 0-6 and months 7-18, and both random intercepts and slopes
for individuals. In all analyses, missing baseline data were imputed
using cohort means, estimated means and 95% Cl values (as mean (95%
Cl) units, Pvalue) are reported, and the threshold for significance was
setat 0.05 (two-sided). No multiple test adjustments were performed
and as such secondary analyses are considered exploratory. Statistical
analysis was performed using Rv.4.0.5 (The R Foundation for Statistical
Computing).

Secondary Bayesian joint analysis of postprandial glucose

and HbAlc

We prespecified a skeptical bivariate normally distributed prior with
mean §,= 0 forboth HbAlcand postprandial glucose. Using a historical
series of clinical trials in diabetes patients the prespecified covariance

matrix was 3, = [ 006131 88(% ] , corresponding to a between-study

variance for HbAlc (%) of 0.14 and 0.096 for postprandial glucose
(mmol 1" min™), and a 0.7 correlation in outcomes across studies.
Converting glucose units to mg dI™ this prior covariance becomes

5 _[014 146
0= 146 312 |

Using the standard assumption, the observed covariance 1,; is
known, the posterior distribution is also bivariate normally distributed
with posterior mean

-1, — -1
ZO (ZO + sz) Ay + ZA;, (ZO + sz) 60,

and posterior covariance
-1
%o (Zo + ZA;) Lpps
where Ay is the mean difference between groups in the change from

baseline HbAlc and postprandial glucose. We prespecified when
reporting posterior probabilities that the difference between groups
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inHbAlcis >0.3% and that postprandial glucose is >0.4 mmol I min™
(>7.2mg dI™ min™). We also report post hoc calculations of the prob-
abilities of benefit—that is, different from zero—both separately and
jointly. Prespecified comparisons were for iTRE versus CR and for
iTRE + CR versus the standard care. In addition, we present compari-
sons of 95% central prior and posterior ellipses. These are the
two-dimensional equivalent of 95% CI. The analyses were inindividuals
with both HbAlc and postprandial glucose measures at month 6. Six
individuals had HbAlc data but were missing postprandial glucose
change data, and were excluded from this analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Anonymized data from this study are available on request from the
corresponding author for 36 months from date of publication with
afull research plan for academic use only. The data are not publicly
available as they containinformation that could compromise research
participant consent.

Code availability

No unique software or computational code was created for this study.
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Extended Data Fig. 2| Weight loss (kg) relative to baseline. Presented are
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month 7-18, and both random intercepts and slopes for individuals. iTRE,

means and 95% Cls (calculated as X + 1.96 SEM) of the non-fasting weight change intermittent time-restricted diet at 70% of calculated energy requirements;

by group during each face to face check-in visit. Treatment group trajectories

CR, calorie restriction diet at 70% of calculated daily energy requirements;

were compared using linear mixed effects regression assuming piecewise linear SC:standard care diet.
effects assumed for the interventions over two time periods: month 0-6 and
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Sample size We assume a pre-post intervention correlation of 0.4, the within-group standard deviation of 0.8, and an anticipated of an attrition of 25%.
Thereby with N=208 (randomized iTRE:CR:SC = 2:2:1) there would be >85% power to detect a difference of 7.2 mg/dL/min in the change of
postprandial glucose AUC between iTRE and CR at 6 months (overall two-sided a = 0.05). According to the original design only a very small
alpha (<1x10-6) was spent at the interim analysis, thereby the significance of primary analysis was set at p<0.049999.
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specified in the statistical analysis plan.

Replication All laboratory analytes were measured in duplicate, except for automated clinical chemistry where repeat testing was not performed.

Randomization  Participants were randomized into one of three intervention groups in a 2:2:1 allocation ratio (iTRE:CR:SC). Randomization was block stratified
by sex (male; female) and AUDSRISK score (score 212—19; score >20).
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Clinical trial registration  ClinicalTrials.gov, NCT03689608

Study protocol The detailed study protocol including inclusion/exclusion criteria was reported at Teong et al 2020, and the statistical analysis plan is
available on ClinicalTrials.gov.

Data collection This study was conducted between 26 September 2018 and 30 November 2021 and performed at the South Australian Health and
Medical Research Institute (SAHMRI) by researchers from The University of Adelaide and SAHMRI. Participants were enrolled
between 26 September 2018 and 4 May 2020.

Outcomes The primary outcome was the change in postprandial glucose area under the curve (AUC) in response to a 3-hour mixed meal
tolerance test (474ml Nestle Resource Plus, 730kcal: 59.4% carbohydrate, 14.2% protein, 26.4% fat) at 6 months. The secondary
outcomes included changes in body weight, waist circumference, hip circumference, fat mass, fat-free mass, blood pressure, blood
lipids (cholesterol, LDL, HDL), fasting and postprandial of plasma glucose, insulin and non-esterified fatty acids (NEFA), glycated
hemoglobin (HbA1lc), serum high-sensitivity C-reactive protein (hs-CRP), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), B-hexosaminidase activity, physical activity and dietary intake.
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