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Abstract 

Aims: This systematic review and meta-analysis aims to summarize the effect of the timing of 

meal intake on glycaemic outcomes in human intervention studies. 

Data synthesis: Medline and Embase.com were searched for intervention studies in the adult 

population directly comparing the timing of meal intake on glycaemic outcomes. Results were 

meta-analysed in random-effects models or qualitatively described using vote counting. Of 

55,569 publications screened, 44 studies were included. Study duration was up to one week 

(n=37) or 2-12 weeks (n=7). Shorter studies demonstrated that early meal timing, compared to 

late meal timing, significantly lowers postprandial 2-hour glucose (-1.51 [-2.03, -0.99] 

mmol/L, I2=79%) and postprandial peak glucose (-1.03 [-1.63, -0.44] mmol/L, I2=61%). Mean 

glucose over 24-hours, largest glucose peak over 24-hours, fasting glucose, fasting insulin and 

postprandial 2-hour insulin also showed the same direction, albeit not significant. In longer 

studies, fasting glucose seemed lower in early meal timing (-0.05 [-0.13, 0.02] mmol/L, 

I2=27%). Conversely, fasting insulin and HOMA-IR showed no differences. 

Conclusions: This systematic review and meta-analysis shows physiological plausibility that 

early meal intake may be beneficial for glycaemic control, compared to late meal intake. 

However, this is only seen in studies with a duration of up to one week. Moreover, the high 

heterogeneity between study designs, interventions, and methods precludes definite 

conclusions and clinical recommendations. Larger and longer trials, that control for total 

energy intake, weight loss, and rhythms of other Zeitgebers, are needed before chrono-nutrition 

principles can be translated into clinical dietary guidelines for glycaemic control. 

 

Keywords: systematic review; meta-analysis; meal intake; meal timing; glycaemic control. 

  

Jo
urn

al 
Pre-

pro
of



5 
 

Introduction 

Glucose metabolism has an intrinsic rhythm that varies over the light/dark cycle. For example, 

glucose tolerance and absorption rate decrease during the day, are lowest in the evening, and 

increase again overnight [1]. This endogenous rhythm is regulated by the biological clock, 

located in the suprachiasmatic nucleus (SCN) within the hypothalamus. The SCN generates a 

~24-hour (i.e., circadian) cycle that is synchronized with the exact 24-hour rhythm of the 

environment, primarily by light [2, 3]. In addition to light, other external Zeitgebers, or ‘time 

cues’, such as meal intake, physical activity, sleep, and leisure activities, are important factors 

that help to synchronize the circadian clocks in the body [3]. As a result, factors such as 

artificial lighting, shift work, and around-the-clock food availability can disrupt the synchrony 

between the various internal circadian rhythms, resulting in circadian misalignment [2, 3]. This 

misalignment between internal circadian rhythms, the external environment, and behavioural 

cycles [4, 5] is a known risk factor for obesity, insulin resistance, hyperglycaemia, and 

cardiovascular disease [3]. The timing of meal intake is a major contributor to circadian 

misalignment, resulting in disrupted glycaemic control [4, 6, 7].  

Following the conceptualization as defined in the methodological systematic review by 

O’Connor et al.[8], the timing of energy intake can be defined in various ways: 1) timepoint, 

representing a specific time when intake occurs; 2) duration, defined as the length of the 

interval in which eating occurs; 3) distribution, the proportion of daily energy intake at a given 

interval throughout the day; and 4) cluster, in which eating patterns are clustered based on 

person-specific characteristics. Within this review, we specifically focus on the first aspect of 

the timing of energy intake, namely timepoint.  

Previous research on the effects of circadian misalignment on glycaemia has 

demonstrated that meal intake later in the day is associated with decreased glucose tolerance 

and increased insulin levels, compared to earlier meal intake [9, 10]. Likewise, oral glucose 
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tolerance tests (OGTTs), intravenous glucose infusions or identical meals all result in higher 

plasma glucose levels when consumed in the evening, compared to the morning [11]. This 

suggests that the timing of meal intake is a potential target for interventions. To date, various 

reviews have covered the topic of chrono-nutrition and diabetes. However, these papers often 

use a broad and mixed definition of chrono-nutrition, mixing and sometimes leaving out terms 

such as meal-frequency, caloric distribution, and meal regularity, or predominantly focus on 

the effects of timing of meal intake on weight loss[12-15]. One systematic review by Chambers 

et al.[16] described the preferable circadian window for time-restricted feeding. However, only 

four trials were reported comparing the timing of specific meals or eating windows to 

glycaemic markers. A systematic review [17] that did include glycaemic markers focused on 

both actual time points as well as the distribution of daily intake. However, this review included 

only three intervention studies on different meal intake time points, and its search is outdated, 

as it was from 2016. To our knowledge, to date, none of published studies conducted a complete 

systematic review and meta-analysis on the topic of meal timing. Furthermore, diabetes is not 

the primary outcome in most reviews, resulting in an incomplete set of diabetes outcomes and 

glycaemic markers. Therefore, a systematic synthesis of the current evidence on the topic of 

meal timing with glycaemic markers as primary aim is relevant. This systematic review and 

meta-analysis aims to assess the effect of timing of meal intake on glycaemic outcomes in 

human intervention studies. We deliberately chose to keep a broad scope, considering meal 

compositions, timing aspects, and different measures of glycaemia, to provide a comprehensive 

overview of the current body of evidence.  

 

Methods 

A systematic review and meta-analysis was conducted in accordance with the guidelines on 

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) [18], the 
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checklist can be found in Appendix S1. This review is part of a series of systematic reviews 

and meta-analyses as described and registered in the PROSPERO database 

(#CRD42021287828; 11-27-2021). The aim of the series was to assess the effect of altering 

timing of physical activity, sleep, and meal intake on glycaemia in human trials. In this review, 

the effect of the timing of meal intake on glycaemia is addressed.  

A full overview of the material and methods is described in previously published 

reviews in this series [19, 20] and provided in full in Appendix S2. In short, a search of the 

literature in MEDLINE (using Ovid) and EMBASE was conducted from inception to February 

24, 2023, and the reference lists of included studies were screened to identify any additional 

relevant publications. The search was restricted to clinical trials involving adult human 

participants (no exclusion based on health status) with measured glycaemic outcomes (full 

search strategy in Appendix S2).  

The conceptualization of timing of energy intake is based on the methodological 

systematic review by O’Connor et al. [8]. Our systematic review will only include papers that: 

1) change the timing of one meal or snack, or 2) modulate the timing of the eating window, by 

either shifting the timing of this eating window or extending the eating period. Due to a limited 

number of included studies, it was not possible to stratify between these different types. Instead, 

for all studies the earlier meal timing was compared with the later timepoint. For studies on the 

eating window, we compared either the earlier with the later timing of the eating window, or 

the short eating window with the extended eating window. Furthermore, all interventions 

needed to be isocaloric between study arms, while different meal types and compositions could 

be included (standardized meals, snacks, mixed meal tests, and OGTTs), and covering different 

amounts of energy loads.  

Studies were meta-analysed using random-effects models if at least three studies 

described the same outcome measure. Pooled mean differences were calculated by obtaining 
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the difference between the results from the late meal intake condition and the early meal intake 

condition. Therefore, a positive pooled mean difference reflects a lower glycaemic outcome in 

the late meal intake condition, while a negative pooled mean difference reflects a lower 

outcome in the early meal intake condition. Outcomes that could not be meta-analyses, were 

plotted in harvest plots, as suggested by Cochrane’s recommendations [21-24].  

 

Results 

Description of included studies 

A total of 55,569 publications were identified from the systematic literature search. We 

excluded 20,732 publications as duplicates, and 30,249 were marked as not relevant by the 

screening tool ASReview [25]. After manually screening 4,588 publications based on title and 

abstract, 383 full-text publications were read and screened for the topics in our series of 

systematic reviews and meta-analyses. Of these, 90 were potentially relevant for this review. 

After full-text review, 33 publications met the inclusion criteria. Reasons for exclusion after 

full-text screening are listed in Appendix S3. Ten relevant publications were found in the 

reference lists of included studies, which were not identified in the original search. One article 

[26] included two different studies, leading to a total of 43 articles [9, 10, 26-65] describing 

the results from 44 studies (Figure 1). 

A total of 1,767 adult participants were included. Thirty-one studies included 

participants with a healthy weight and no known metabolic condition, six studies included 

participants with type 2 diabetes or hyperglycaemia, four studies included participants with 

overweight or obesity, and three studies included a combination or other conditions (females 

with polycystic ovary syndrome [53], hospitalized patients [38]). Participants’ ages ranged 

from 19 to 91 years, and 41.0% were male. The majority of the studies were cross-over trials 

(n=37, of which n=26 had a wash-out period), two studies performed a parallel group 
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randomized controlled trial (PRCT), and five were intervention studies in which the sequence 

of late and early meal intake were the same for all participants (so all participants received both 

early and late meal intake). Most studies used actual meals (n=30) or snacks (n=5), but nine 

studies used OGTT to assess the effect of meal timing. The majority of studies compared timing 

of meal intake within a window of 08.00h – 00.00h, with five studies specifically comparing 

eating throughout the night versus only during the day. Studies examined the effect of meal 

intake over 1-6 days (n = 37) or 2-12 weeks (n = 7). An extensive overview of the included 

studies is provided in Table 1. Furthermore, the studies differed in the time points that were 

compared. Table 2 provides an overview of the specific time points that were compared in the 

analyses for each study. 

Methodological quality was considered high in 15 articles, moderate in 19, and low in 

10 (Table 3). Important reasons for downgrading methodological quality included less 

representativeness with regard to withdrawals/drop-out, lack of information regarding 

statistical analyses, and inadequate reporting of results. 

 

Meta-analysis of trials with a duration of up to one week 

Fifteen glycaemic outcomes were meta-analysed. First, glucose concentration was measured at 

different time points after oral meal intake (Fig. 2A, 7-10 studies per time point). After 30 

minutes, no differences were found, but at 60, 90, and 120 minutes after meal intake, glucose 

concentration was significantly lower in the early meal intake condition compared to later in 

the day (-1.89 [-2.56, -1.21], I2=70%; -1.97 [-2.55, -1.39], I2=75%; -1.51 [-2.03, -0.99], I2=79% 

mmol/L, respectively). Qualitative synthesis showed nine studies [26, 29, 31, 45, 51, 59, 60, 

62] supporting lower glucose concentration after early meal intake, whereas two studies [43, 

46] found no differences. Furthermore, postprandial glucose peaks (Fig. 2B, 6 studies) were 
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significantly lower in the early meal intake condition (-1.03 [-1.63, -0.44] mmol/L, I2=61%). 

This was supported by qualitative synthesis in three studies [31, 41, 45]. 

Second, we analysed postprandial insulin levels at different time points (Fig. 2C, 4-6 

studies per time point). At 30 minutes, insulin was significantly lower in the late energy intake 

condition (9.27 [4.21, 14.33], I2=47% uU/ml). At 60 and 90 minutes, no significant differences 

were found. In contrast, insulin at 120 minutes after energy intake was significantly lower in 

the early energy intake condition (-6.93 [-11.43, -2.43], I2=0%). This was supported by 

qualitative synthesis, with three studies [10, 29, 51] showing lower insulin at two hours after 

early meal intake compared to late energy intake, while four other studies [31, 43, 59, 60] found 

no differences. 

 Next, four different outcomes were measured over a 24-hour period, in which total 

carbohydrate intake was the same between early and late meal intake conditions within studies. 

Mean glucose over 24-hour (Fig. 2D, 7 studies) seemed lower in early meal intake (-0.10 [-

0.24, 0.04] mmol/L, I2=0%), compared to late meal intake. Qualitative synthesis showed that 

this finding was supported by one study [48], but another study showed significant results in 

the opposite direction [64]. Additionally, the highest glucose peak over 24-hour (Fig. 2E, 3 

studies) was not different between early and late meal intake (-0.43 [-1.34, 0.48] mmol/L, 

I2=47%), although results tended to be lower for early meal intake. One study from qualitative 

synthesis [64] observed a higher glucose peak with early meal intake. For the average mean 

amplitude of glycaemic excursion (MAGE) (Fig. 2F, 5 studies) and largest amplitude of 

glycaemic excursion (LAGE) (Fig. 2G, 3 studies), which were measured over 24-hour, no 

significant differences were observed (-0.14 [-1.05, 0.77], I2=60% and -0.07 [-1.49, 1.35], 

I2=69% mmol/L, respectively). Qualitative synthesis showed one study [48] with significantly 

lower MAGE in early meal intake, while another study [40] found no differences. 
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Finally, fasting glucose (Fig. 2H, 4 studies) and fasting insulin (Fig. 2I, 3 studies) were 

measured in the morning after the last day of the intervention. A trend was observed for fasting 

glucose being lower after early meal intake (-0.12 [-0.25, 0.01] mmol/L, I2=0%), although 

qualitative synthesis from one study [62] showed no significant differences. Fasting insulin 

was lower, but not significantly, in early meal intake compared to late meal intake (4.05 [-

10.99, 2.88] uU/ml, I2=0.0%), with no additional qualitative synthesis.  

The level of evidence was assessed for all outcomes that could be meta-analysed using 

GRADE [66]. The quality of evidence for all outcomes was moderate due to differences in 

interventions between included studies (indirectness [67]). 

 

Trials with a duration of up to one week – vote counting 

Nineteen outcomes could not be meta-analysed and were therefore analysed using vote 

counting (Fig. 3A) [10, 27, 29, 31-33, 35-37, 40, 41, 43-46, 48-52, 54-56, 58-61, 63, 64, 68]. 

Nine of these outcomes showed beneficial glycaemic effects of early meal, compared to late 

meal intake, with mostly significant differences. More specifically, postprandial glucose AUC 

and postprandial insulin AUC were higher in the late meal intake condition in 19 [10, 29, 31, 

33, 41, 43-46, 48-51, 54, 55, 58-60] and nine [7, 10, 31, 41, 43, 46, 49, 54, 59] studies, 

respectively; nocturnal mean glucose [27, 35, 48, 56] and time to glucose peak [31, 46, 56, 58] 

were higher with late meal intake in four studies; and nocturnal glucose AUC [37, 40], 

nocturnal mean insulin [32, 35], insulin peak [41, 46], insulin sensitivity index (ISI) [46, 54] 

and disposition index (DI) [33, 54] showed negative effects for late meal intake in two studies 

per outcome. Furthermore, the acute insulin response to glucose (AIRg) [54], continuous 

overall net glycaemic action for one hour (CONGA-1) [54], postprandial LAGE [46], and oral 

glucose insulin sensitivity (OGIS) [58] were each measured in one study per outcome and 
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showed negative effects of late meal intake. In contrast, results for the other outcomes were 

inconclusive. 

 

Meta-analysis of trials with a duration of multiple weeks 

For trials with a duration of multiple weeks, four outcomes could be meta-analysed. For all 

outcomes, no significant differences were observed. A trend was observed for fasting glucose 

being lower in early energy intake compared to late energy intake (Fig. 2J, 6 studies, -0.05 [-

0.13, 0.02] mmol/L, I2=27%). Fasting insulin (Fig. 2K, 5 studies, 0.87 [-1.47, 3.20] uU/ml, 

I2=95%), and Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) (Fig. 2L, 4 

studies, 0.09 [-0.38; 0.57], I2=89%) were not significantly different between early and late meal 

intake conditions. No additional qualitative syntheses were possible for these four outcomes. 

The follow-up periods of the included studies were too short to assess outcomes of incidence 

of type 2 diabetes or prediabetes. Furthermore, HbA1c was measured in three studies [47, 53, 

57], however, one of these studies [57] had a follow-up period of 4 weeks, which is too short 

to assess changes in HbA1c. Therefore, only the other two studies [47, 53] were included in 

vote counting. 

The level of evidence was assessed for all meta-analysed outcomes using GRADE [66] 

and was moderate due to differences in interventions between included studies (indirectness 

[67]). 

 

Trials of multiple weeks – vote counting 

Eight outcomes were analysed using vote counting in trials of longer duration (Fig. 3B) [28, 

34, 42, 47, 53]. Postprandial glucose AUC and postprandial glucose mean after 2h tended to 

be higher in late meal intake in three [28, 34, 42] and two studies [28, 47], respectively; 

however, only one study [28] found significant results in these two outcomes. All other 
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outcomes showed no significant differences between early and late meal intake, except for the 

Matsuda index, where one study [53] showed a beneficial effect for late, compared to early 

meal intake. 

Sensitivity analyses 

Sensitivity analyses were attempted if appropriate (see Appendix S4), based on methodological 

quality of the included studies (i.e., low/moderate/high), health status (i.e., healthy/overweight 

or obese/type 2 diabetes) and macronutrient composition (OGTT/meal). These did not show 

any significant changes in pooled estimations, nor could the results be explained by any of the 

subgroups.  

 

Publication bias 

As we only included a few studies per outcome and heterogeneity between studies was large, 

funnel plots are not useful to assess publication bias [69](Appendix S5). Egger’s test confirmed 

the absence of asymmetry in most cases (p> 0.05). Only 24-hour LAGE (p = 0.0341) and 

insulin 30 minutes after energy intake (p=0.0124) showed significant results on Egger’s test. 

However, it should be noted that the use of both funnel plots and Egger’s test is discouraged 

due to limited power when fewer than ten studies are included [23, 70]. 

 

Discussion  

This systematic review and meta-analysis aimed to assess the effect of timing of meal intake 

on glycaemic outcomes in human intervention studies. Random-effects models and vote 

counting revealed potential favourable effects of early meal intake, compared to late meal 

intake, in studies with a duration up to one week. More specifically, postprandial glucose 

concentrations, glucose peaks, and insulin concentrations were significantly lower in early 
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energy intake, compared to late energy intake. A similar direction could be seen in the results 

of fasting glucose, fasting insulin, mean 24-hour glucose levels, and highest glucose peak over 

24-hours, albeit not statistically significant. Moreover, in vote counting, most studies reported 

beneficial effects of early meal intake in postprandial and nocturnal glycaemic markers. On the 

contrary, studies with a longer study duration only found a trend towards lower fasting glucose 

concentrations after early energy intake, while all other glycaemic markers showed no clear 

direction. 

Our findings from the 37 studies with a short duration substantiate previous 

observational research, which showed that late-day meal intake is associated with adverse 

health outcomes [71, 72], whereas avoiding nighttime eating is associated with positive health 

outcomes [73-75]. This is similar to previous research in which early time-restricted eating was 

compared to ad libitum diets [73, 74]. However, these latter two studies were not included in 

our review, as they did not have isocaloric diets. Mechanisms driving these findings may 

include the adverse effect of melatonin on glucose tolerance. Melatonin, which increases in the 

late afternoon to evening, is thought to reduce glucose tolerance through secretion of 

somatostatin, reduction of β-cell function, and stimulation of α-cell function [76, 77]. 

Consequently, glucose loading later during the day may lead to higher glucose concentrations, 

compared to earlier in the day. Second, the strong effects of food intake as a Zeitgeber for the 

biological clock may misalign the peripheral liver and muscle clocks with the central clock, 

resulting in a mismatch between glucose production and glucose uptake [2, 3, 78, 79].  

Interestingly, we observed that the seven studies with a longer durations showed no 

significant differences in glycaemic parameters between early and late meal intake. This may 

reflect challenges with diet adherence on the long term, as changes in meal timing can conflict 

with work schedules, sleep cycles and social activities [80]. This is supported by some of the 

studies included in this review (such as Singh et al. [57]), as well as by a review on the 
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feasibility of TRE that found that a longer study duration was associated with lower adherence 

[81]. Second, the effects in long term studies may have been confounded by changes in caloric 

intake. Although the included studies showed no significant differences in total caloric intake 

between intervention arms, four of the studies reported more weight loss (1-2 kg difference) in 

the earlier intervention arms, compared to the later intervention[9, 42, 47, 57]. This may 

suggest small differences between study arms in total caloric intake that could not be detected 

or reported with the measurement tools used. On the other hand, effects on weight may also be 

due to change in meal timing or explained by changes in the timing of other Zeitgebers, such 

as sleep and physical activity, that were not measured and controlled for. Third, the results 

suggest that glycaemic effects of meal timing may be transient. Although the timing of meal 

intake is a strong Zeitgeber of the circadian timing system [78], the body may adapt to a new 

timing of meal intake if this is maintained for a longer period. This may result in changes in 

glycaemia within days but not necessarily over weeks. 

 

Strengths and limitations 

Our review is the first meta-analysis on the timing of meal intake that includes both quantitative 

and qualitative syntheses. We used artificial intelligence in study screening to reduce decision 

fatigue, increase accuracy, and ensure extensive inclusion of relevant studies. Additionally, this 

review was conducted in accordance with PRISMA guidelines, supporting methodological 

quality. However, we feel the results should be interpreted in the light of the direction of the 

results rather than the precise estimate, and important limitations should be acknowledged 

before concluding on this topic. 

First, we used vote counting for part of the outcomes due to large heterogeneity in the 

outcome measures (i.e., lack of consistent calculations of AUCs of glucose and insulin). 

Although this method is a well-known alternative if meta-analysis is not possible, it does not 
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account for effect size, sample size, or statistical precision. Consequently, it may introduce 

some bias in the interpretation. Second, most studies consisted of rather small sample sizes. 

Although meta-analysis increases statistical power, the validity is still limited due to the small 

samples and pooled estimates should be interpreted with caution. This caution is specifically 

important in the interpretation of vote-counting, in which sample size is not taken into account. 

Third, most of the included studies are crossover studies, which might result in carry-over 

effect of paired measurements, even though adequate wash-out periods were described in most 

studies. Also, to have a full overview of the available literature, we included some non-

randomized experimental studies, which could have led to confounding and selection bias. 

Fourth, even though we used an extensive a priori search strategy, we identified ~19% of the 

included studies from reference lists, which were not in the original search due to different 

indexing of keywords. Fifth, we cannot rule out complete publication bias, while using Egger’s 

test and funnel plots, these can only be correctly interpreted when at least 10 studies are 

included, due to limited power otherwise [23, 69, 70]. 

Finally, we used a broad definition of meal timing in this review. Our goal with this 

broad definition was to generate an overall impression of the direction and magnitude of 

associations, rather than precise effect estimates. However, the broad definition creates 

substantial heterogeneity and potential bias [23], as it included different objectivations of meal 

timing (i.e., delayed breakfast, changed timing of dinner, extended eating windows), types of 

meals (glucose challenges, meals, or snacks), and number of meals. Additionally, we included 

studies with different durations and a diverse study population, including studies in people with 

type 2 diabetes, impaired glucose tolerance, as well as healthy participants with no known 

medical condition. Where possible, we performed sensitivity analyses to compare the results 

between objectivations of meal timing, duration, and populations. Stratifying by type of meal 

and population did not result in different effects, while the results did differ by study duration. 
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The number of included studies limited us from further stratification in types of meal timing. 

Sensitivity analyses based on methodological quality of the studies did not alter the results, but 

it should be acknowledged that various studies were of moderate to low quality, especially due 

to lack of information and clarity regarding statistical analyses and reporting of results.  

 

Clinical implications and future research 

Currently, the aforementioned heterogeneity from different sources prevents us from drawing 

firm conclusions based on our results and it is too early to incorporate timing of food intake in 

current guidelines for glycaemic control. The results should be seen as physiological 

plausibility, rather than evidence for clinical recommendations. We need randomized 

controlled trials with longer follow-up, larger sample sizes, and different study populations, 

including homogeneous study designs, well established measurement instruments (such as 

continuous glucose monitoring) and calculations, and transparent reporting of the specific types 

and timing of meal intake. Furthermore, the timing of meal intake is likely to influence the 

timing of other Zeitgebers of the biological clock, such as sleep time and duration and the 

timing of physical activity. Consequently, future studies should measure these rhythms and 

control for them. 

 

Conclusion 

This systematic review and meta-analysis shows physiological plausibility that early meal 

intake may be beneficial for glycaemic control, compared to late meal intake. However, this is 

only seen in studies with a duration of up to one week. Moreover, the high heterogeneity 

between study designs, interventions, and methods precludes definite conclusions and clinical 

recommendations. Larger and longer trials, that control for total energy intake, weigh loss, and 
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rhythms of other Zeitgebers, are needed before chrono-nutrition principles can be translated 

into clinical dietary guidelines for glycaemic control. 
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Tables 

Table 1. Characteristics of included studies  

First Author Year Study 

design 

Study 

population 

N 

(M/F 

ratio) 

Age 

(mean ± 

SD) in 

years 

Follow-up 

time 

Late meal 

intake 

Early meal 

intake 

Meal type Glycaemic 

outcomes 

Comments 

Studies with a duration of up to one week 

Abbie[27] 2020 Randomized 

cross-over 

T2D 15 

(5/10) 

64 ± 4 3 

days/trial 

Snack 30-45 

min before 

bedtime; 

standardized 

isoenergetic 

breakfast, 

lunch and 

dinner 

No snack 

before 

bedtime, 

energy content 

of snack was 

part of dinner; 

standardized 

isoenergetic 

breakfast, 

2 containers of fruit 

flavoured Greek 

yogurt (150kcal) 

CGM throughout 

entire study period 

and fasting blood 

glucose on day 4 

Eggs snacks 

are excluded 

for this review 
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lunch and 

dinner 

Bo[29]  2015 Randomized 

cross-over 

Healthy 20 

(10/10) 

27.6 ± 

3.4 

1 day/trial 

(1 week 

washout) 

Standard meal 

at 20.00 after 

8h fast 

Standard meal 

at 8.00 after 8h 

fast 

100 g white bread, 

100 g ham, 50 g 

cheese, 125 g yogurt, 

200 ml fruit juice, 

plus 25 g protein 

supplement (1168 

kcal) 

Fasting blood 

samples and 30, 60, 

90, 120, 150 and 

180 min 

postprandially 

 

Bowen[30] 1967 Non-

randomized 

cross-over 

Healthy 20 

(4/16) 

41 (26-

65)2 

1 day/trial 

(3-7 days 

washout) 

OGTT at 12.00 

after 5h fast 

OGTT at 8.00 

after 8h fast 

75g glucose Blood samples at 0, 

60, 120, and 180 

min 

 

Davis[31] 2020 Quasi-

randomized 

cross-over 

Healthy 10 

(5/5) 

22.4 

(4.4)1 

1 day/trial 

(at least 1 

week 

washout) 

Standard 

protein meal at 

20.00 after 10h 

fast 

Standard 

protein meal at 

8.00 after 10h 

fast 

Pasta with tomato 

based pasta sauce and 

milkshake (780 kcal) 

Fasting blood 

samples and 15, 30, 

45, 60, 90, 120, 

150, and 180 min 

postprandially 

High protein 

meal are 

excluded for 

this review 
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Fogteloo [32] 2004 Non-

randomized 

cross-over 

Obese 5 

(0/5) 

33.8 ± 

8.9 

5 

days/trial 

Diet divided 

into eight 

meals: 9.00, 

12.00, 15.00, 

18.00, 21.00, 

24.00, 3.00 and 

6.00; 12.5% of 

total energy 

intake per 

portion 

Diet divided 

into three 

meals: 8.15, 

13.30 and 

18.30; 33% of 

total energy 

intake per 

portion 

71 g of protein, 30% 

of calories as fat, and 

55% of calories as 

carbohydrates, about 

2,000 ml fluid/24 h (± 

2300 kcal) 

Blood samples 

every 10 min for 

24h on the fifth day 

Participants 

sleep in 

between meals 

at night 

Garaulet [33]  2022 Randomized 

cross-over 

Healthy 

(late-eating 

population) 

845 

(245/ 

600) 

38±14 1 day/trial, 

(1 week 

wash-out) 

OGTT 1h prior 

to habitual 

bedtime after 

8h fast 

OGTT 4h prior 

to habitual 

bedtime, after 

8h fast 

75g glucose Blood samples 

every 30 min during 

the 2h test 

 

Holmback [35] 2003 Non-

randomized 

cross-over 

Healthy 7 

(7/0) 

30 (22-

43)2 

1 day/trial 

(1 month 

washout) 

6 isoenergetic 

meals at 00.00; 

4.00; 8.00; 

4 isoenergetic 

meals at 8.00; 

12.00; 16.00; 

20.00 

15% from protein, 

40% from 

carbohydrates, 45% 

from fat 

Blood samples 30, 

60, 120, 180 and 

240 min 

postprandially 

Participants 

follow the 

same diet the 

6 days before 
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12.00; 16.00; 

20.00 

the trial day 

and stay 

awake during 

24h 

Imai[37] 2017 Randomized 

cross-over 

T2D 16 

(8/8) 

70.3 ± 

5.6 

5 days in 

total, 1 

day/trial 

Breakfast at 

8.00, lunch at 

13.00, dinner 

at 21.00; 

standardized 

meals 

Breakfast at 

8.00, lunch at 

13.00, dinner 

at 18.00; 

standardized 

meals 

boiled white rice, 

white bread, milk, 

vegetable, and frozen 

lunch boxes of gluten-

meat steak and fried 

fish with vegetable 

(1570 kcal) 

CGM throughout 

entire study period 

 

Also divided 

meals but 

excluded in 

this review 

Imai[36] 2018 Randomized 

cross-over 

T2D 17 

(6/11) 

67.4 ± 

9.4 

4 days in 

total, 1 

day/trial 

Breakfast at 

7.00, lunch at 

12.00, late 

snack at 15.30, 

dinner at 

19.00; 

Breakfast at 

7.00, lunch at 

12.00, early 

snack at 12.30, 

dinner at 

19.00; 

white rice, white 

bread, milk, tomato 

(100 g x 3), spinach 

(80 g x 2), broccoli 

(60 g), and a frozen 

food box containing a 

gluten-meat steak and 

CGM throughout 

entire study period 
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standardized 

meals 

standardized 

meals 

fried fish with 

vegetable (1645 kcal) 

Imai[10] 2020 Randomized 

cross-over 

T2D 8 (5/3) 70.8 ± 

1.9 

3 days in 

total, 1 

day/trial 

Breakfast at 

8.00, lunch at 

13.00, dinner 

at 21.00; 

standardized 

meals 

Breakfast at 

8.00, lunch at 

13.00, dinner 

at 18.00; 

standardized 

meals 

white rice, white 

bread, milk, tomato 

(100 g x 3), spinach 

(80 g x 2), broccoli 

(60 g), and a frozen 

food box containing a 

gluten-meat steak and 

fried fish with 

vegetable (1725 kcal) 

Blood samples at 0, 

30, 60 and 120 

minutes 

Also divided 

meals but 

excluded in 

this review 

Jarrett[26] a 1969 Non-

randomized 

cross-over 

Healthy 16 

(9/7) 

27.7 

(19-41) 2 

1 day/trial 

(max 4 

days 

washout) 

OGTT at 14.00 

after 6h fast 

OGTT at 09.30 

after 9.5h fast 

50g glucose Blood samples at 0, 

30, 60, 90 and 120 

min 
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Jarrett[26] a 1969 Non-

randomized 

cross-over 

Hyper-

glycaemia 

(group from 

Bedford and 

group from 

London) 

10 

(5/5) 

 

28 

(28/0) 

56.7 

(42-70) 2 

 

54.5 

(41-73) 2 

1 day/trial 

(max 5 

days 

washout) 

OGTT at 16.30 

after 7.5h fast 

OGTT at 09.30 

after 9.5h fast 

50g glucose Blood samples at 0, 

30, 60, 90 and 120 

min 

 

Jarrett[39] 1970 Randomized 

cross-over 

Healthy (40) 

hyper-

glycaemia 

(122) 

182 

(182/0) 

>403 1 day/trial 

(3-7 days 

washout) 

OGTT at 16.00 

after 8h fast 

OGTT at 9.30 

after 9.5h fast 

50g glucose Blood samples at 0, 

30, 60, 90 and 120 

min 

 

Jarrett[38] 1972 Randomized 

cross-over 

Hospitalized 

patients and 

healthy 

28 

(27/1) 

19-91 4 1 day/trial 

(2-7 days 

washout) 

OGTT at 20.00 

after 9h fast 

OGTT at 9.00 

after 9h fast 

50g glucose Blood samples at 0, 

30, 60, 90 and 120 

min 

Also OGTT at 

15.00, but 

excluded in 

this review 

Jones[68] 1995 PRCT Healthy 12 

(12/0) 

early: 

28.0 ± 

4.65, 

late: 

3 days 6 isoenergetic 

meals at 8.00, 

12.00, 16.00, 

3 isoenergetic 

meals at 8.00, 

13.00, 18.00;  

Nutritionally 

complete liquid diet 

(14.7% protein, 

Blood samples at 

baseline and every 

4h over 48h 
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31.6 ± 

3.92 

20.00, 00.00, 

4:00;  

53.3% carbohydrate, 

32% fat) 

Kajiyama[40] 2018 Randomized 

cross-over 

Healthy 14 

(0/14) 

22.2 ± 

2.6 

1 day/trial; 

5 days in 

total 

Breakfast at 

8.00, lunch at 

13.00, dinner 

at 21.00; 

standardized 

meals 

Breakfast at 

8.00, lunch at 

13.00, dinner 

at 18.00; 

standardized 

meals 

white rice, white 

bread, milk, 

vegetable, and frozen 

lunch boxes of gluten-

meat steak and fried 

fish with vegetable 

(1725 kcal) 

CGM throughout 

entire study period 

Also divided 

meals, but 

excluded in 

this review 

Knutsson [41] 2002 Same 

sequence 

intervention 

study  

Healthy, 

shiftworkers 

11 

(0/11) 

42 (33-

53)2 

5 days in 

total 

Meal at 23.30 

during night 

shift  

Meal at 19.30 

during night 

shift 

33E% fat, 51E% 

carbohydrate, 16E% 

protein (440 kcal) 

Blood samples at 

baseline and 30, 60, 

90, 120, 180 and 

240 minutes 

postprandial 

Also a meal at 

3.30, but 

excluded in 

this review 

 

Leung[43] 2019 Non-

randomized 

cross-over 

Healthy 9  

(2/7) 

26 (15)1 1 day/trial  A low GI-meal 

at 24.00, after 

10h fast 

A low GI-meal 

at 20.00, after 

10h fast 

Tomato-based 

vegetarian pasta (788 

kcal) 

Fasting blood 

samples and 15, 30, 

45, 60, 90, 120, 150 

Also a meal at 

8.00 and 

OGTT, but 
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and 180 min 

postprandially 

excluded in 

this review 

Lindgren [44] 2009 Same 

sequence 

intervention 

study 

Healthy 12 

(12/0) 

22.4 ± 

2.08 

1 day in 

total 

Standardized 

test meal at 

17.00, after 9h 

fast 

Standardized 

test meal at 

8.00, after 10h 

fast 

Rye and wheat bread 

(60 g), margarine (10 

g), ham (15 g), 

cheese, (15 g), orange 

juice (150 g), green 

pepper (40 g), light 

sour milk, fat 0.5% 

(200 g), and muesli 

with fruit (40 g) (524 

kcal) 

Blood samples up to 

300 min. 

postprandially 

 

Lopez-Minguez [45] 2018 Randomized 

cross-over 

Overweight 

or obese, 

late eaters 

40 

(0/40) 

42 ± 10 1 day/trial 

(6 days 

washout) 

High GI-meal 

at 23.00 (1h 

before usual 

bedtime), after 

8h fast 

High GI-meal 

at 20.00 (4h 

before usual 

bedtime), after 

8h fast 

Ravioli with tomato 

sauce and 1 piece of 

peach (30-35% of 

total energy intake of 

the day) 

Blood samples prior 

to dinner and 30, 

60, 90 and 120 min 

postprandially 
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Lu[46] 2022 Randomized 

cross-over 

Healthy 26 

(12/14) 

20.8±0.9 2 

days/trial 

(3 days 

wash-out) 

Standardized 

breakfast at 

8.00, lunch at 

14:00, diner at 

18.00 

Standardized 

breakfast at 

8.00, lunch at 

12:00h, diner 

at 18.00 

Lunch: white rice, 

lactose-free low-fat 

milk, egg and a 

vegetable salad (648 

kcal) 

Glucose from finger 

prick, at 0, 15, 30, 

45, 60 and 90 min. 

and insulin from 

finger prick at 0, 30, 

45, 60 and 90 min, 

24h CGM 

Also trials 

with apple 

preload, but 

excluded in 

this review 

Nakamura [48] 2021 Randomized 

cross-over 

Healthy 12 

(2/10) 

>203 3 

days/trial 

(at least 3 

days 

washout) 

Standardized 

breakfast at 

8.00, lunch at 

12.00, dinner 

at 21.00 

Standardized 

breakfast at 

8.00, lunch at 

12.00, dinner 

at 18.00 

15% protein, 25% fat, 

and 60% carbohydrate 

(1500-2500 kcal) 

CGM throughout 

entire study period 

 

Nas[49] 2017 Randomized 

cross-over 

Healthy 17 

(8/9) 

24.6 ± 

3.3 

1 day/trial 

(1 day 

washout) 

Isocaloric 

meals at 13.00 

and 19.00 

Isocaloric 

meals at 7.00 

and 13.00 

55% carbohydrate, 

30% fat, 15% protein 

(kcal based on 

individual energy 

requirements) 

CGM throughout 

entire study period 
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Nitta[50] 2019 Randomized 

cross-over 

Healthy 17 

(0/17) 

21.2 ± 

0.8 

1 day/trial 

during a 7 

day period 

Standardized 

breakfast at 

7.00, lunch at 

12.00, dinner 

at 19.00, snack 

at 19.30 

 

Standardized 

breakfast at 

7.00, lunch at 

12.00, snack at 

12.30, dinner 

at 19.00 

Baked cake snack 

(498 kcal) 

CGM throughout 

entire study period 

Also snack at 

15.30, but 

excluded in 

this review 

Oakley[51] 1973 Non-

randomized 

cross-over 

Healthy 22 

(1/21) 

Not 

reported 

1 day/trial OGTT at 15.00 

after ±7h fast 

OGTT at 9.00 

after 11h fast 

1g/kg glucose Blood samples at 0, 

60, 120 and 180 

min 

 

Ohkawara [52] 2013 Randomized 

cross-over 

Healthy 15 

(7/8) 

M: 27 ± 

5 

F: 30 ± 

5 

1 day/trial 

(1-2 weeks 

washout) 

6 isoenergetic 

meals at 9.00, 

11.30, 14.00, 

16.30,19.00, 

21.30; 16.7% 

of total energy 

intake per 

portion 

3 isoenergetic 

meals at 9.00, 

14.00, 19.00; 

33% of total 

energy intake 

per portion 

30% of energy from 

fat, 55% 

carbohydrate, and 

15% protein (kcal 

based on free-living 

energy requirements) 

Blood samples 

before and after 

each meal and 

fasting the next day 

Before each 

study day, 3 

days of 

controlled 

meals 3 

times/day 
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Pizinger [54] 2018 Randomized 

cross-over 

Overweight 6  

(4/2) 

25.1 ± 

3.9 

5 

nights/trial 

(3 weeks 

washout) 

Standardized 

breakfast at 

12.30; lunch at 

16.30; dinner 

at 22.30; snack 

at 24.00 

Standardized 

breakfast at 

9.00; lunch at 

13.00; dinner 

at 19.00; snack 

at 20.30 

Fixed diet to maintain 

body weight (25% at 

breakfast, 30% at 

lunch, 35% at dinner, 

10% at post-dinner 

snack) 

Blood samples 

(glucose and 

insulin) 15, 30, 45, 

60, 90, 120, and 180 

min postprandially 

Also changes 

in sleep 

timing, but 

included trials 

were in 

normal sleep. 

Sato[56] 2011 Randomized 

cross-over 

Healthy 10 

(5/5) 

26 ± 6.3 1 day/trial 

(2 weeks 

washout 

for males 

and 1 

month 

washout 

for 

females) 

Standardized 

dinner at 

22.30. 

Breakfast and 

lunch the day 

prior and the 

next day were 

standardized at 

07.00 and 

12.00  

Standardized 

dinner at 

19.00. 

Breakfast and 

lunch the day 

prior and the 

next day were 

standardized at 

07.00 and 

12.00 

16.8% protein, 19.9% 

fat and 63.3% 

carbohydrate (722±22 

kcal) 

CGM throughout 

entire study period 

 

Six meals 

prior to the 

standardized 

dinner were 

also 

standardized 

Sato[55] 2019 Same 

sequence 

Healthy 9 (9/0) 22.0 ± 

0.7 

1 day in 

which 

Standardized 

carbohydrate-

Standardized 

carbohydrate-

White rice (total kcal 

not mentioned) 

Blood samples at 

baseline and 30, 60, 

Also OGTT 

and meals 

Jo
urn

al 
Pre-

pro
of



42 
 

intervention 

study 

both meals 

were 

consumed 

rich meal at 

20.00 after 11h 

fast 

rich meal at 

8.00 after 9h 

fast 

90 and 120 min. 

postprandially 

with 10 

chews, but 

excluded for 

this review 

Sonnier[58] 2014 Same 

sequence 

intervention 

study  

Impaired 

fasting 

glucose 

10 

(6/4) 

53 ± 14 1 day in 

which 

both 

OGTTs 

were 

consumed 

OGTT at 

19.00, after 8h 

fast 

OGTT at 7.00, 

after 10h fast 

75g glucose Blood samples at -

15, 0, 30, 60, 90, 12 

and 180 min 

 

Takahashi [60] 2018 Randomized 

cross-over 

Healthy 19 

(19/0) 

23.2 ± 

2.6 

1 day/trial 

(at least 1 

week 

washout) 

standardized 

meal at 17.00 

after 4.5h fast 

standardized 

meal at 9.00 

after 10h fast 

rice, pork, onion, 

green pepper, 

asparagus, bok-choy, 

enoki, cod roe, egg, 

vermicelli, carrot, 

leek and yogurt (14 

kcal/kg bodyweight) 

Fasting blood 

samples and 30, 60 

and 120 min 

postprandially 
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Takahashi [59] 2023 Randomised 

cross-over 

Healthy 12 

(8/4) 

29.8 ± 

7.6 

1 day/trial 

(at least 1 

week 

washout) 

Standardized 

meal at 18.10, 

after 10h fast 

Standardized 

meal at 8.10, 

after 10h fast 

rice, tofu, onions, 

cheese, mushrooms, 

bacon, Chinese 

cabbage, pork ham, 

carrots, potatoes, 

tomatoes, macaroni, 

and celery (14 kcal/kg 

bodyweight) 

Fasting blood 

samples and 30, 60, 

120, 180 

postprandially 

Also with 

acute 

mulberry leaf 

extract intake, 

but excluded 

from this 

review 

Teixeira [61] 2023 Randomized 

cross-over 

Healthy 

night-shift 

workers 

10 

(10/0) 

38.8±4.0 2 

nights/trial 

(6 days 

washout) 

Night shift 

eating, 70% of 

standardized 

meals 

consumed 

before 22:00, 

30% at 03:00 

Night shift 

fasting, 100% 

of standardized 

meals 

consumed 

before 22:00 

55% carbohydrate, 

15% protein and 30% 

fat (based on daily 

energy requirements) 

Blood samples at 

06:00 after the 

second night 

Also a trial 

with night 

sleep, but 

excluded in 

this review 

Tsuchida [62] 2013 Randomized 

cross-over 

Healthy 12 

(0/12) 

21.3±1.6 5 

days/trial, 

but only 1 

Standardized 

breakfast at 

7.00, lunch at 

Standardized 

breakfast at 

7.00, lunch at 

1930 kcal total, dinner 

690 kcal. Test 

breakfast the 

Fasting blood 

samples at 30, 60, 

90, 120, 150 and 
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day per 

eating 

condition  

12.00, dinner 

at 23:00 

12.00, dinner 

at 18:00 

following day: ready-

to-eat minestrone and 

squid ink spaghetti 

(406 kcal) 

180 min 

postprandially at 

day 2 after breakfast 

Van Cauter[63] 1992 Randomized 

cross-over 

Healthy 8 

(4/4) 

22-35 4  2 days Standardized 

meal at 20.00 

after 12h fast 

Standardized 

meal at 8.00 

after 12h fast 

43% carbohydrate, 

38% protein, 18% fat 

(500 kcal) 

Blood samples at 

20-minute intervals 

for 24h 

 

Study has 

multiple 

protocols 

which were 

randomized, 

only 12h 

intervals are 

used for this 

review 

Wehrens [64] 2017 Same 

sequence 

intervention 

study  

Healthy 10 

(10/0) 

22.9 ± 

4.0 

13 days in 

total, 3 

days early 

meal 

intake, 2 

5h delay in 

mealtime, 

standardized 

meals 5.5, 10.5 

Standardized 

meals 0.5, 5.5 

and 10.5 hours 

after waking 

up 

55% carbohydrate, of 

which 15% was 

sugars; 15% protein; 

and 30% fat, of which 

11% was saturated 

Hourly blood 

samples over a 32hr 

period 
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in 

between, 6 

days late 

meal 

intake 

and 15.5h after 

waking up 

(kcal determined 

using Schofield 

equation) 

Zimmet[65] 1974 Randomized 

cross-over 

Healthy 31 

(15/16) 

20-69 4 1 day/trial 

(7 days 

washout) 

OGTT at 

14.00, after 7-

8h fast 

OGTT at 8.45, 

after 9-10h fast 

50g glucose Blood samples at 0, 

30, 90, 120 and 150 

min 

 

Studies with a duration of multiple weeks 

Allison[9] 2021 Randomized 

cross-over 

Healthy 12 

(7/5) 

26.3 ± 

3.4 

8 

weeks/trial 

(2 weeks 

washout) 

Standardized 

meal intake 

between 12.00-

23.00 

Standardized 

meal intake 

between 8.00-

21.00 

55% carbohydrate, 

15% protein, and 30% 

fat (kcal based on 

Harris-Benedict 

equation) 

Blood samples at 4-

hours interval 

before and after 

each 8-week trial: 

8.00 (fasting), 

12.00, 16.00, 20.00, 

24.00 and 04.00 
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Bandin[28] 2015 Randomized 

cross-over 

Healthy 10 

(0/10) 

26 ± 4 2 

weeks/trial 

(1 week 

washout 

Standardized 

breakfast at 

8.00, lunch at 

16.30, dinner 

at 20.00 

Standardized 

breakfast at 

8.00, lunch at 

13.00, dinner 

at 20.00 

50% carbohydrate, 

35% fat, 15% protein 

(1868 ± 234 

Kcal/day) 

Fasting blood 

samples and 30, 60, 

90, 120 and 150 

min postprandially 

Protocol 2 is 

not relevant 

for this review 

Hibi[34] 2013 Randomized 

cross-over 

Healthy 11 

(0/11) 

23 ± 1 13 

days/trial 

(2 weeks 

washout) 

Snack at 23.00 Snack at 10.00 Commercially 

available snacks 

through 7-day menu 

(200 kcal) 

Fasting blood and 

an OGTT with 

blood samples 30, 

60 and 120 min 

 

Leung[42] 2021 Randomized 

cross-over 

Healthy 

shiftworkers 

19 

(6/13) 

41 ± 10 4 

weeks/trial 

(at least 2 

weeks 

washout) 

Maintain usual 

habits during 

night shift 

Maintain usual 

daily energy 

intake, but 

avoid eating 

between 1.00-

6.00 

Maintain types of 

foods and beverages 

consumed 

Blood samples 15, 

30, 45, 60, 90, 120, 

180, 240, 300 and 

360 min 

postprandially 

 

Madjd[47] 2021 PRCT Overweight 

or obese, 

late evening 

82 

(0/82) 

late: 

34.93 ± 

7.11 

12 weeks eating evening 

meal between 

22.30-23.00; 

eating evening 

meal between 

19.00-19.30; 

17 % protein, 23 % 

fat (<10 % saturated 

fat) and 60% from 

Fasting glucose and 

insulin, and 2h 
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meal 

consumers 

early: 

35.13 ± 

7.39  

hypo-energetic 

diet 

hypo-energetic 

diet 

carbohydrate – with at 

least 400 g/d fruits 

and vegetables to 

achieve a fibre intake 

recommendation of 

25 g/d (500-100 kcal 

energy deficit) 

postprandial 

glucose after OGTT 

Papakonstantinou[53] 2016 Randomized 

cross-over 

Females 

with PCOS 

40 

(0/40) 

27 ± 1.0 12 

weeks/trial 

6 meals/snacks 

a day between 

8.00-9.00; 

11.00-12.00; 

14.00-15.00; 

17.00-18.00; 

20.00-21.00; 

23.00-0.00; 

standardized 

meals 

3 meals a day 

between 8.00-

9.00; 14.00-

15.00; 20.00-

21.00; 

standardized 

meals 

1900 kcal daily 

regime 

OGTT with blood 

samples at 0, 30, 60, 

90 and 120 min. 
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Singh[57] 2020 Randomized 

cross-over 

Healthy 22 

(20/2) 

30.09 ± 

8.95 

4 

weeks/trial 

(4 weeks 

washout) 

Intake of most 

of the total 

daily meals 

(approximately 

2000 kcal/day) 

between 20.00-

21.30 

Intake of most 

of the total 

daily meals 

(approximately 

2000 kcal/day) 

between 8.00 - 

9.30 

the National 

Cholesterol Education 

Program step 1 diet 

Blood samples after 

overnight fast (10h)  

 

Abbreviations: N= number of participants; M= male; F= female; SD = standard deviation; min= minutes; h= hour; T2D= type 2 diabetes; CGM= continuous glucose monitor; 

OGTT=oral glucose tolerance test; PRCT= parallel group randomized controlled trial; GI= glycaemic index; PCOS=Polycystic ovary syndrome. 

1 Median (IQR); 2 Mean (range); 3 Minimum age; 4 age range; a The study of Jarrett et al. [26] has different groups with slightly different interventions and is therefore seen as 

separate studies.  
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Table 2. Study-specific comparisons of the early and late meal intake comparisons as included in the 

analyses. 

A. 

Studies with a duration up to one week 

First Author (year) Early meal intake condition Late meal intake condition 

Timing of snacks 

Abbie (2020) [27] Snack as part of dinner Snack 30-45 min. before bedtime 

Imai (2018) [36] Snack at 12.30h Snack at 15.30h 

Nitta (2019) [50] Snack at 12.30h Snack at 19.30h 

Teixeira (2023) [61] Snack as part of dinner before 

22.00h during night shift 

Snack at 03.00h, separate from 

dinner before 22.00h during night 

shift 

 

Timing of one meal – morning versus evening 

Bo (2015) [29] Meal at 08.00h after 8h fast Meal at 20.00h after 8h fast 

Davis (2020) [31] Meal at 08.00h after 10h fast Meal at 20.00h after 10h fast 

Jarrett (1972) [38] OGTT at 09.00h after 9h fast OGTT at 20.00h after 9h fast 

Sato (2019) [55] Meal at 08.00h after 9h fast Meal at 20.00h after 11h fast 

Sonnier (2014) [58] OGTT at 07.00h after 10h fast OGTT at 19.00h after 8h fast 

Takahashi (2023) [59] Meal at 08.10h after 10h fast Meal at 18.10h after 10h fast 

Van Cauter (1992) [63] Meal at 08.00h after 12h fast Meal at 20.00h after 12h fast 

 

Timing of one meal – morning versus afternoon 

Bowen (1967) [30] OGTT at 08.00h after 8h fast OGTT at 12.00h after 5h fast 

Jarrett (1969) [26]  OGTT at 09.30h after 9.5h fast OGTT at 14.00h after 6h fast 

Jarrett (1969) [26]  OGTT at 09.30h after 9.5h fast OGTT at 16.30h after 6h fast 

Jarrett (1970) [39] OGTT at 09.30h after 9.5h fast OGTT at 16.00h after 8h fast 

Lindgren (2009) [44] Meal at 08.00h after 10h fast Meal at 17.00h after 9h fast 

Oakley (1973) [51] OGTT at 09.00h after 11h fast OGTT at 15.00h after 7h fast 

Takahashi (2018) [60] Meal at 09.00h after 10h fast Meal at 17.00h after 4.5h fast 

Zimmet (1974) [65] OGTT at 08.45h after 9-10h fast OGTT at 14.00h after 7-8h fast 

 

Timing of one meal – early versus late afternoon 

Lu (2022) [46] breakfast at 8.00h, lunch at 12:00h, 

diner at 18.00h 

breakfast at 8.00h, lunch at 14:00h, 

diner at 18.00h 

 

Timing of one meal – early versus late evening 

Garaulet (2022) [33] OGTT 4h before bedtime after 8h 

fast 

OGTT 1h before bedtime after 8h 

fast 

Knutsson (2002) [41] Meal at 19.30h during night shift Meal at 23.30h during night shift 

Leung (2019) [43] Meal at 20.00h after 10h fast Meal at 24.00h after 10h fast 

Lopez-Minguez (2018) [45] Meal at 20.00h after 8h fast Meal at 23.00h after 8h fast 

Sato (2011) [56] Meal at 19.00h after 7h fast Meal at 22.30h after 10.5h fast 

 

Extension of the eating window 

Fogteloo (2004) [32] 3 meals between 08.15h – 18.30h 8 meals between 09.00h – 06.00h 

Holmback (2003) [35] 4 meals between 08.00h – 20.00h 6 meals between 00.00h – 20.00h 

Imai (2017) [37] 3 meals between 08.00h – 18.00h 3 meals between 08.00h – 21.00h 
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Imai (2020) [10] 3 meals between 08.00h – 18.00h 3 meals between 08.00h – 21.00h 

Jones (1995) [68] 3 meals between 08.00h – 18.00h 6 meals between 08.00h – 04.00h 

Kajiyama (2018) [40] 3 meals between 08.00h – 18.00h 3 meals between 08.00h – 21.00h 

Nakamura (2021) [48] 3 meals between 08.00h – 18.00h 3 meals between 08.00h – 21.00h 

Ohkawara (2013) [52] 3 meals between 09.00h – 19.00h 6 meals between 09.00h – 21.30h 

Tsuchida (2013) [62] 3 meals between 07.00h – 18.00h 3 meals between 07.00h – 23.00h 

 

Shifting the timing of the eating window 

Nas (2017) [49] Meal at 07.00h and 13.00h Meal at 13.00h and 21.00h 

Pizinger (2018) [54] 3 meals and 1 snack between 09.00h 

– 20.30h 

3 meals and 1 snack between 12.30h 

– 24.00h 

Wehrens (2017) [64] 3 meals with a 5h delay in meal 

timing, meals between 5.5h – 15.5h 

after waking up 

3 meals with 0.5h delay in meal 

timing, meals between 0.5h and 

10.5h after waking up 

B. 

Studies with a duration of multiple weeks 

 

Timing of snacks 

Hibi (2013) [34] Snack at 10.00h Snack at 23.00h 

 

Shifting the timing of the eating window 

Allison (2021) [9] 3 meals and 2 snacks between 

08.00h – 21.00h 

3 meals and 2 snacks between 

12.00h – 23.00h 

Singh (2020) [57] 1 meal between 08.00h – 09.30h 1 meal between 20.00h – 21.30h 

 

Extension of the eating window 

Leung (2021) [42] Refrain from eating between 01.00h 

– 06.00h in night shifts 

No eating time restrictions during 

night shifts 

Madjd (2021) [47] Evening meal between 19.00h – 

19.30h 

Evening meal between 22.30h – 

23.00h 

Papakonstantinou (2016) [53] 3 meals between 08.00h – 21.00h 6 meals between 08.00h – 34.00h 

 

Timing of one meal – shift in lunch time 

Bandin (2015) [28] Breakfast at 08.00h, lunch at 13.00h, 

dinner at 20.00h 

Breakfast at 08.00h, lunch at 16.30h, 

dinner at 20.00h 

Part A of this table includes the study specific comparisons in studies with a duration up to one week. Part B 

provides the study specific comparisons in studies with a duration of multiple weeks. Abbreviations: OGTT = 

oral glucose tolerance test 
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Table 3. Quality assessment of included studies 

First Author Year of 

publication 

SD BL RSB RWD CF DC DA RP Overall 

Abbie[27] 2020 S NR M S S S S S High 

Bo[29] 2015 S NR M W S S S S Moderate 

Bowen[30] 1967 S NR W W S W W W Low 

Davis[31] 2020 S NR M S S S S S High 

Fogteloo[32] 2004 S NR M W S S S M Moderate 

Garaulet[33] 2022 S NR S W S S S S Moderate 

Holmback[35] 2003 S NR M W S S S S Moderate 

Imai[37] 2017 S NR M S S M S M High 

Imai[36] 2018 S NR M S S S S S High 

Imai[10] 2020 S NR M W S S S M Moderate 

Jarrett[26] – healthy 

participants a 

1969 S NR M W S W W M Low 

Jarrett[26] – 

participants with 

hyperglycaemia a 

1969 S NR M W S W W M Low 

Jarrett[39] 1970 S NR M W S W W M Low 

Jarrett[38] 1972 S NR M W S S W M Low 

Jones[68] 1995 S NR M W S S W M Low 

Kajiyama[40] 2018 S NR M W S S S M Moderate 

Knutsson[41] 2002 S NR M W S W M M Low 

Leung[43] 2019 S NR M S S S S S High 

Lindgren[44] 2009 S NR M W S S S S Moderate 

Lopez-Minguez[45] 2018 S NR M W S S S S Moderate 

Lu[46] 2022 S NR M S S S S M High 

Nakamura[48] 2021 S NR M S S S S M High 

Nas[49] 2017 S NR M W S S S M Moderate 
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Nitta[50] 2019 S NR M S S W S S Moderate 

Oakley[51] 1973 S NR M W S S W M Low 

Ohkawara[52] 2013 S NR M W S S S S Moderate 

Pizinger[54] 2018 S NR M M S S S S High 

Sato[56] 2011 S NR M W S S S S Moderate 

Sato[55] 2019 S NR W M S S S S Moderate 

Sonnier[58] 2014 S NR M S S S S S High 

Takahashi[60] 2018 S NR M W S S S M Moderate 

Takahashi[59] 2023 S NR M W S S S S Moderate 

Teixeira[61] 2023 S NR M S S S S S High 

Tsuchida[62] 2013 S NR W W S S S S Low 

Van Cauter[63] 1992 S NR M W S S S M Moderate 

Wehrens[64] 2017 S NR M W S S S M Moderate 

Zimmet[65] 1974 S NR M W S W w M Low 

Allison[9] 2021 S NR M S S S S M High 

Bandin[28] 2015 S NR M W S S S S Moderate 

Hibi[34] 2013 S NR M S S S S M High 

Leung[42] 2021 S NR M S S S S S High 

Madjd[47] 2020 S NR M S S S S S High 

Papakonstantinou[53] 2016 S NR M S S S S S High 

Singh[57] 2020 S NR M S S W S S Moderate 

Abbreviations: SD= study design; BL= blinding; RSB= representativeness with regard to selection bias; RWD= 

representativeness with regard to withdrawals/dropouts; CF= confounding; DC= data-collection; DA= data-

analysis; RP= reporting; W= weak; M= moderate; S= strong; NR= no rating. a Jarrett et al. [26] reported on two 

different trials within one publication and is therefore added to the table twice. The line divides studies with a 

duration of up to one week(above the line) with studies with a duration of multiple weeks (below the line). 
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Figure legends 

Figure 1. Flow-chart of the search and selection process. 

Note: This study is part of a series of systematic reviews and meta-analyses. The flow-chart 

therefore partly consists of data from the series (highlighted in blue). From ‘Reports assessed 

for eligibility’, only papers for this specific meta-analysis are reported (highlighted in yellow). 

Figure 2. Forest plots.  

Forest plots of the estimated mean difference in postprandial glucose values after oral meal 

intake per time point (A), peak glucose response after meal intake in the postprandial period 

(B), insulin values after oral meal intake per time point (C), mean glucose over 24h (D), largest 

glucose peak over 24h (E), mean amplitude of glycaemic excursions over 24h (MAGE) (F), 

largest amplitude of glycaemic excursions over 24h (LAGE) (G), fasting glucose the morning 

after the trial (H), and fasting insulin the morning after the trial (I), all in studies with a duration 

of up to one week. Forest plot of the estimated mean difference in fasting glucose (J), fasting 

insulin (K), and homeostatic model assessment for insulin resistance (HOMA-IR) (L), all 

studies with a duration of ≥ 2 weeks. A positive pooled mean difference reflects a lower 

glycaemic outcome in late meal intake, a negative pooled mean difference reflects a lower 

outcome in early meal intake. 95% CI =95% confidence interval. Studies are pooled together 

regardless of the specific meal or specific timing, always comparing the earliest with the latest 

timepoint. 

Figure 3. Harvest plots. 

Harvest plots of the results of the studies with a duration of up to one week (A) and studies with 

a duration of multiple weeks (B). Studies are pooled together regardless of the specific meal or 

specific timing, always comparing the earliest with the latest timepoint. AUC = area under the 

curve; HOMA-IR = homeostasis model assessment for insulin resistance; QUICKI = 

quantitative insulin sensitivity index; Airg = post-glucose acute insulin response; ISI = insulin 
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sensitivity index; Conga1 = continuous overall net glycemic action for 1 hour; DI = disposition 

index; LAGE = largest amplitude of glycaemic excursion; OGIS = oral glucose insulin 

sensitivity. 
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Lower mean in early energy intake Lower mean in late energy intake 

Lower MAGE in early energy intake Lower MAGE in late energy intake 

Jo
urn

al 
Pre-

pro
of



G. 

 

 

 

 

 

 

 

 

 

 

 

H. 

 

 

 

 

 

 

 

 

 

 

 

I.  

 

 

Lower concentration in early energy intake Lower concentration in late energy intake 

Lower LAGE in early energy intake Lower LAGE in late energy intake 

Lower concentration in early energy intake Lower concentration in late energy intake 

Jo
urn

al 
Pre-

pro
of



J.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L. 

 

 

 

 

Lower concentration in early energy intake Lower concentration in late energy intake 
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A. 

    
[10, 27, 29, 31, 33, 36, 41, 43-

46, 48-51, 54-56, 58-60, 63] 

[27, 29, 46, 49, 50, 52, 63] [36, 37, 40] [27, 35, 48, 56] 

    
[31, 46, 56, 58] [10, 31, 33, 41, 43, 44, 46, 49, 

54, 55, 58-60, 63] 

[32, 52, 63] [32, 35, 64] 

    
[32, 35] [41, 46, 68] [49, 61] [27] 

    
[54] [33, 46, 54] [46] [27, 46] 

   

 

[33, 54] [46] [58]  

▪ High quality 

▪ Moderate quality 

▪ Low quality 

= No difference between early and late eating 

↑ Poorer glycaemic control for late eating compared to early eating 

↓ Better glycaemic control for late eating compared to early eating 

0
5
10
15
20

= ↑ ↓

Postprandial 
glucose AUC

0
1
2
3
4

= ↑ ↓

24h glucose AUC

0
1
2
3
4

= ↑ ↓

Nocturnal 
glucose AUC

0
1
2
3
4

= ↑ ↓

Nocturnal mean 
glucose

0
1
2
3
4

= ↑ ↓

Time to glucose 
peak

0
3
6
9

= ↑ ↓

Postprandial 
insulin AUC 

0
1
2
3

= ↑ ↓

24h insulin AUC

0
1
2
3

= ↑ ↓

24h mean insulin

0
1
2
3

= ↑ ↓

Nocturnal mean 
insulin

0
1
2
3

= ↑ ↓

Insulin peak

0
1
2
3

= ↑ ↓

HOMA-IR

0
1
2
3

= ↑ ↓

QUICKI

0
1
2
3

= ↑ ↓

Airg

0
1
2
3

= ↑ ↓

ISI

0
1
2
3

= ↑ ↓

Conga1

0
1
2
3

= ↑ ↓

J-index

0
1
2
3

= ↑ ↓

DI

0
1
2
3

= ↑ ↓

LAGE 
postprandial

0
1
2
3

= ↑ ↓

OGIS
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B.  

 

 

 

    
[28, 34, 42, 53] [28, 42, 47] [42, 53] [42] 

    
[34, 42, 53] [53] [53] [47, 53] 

▪ High quality 

▪ Moderate quality 

▪ Low quality 

= No difference between early and late eating 

↑ Poorer glycaemic control for late eating compared to early eating 

↓ Better glycaemic control for late eating compared to early eating 

0
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0
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0
1
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0
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Matsuda index

0
1
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3

= ↑ ↓

HbA1c
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Highlights 

What is known about this topic? 

• Continuous food availability disrupts circadian rhythms, causing hyperglycaemia 

• Current reviews are focused on caloric distribution rather than meal timing  

 

What does this study add and its future implications? 

• Early meal intake may be beneficial for glycaemic control, but only in studies up to 1 

week 

• High heterogeneity between studies precludes definite conclusions and clinical 

recommendations.  

• We need larger and longer trials that are better controlled before translating chrono-

nutrition principles to clinical dietary guidelines  
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