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Abstract

Background Eating frequency may affect body weight and cardiometabolic health. Intervention trials and observa-
tional studies have both indicated that high- and low-frequency eating can be associated with better health out-
comes. There are currently no guidelines to inform how to advise healthy adults about how frequently to consume
food or beverages.

Aim To establish whether restricted- (< three meals per day) frequency had a superior effect on markers of cardio-
metabolic health (primary outcome: weight change) compared to unrestricted-eating (> four meals per day) fre-
quency in adults.

Methods We searched Medline (Ovid), Embase, CINAHL (EBSCO), Cochrane Central Register of Controlled Trials (CEN-
TRAL), CAB Direct and Web of Science Core Collection electronic databases from inception to 7 June 2022 for clinical
trials (randomised parallel or cross-over trials) reporting on the effect of high or low-frequency eating on cardio-
metabolic health (primary outcome: weight change). Trial interventions had to last for at least two weeks, and had

to have been conducted in human adults. Bias was assessed using the Cochrane Risk of Bias tool 2.0. Standardized
mean differences (SMD) and 95% confidence intervals were calculated for all outcomes. Certainty of the evidence
was assessed using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) approach.
Results Seventeen reports covering 16 trials were included in the systematic review. Data from five trials were
excluded from meta-analysis due to insufficient reporting. 15 of 16 trials were at high risk of bias. There was very low
certainty evidence of no difference between high- and low-frequency eating for weight-change (MD: -0.62 kg, CI**:
-2.76t0 1.52 kg, p=0.57).

Conclusions There was no discernible advantage to eating in a high- or low-frequency dietary pattern for cardiomet-
abolic health. We cannot advocate for either restricted- or unrestricted eating frequency to change markers of cardio-
metabolic health in healthy young to middle-aged adults.

Protocol registration CRD42019137938.
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Introduction

Eating frequency (which includes drinking) can impact
on a person’s health, but the public still lack clear guid-
ance on whether eating more or less often is beneficial
for health [1-3]. Eating frequency, and dietary patterns in
general, are grounded in long-held societal norms, which
have habituated people in the western world to a pattern
of three daily meals (breakfast, lunch and dinner) plus or
minus snacks [4, 5]. The three meal pattern is not neces-
sarily based upon hunger or optimal health, but is likely
to be driven by prevailing environmental and sociocul-
tural norms [6]. Fasting—foregoing food or calorie con-
taining drinks for long periods—has a growing body of
evidence supporting health-promoting benefits, but fast-
ing may be difficult to implement [5, 7-11].

Studies on the effect of eating frequency date back as
far as 1964 [12, 13] and the literature is conflicting about
whether eating very often or sporadically improves body-
weight and other markers of cardiometabolic health. Eat-
ing energy dense foods more frequently—often linked
to snacking—has been associated with a propensity to
overconsume calories [6, 14—18]; higher eating frequency
may increase body mass (gaining more than 5 kg over a
10 year period) [19]. Observational studies, including one
of over 50,000 adults, suggest that a low meal frequency
reduces body mass index (BMI) [20].

In contrast, a systematic review of participants who
ate between one and 24 meals per day, found no asso-
ciation between eating frequency and bodyweight [21].
Paradoxically, higher eating frequency reduced the risk of
obesity [22], and was associated with an overall healthy
lifestyle in middle-aged men and women. In a meta-
analysis designed to assess the effect of eating frequency
on lean body mass, high eating frequency reduced body
mass, and protected lean body mass. This suggests that
frequent eating may confer specific benefits in certain
populations (e.g. athletes) [23].

For the public, knowing whether to eat only during tra-
ditional meal times (three times per day), or whether to
spread calorie intake more frequently over the day could
support simple, and practicable dietary guidance. There-
fore, we conducted a systematic review of adult human
intervention studies to determine whether there are car-
diometabolic benefits (listed below) to either a low (three
or fewer meals per day) or high (four or more meals per
day) eating frequency.

Methods

Our systematic review was reported according to the Pre-
ferred Reporting Items for Systematic Review and Meta-
Analysis—PRISMA [24] guidelines and was prospectively
registered on PROSPERO (CRD42019137938) [24].
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Definitions
The American Heart Association attempted to define an
eating episode in their scientific statement of 2017 by sug-
gesting that all eating occasions with any food or drink
amounting to more than 210 kJ (or 50 kcals) and with no
longer than 15 min of time elapsed be defined as a single
episode [3]. However, due to the heterogeneity and lack
of definitions in previous research we made a pragmatic
decision to define an eating occasion as any ingestion of
kcals, consumed either by food or beverage, with each
single episode lasting no longer than one hour (including
all snacks, drinks and other instances of calorific intake).
Low (three meals or less) and high (four meals or more)
meal frequencies were classified to assess whether differ-
ences in health exist based upon a current conventional
(three meals per day) Western-diet. Although there is
overlap between fasting and low eating frequency, we
considered fasting as going more than 24 h without food
or drink. We considered full-day fasting to be a distinct
more extreme intervention that simply reducing the fre-
quency of meals, trials that limited intake to less than one
meal per day were therefore not included in our review.

Search strategy

We searched the Medline (Ovid), Embase, CINAHL
(EBSCO), Cochrane Central Register of Controlled Tri-
als (CENTRAL), CAB Direct and Web of Science Core
Collection electronic databases from inception to 7 June
2022. Searches were also conducted of ProQuest Dis-
sertations & Theses Global and ClinicialTrials.gov reg-
istry for grey literature for the same date range. Google
Scholar was searched on 7 June 2022: we screened the
first 10 pages of search records returned for relevant liter-
ature [25]. The search strategy for all databases, including
keywords and MeSH terms, as well as the grey literature
searches can be found in Supplementary file 1. Methodo-
logical and population search filters were used to retrieve
only randomized controlled trials and to exclude pediat-
ric and animal studies. The search filters can be found in
Supplementary file 2. We supplemented the bibliographic
database search with backward citation tracking.

Trial selection
The selection criteria are listed in Table 1. Where multi-
ple reports related to a single trial were published, both
reports were included if they reported different sets
of data that met our inclusion criteria. If two records
reported the same data, we included data from the report
that was published first in-print.

If studies were not available in English, they were
translated using Google Translate. We used Covidence
(Covidence systematic review software, Veritas Health
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Table 1 Inclusion and exclusion criteria
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Inclusion criteria

General populations of free-living adults (of > 18 years of age)

Clinical trial comparing interventions of low (three or less) vs high (four or more) meal frequency (Randomized controlled trial, crossover or parallel

controlled trial)

Reported an outcome related to body composition (e.g. bodyweight, BMI) and/or a surrogate marker of cardio-metabolic disease (e.g. fasting blood

glucose, Hemoglobin Alc (HbA1q), lipids)
Exclusion criteria

Studies of participants with altered body composition due to external factors, including, but not limited to pregnancy, malignancy, eating disorders,

smokers, elite athletes, or a history of bariatric surgery
Interventions of less than two weeks duration

Trials focussed on fasting for longer than 24 h (explicitly less than one meal per day)

Cross-over studies with a washout period of less than one week

Uncontrolled medication use between intervention groups (e.g. one trial arm using medications known to effect weight change)

Undefined eating frequency observed by participants
Measurements of body composition were not standardised

Inclusion of dietary supplements, pharmacological interventions or commercial diet replacement foods as part of the main intervention

Conference abstracts or proceedings papers

Innovation, Melbourne, Australia; available at www.covid
ence.org) to manage the screening and selection process.
Articles were de-duplicated, then screened.

Two reviewers independently screened titles and
abstracts for inclusion; disagreements were resolved by
consensus or a third reviewer if they could not reach con-
sensus. Records that were obtained in full-text were also
screened by two independent reviewers using the same
process to resolve any disagreements [26].

Data extraction

Data were extracted in duplicate and independently by
two reviewers using a custom data extraction sheet. Any
disagreements were resolved via consensus. We extracted
the following summary data from each record:

Year of publication

First author name

Manuscript title

Trial design (crossover or parallel)

Trial duration

Sample size

Geographical and age demographics of included participants
Reported genders

Participant weight-status (e.g. under/over or normal weight) at trial initia-
tion — Determined via BMI

Trial conditions (laboratory vs free-living)

Number of meals per day in each intervention-arm
Interventions as eucalorific or equicalorific

Diets providing energy surplus, deficit, balance or unclear
Methods to ensure dietary compliance

Methods for measuring bodyweight and mass (e.g. fat mass)
Sources of funding

Outcome data
Primary outcome data were collected for bodyweight
(kgs). Secondary outcome data were collected for:

« BMI (kg/m?);

« fat-mass (kgs);

. HbAlC;

+ triglycerides (mmol/L);

« total cholesterol (mmol/L);
+ LDL cholesterol (mmol/L);
+ HDL cholesterol (mmol/L);
+ glucose (mmol/L);

+ and insulin (mU mL-1).

Data management
Data for all primary and secondary outcomes were con-
verted to standard units (e.g. kgs and mmol/l) using an
online calculator (https://www.omnicalculator.com/).
Where data were unclear or missing, we contacted
the corresponding author via email. Trials that reported
secondary outcomes of interest in their manuscript
were highlighted and their available trial protocols were
checked to see if additional outcomes of interest had
been collected. If appropriate, authors were then con-
tacted to see if additional (non-reported) data were avail-
able regarding our primary or secondary outcomes of
interest. If no reply was received, we allowed one week
before contacting authors again. If data were missing (e.g.
variance measures), then authors were also contacted
for the additional statistical data. If no response was
received, we considered the data were not available.
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Trials that did not compare between restricted and
unrestricted frequencies but otherwise met our inclu-
sion criteria were included in the qualitative analysis but
not the meta-analysis. If a trial reported at least one out-
come of interest with the associated mean and standard
deviation data pre- and post-intervention, then they were
included in the meta-analysis. Trials that did not report
pre- and post-intervention data on either of our primary
or secondary outcomes were included in the qualitative
data synthesis but excluded from the meta-analysis.

Risk of bias assessment

Two reviewers independently assessed the risk of bias for
each trial using the Cochrane Risk of Bias tool for ran-
domized trials (RoB Version 2.0) [27]. We assessed bias
at the trial- and domain-level. Any disagreements were
resolved via consensus, or a third reviewer if consensus
could not be reached.

Statistical analysis

We classified interventions as restricted eating (three
meals or less per day) or unrestricted eating (four meals
or more per day). Differences in the effect of each inter-
vention were assessed using mean differences with 95%
confidence intervals where trials used the same outcome
measure. Where different outcome measures (e.g. fat
mass measured via Dual-Energy X-ray Absorptiometry
(DEXA) scan or Bioelectrical impedance analysis (BIA))
were used, we estimated the standardized mean dif-
ference (SMD) (effect size). Where pre- and post-trial
change values (mean and standard deviation) were not
presented and individual trial-level data were not avail-
able, we calculated the standard error of the change using
each intervention group’s reported pre- and post-trial
standard deviation.

We planned a sensitivity analysis for the primary out-
come data (restricting the analysis to data from parallel-
groups trials) to evaluate whether trials design distorted
the effect estimate. Subgroup analyses were planned
to assess for differences between: parallel and crosso-
ver trials; female and male participants; normal weight
(BMI 18.5-25.0) vs overweight (BMI 25.0—30.0) or obese
(BMI>30.0) participants as defined by their BMI; and
whether a kcal deficit, balanced or surplus diet was pre-
scribed in the eating frequency intervention.

All meta-analyses were carried out using RevMan
V.5.3 (Copenhagen: The Nordic Cochrane Centre, The
Cochrane Collaboration, 2014). We used a random-
effects model for continuous outcomes and reported
effect estimates with 95% confidence intervals. We
selected random-effects analysis due to the expected
heterogeneity in trial populations, and known hetero-
geneity of the prescribed interventions (included macro
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and micronutrient intakes). A funnel plot analysis was
planned to assess publication bias across all outcomes.
We used the I? value to assess statistical heterogeneity,
and considered <40% as low heterogeneity; 30-60% as
moderate; 50-90% as substantial; and 75-100% as con-
siderable heterogeneity [28].

Certainty of evidence

Two reviewers independently used the Grading of Rec-
ommendations Assessment, Development and Evalu-
ation (GRADE) framework to judge the certainty of
evidence for all outcomes included in the meta-analysis
[29]. We considered risk of bias, inconsistency, impreci-
sion, indirectness and risk of publication bias, and rated
certainty of the evidence as high, moderate, low or very
low for each outcome. A summary of findings Table was
created using GRADEpro GDT (GRADEpro Guideline
Development Tool [Software]. McMaster University and
Evidence Prime, 2022. Available from gradepro.org.) to
provide evidence summaries with absolute effects for
each outcome [29].

Results

Our search vyielded 10,991 records from database
searches. After removing duplicates, we screened 7108
records. Grey literature searches and bibliography
searches of the included records led us to review an addi-
tional 377 records. We screened 109 records in full-text
to determine eligibility. Of these, 17 published papers
based on 16 trials met our inclusion criteria. The results
of the search are reported in the PRISMA flowchart
(Fig. 1).

Primary reasons for excluding reports were: interven-
tions lasting fewer than two weeks; no washout between
interventions in crossover trials; and using an interven-
tion that did not include a specific eating frequency allo-
cation. A list of the excluded studies with reasons can be
found in Supplementary file 3.

Characteristics of included studies

A summary of the eligible studies is shown in Table 2 (a
larger summary of the data extraction Table is in Sup-
plementary file 6). Trials were conducted between 1971
and 2020. Trials ranged from two-weeks to one-year in
duration and included between 7 and 140 participants.
There were eight crossover trials and eight parallel-group
trials. Seven trials took place in North America, three in
Europe, two in Iran and one in Brazil.

Seventeen reports covered 16 distinct trials compar-
ing the effect of meal frequency. Five trials included
only female participants, three included only male par-
ticipants, and eight included participants of both sexes.
Thirteen of the trials selected from people considered
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Identification of new studies via databases
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Identification of new studies via other methods

Reports assessed for eligibility
(n=87)

Intervention not > 2/52 (n = 19)
Wrong intervention (n = 12)
No washout between crossover (n

Records identified through
database searching: .
g MEDLINE (n = 2094); Rocsrds_s ?en-m(‘:?d"ml’;‘:'al co
g g’“t;]ase ("( = 22?)28)9;) Records removed before screening: (neg'f :7'7' MicaRinals-Coy
ochrane (n = : Duplicate records (n = 3883 .
£ CINHAL (n = 2471); P ( ) Websites: Google Scholar (n
5 Web of Science (n = 1221); = 217); ProQuest (n = 99)
2 CAB Direct (n = 554) Citation searching (n = 14)
Total = 10,991
.~
m |
Records screened Records excluded
(n=7108) *l (n=7021)
Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
by (n=87) (n=0) (n=22) (n=0)
! } |
Reports excluded: Reports excluded:

Reports assessed for eligibility
(n=22)

Intervention < 2/52 duration
(n=12)
No washout (n = 3)

=11)
Abstract only (reported
elsewhere) (n = 10)

— outcome of interest (n = 7)
Wrong outcomes (n = 4)

Medication usage influencing

) Wrong patient population (n = 4)
Wrong study design (n = 2)
Not available in English (n=1)

Wrong intervention (n = 3)
Wrong study design (n=1)
Author unable to confirm
study details (n = 1)
Wrong population (n = 1)
Abstract-only (n= 1)

v

New studies included in review
(n=17) -

Included

—

Fig. 1 PRISMA flowchart

as obese at the start of the trial, and three selected only
those considered as ‘normal’ weight. Three trials pro-
vided some or all meals within a controlled environment;
13 trials allowed participants to consume their meals
‘free-living’

Five studies provided diets that were equicalorific
(where participants all receive the same amount of kcals
regardless of energy output), seven aimed for eucaloric
intakes (where kcals provided by meals attempt to match
the amount given to the participant’s basal metabolic rate
and their energy expenditure) and four studies could not
be classified as either equicalorific or eucaloric. Seven tri-
als aimed for a total kcal deficit on the prescribed meal
frequencies, five trials aimed for balanced kcal intakes
and in four trials it was unclear.

Of the 16 trials two lasted longer than 100-days, both
used a parallel trial design [38, 40]. These two trials by
Berteus-Forslund et al. (2008) and Bachman et al. (2012)
recruited obese or overweight patients and both utilized
a three vs six meal comparator. Berteus-Forslund suffered
a high drop out rate (140 participants were randomized,
with 93 completing the respective interventions). Ber-
teus-Forslund et al. reported a significant elevation of

HDL cholesterol favoring the low frequency (three-meal
per day) group, whereas Bachman et al. reported no dif-
ferences in the high or low frequency eating groups for
BM]I, fat-free mass, or body fat %. Both groups lost equal
amounts of weight overall having been assigned calo-
rie deficit diets over their respective six and 12-month
interventions.

Risk of bias
Our risk of bias assessment is shown in Table 3.

Two trials reported methods of randomisation [40,
44]. 12 trials were unclear about how participants were
randomised. In two cases randomisation was not men-
tioned and therefore we rated the studies at high-risk of
bias [45, 46].

Fifteen trials were at high risk of bias due to potential
deviations from the intended intervention. Finklestein
et al. [30], demonstrated high-fidelity (no deviations)
as they maintained tight control over all the daily meals
participants consumed in a laboratory setting. All other
trials reported different compliance rates between inter-
vention groups, or had deviations from the interven-
tion that may have affected the outcome. None of the
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Table 3 Risk of bias assessment

Page 13 of 21

Risk of bias domains

[ D3

[ overal |

Finkelstein et al., 1971

Young et al., 1971

Jenkins et al., 1989

Verboeket et al., 1993

Murphy et al., 1996

Rashidi et al., 2003

Stote/Carlson et al., 2007

Berteus-Forslund et al., 2008

Study

Cameron et al., 2010

Bachman et al., 2012

Arciero et al., 2013

Zargaran et al., 2014

Alencar et al., 2015

Perrigue et al., 2017

Hagele et al., 2018

Grangeiro et al., 2021

Overall Risk Classification per Domain

L 2 K M MONONOMN NONOMONONOMOMONOMNO]
000000000006 06066 6 63

090006000006 o e 6 e

trials attempted to analyse the effect of adherence to the
intervention.

Six trials had significant loss to follow-up with their
participants, or did not use intention-to-treat analysis—
we judged the trials as high risk of bias for missing out-
come data [36, 38, 39, 42—44]. Seven trials did not lose
any participants to follow-up and therefore we rated
them at low-risk for missing outcome data.

Fifteen trials had no publicly available protocol to
assess reported outcomes against those planned a priori.
Therefore, we judged the trials as at some concern for
bias.

We judged 15 trials as at ‘high risk’ in at least one bias
domain. Fifteen were judged as at high-risk of bias at the
trial level. Domains 1-3 had at least two studies demon-
strating a high-risk of bias, and therefore were considered
to be at high-risk of bias at the domain-level. Domain 4 —
measurement of the outcome was the only domain con-
sidered at low-risk of bias at the domain level.

Results of synthesis
Five trials were only included in the qualitative syn-
thesis. Three trials [30, 36, 42] compared eating

Domains:

D1: Bias arising from the
randomization process.

D2: Bias due to deviations from
intended intervention.

D3: Bias due to missing outcome
data.

D4: Bias in measurement of the
outcome.

D5: Bias in selection of the
reported result.

Low risk of bias

@ Intermediate risk of bias

@ | High risk of bias

0000000060060 060606 060 o¢

®© 000 oo e oo e e o e e o e e)p

0000000000606 0606 06 06 O
®

frequencies that were either both restricted or both
unrestricted, and were excluded from meta-analysis.
One trial [35] reported pre-trial values for weight but
no post-values, and post-values for insulin, triglycer-
ides and cholesterol but no pre-trial values. We con-
tacted the lead author who was unable to provide the
information.

Outcomes
No trials assessed blood sugar control using HbAlc.
Excluding data from cross-over trials from the primary
meta-analysis (weight change) did not substantially
change the effect estimate. Therefore, we combined
data from all available trials in the meta-analyses. No
sensitivity analysis was conducted based on trial-level
risk of bias because all trials were at high overall risk of
bias. A funnel plot was generated for the primary out-
come (weight change) but may not convey the full pic-
ture of small trial bias given there were only eight trials
included in the funnel plot (Supplementary file 4).

Our GRADE assessment of the certainty of the evi-
dence has been integrated within each of the outcomes,
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the full GRADE Table with explanatory notes can be
found in Supplementary file 5.

Weight change

Eight trials (=279 participants) assessed the effect
of low vs high eating frequencies on weight change.
There was very low certainty evidence of no dif-
ference between low and high eating frequency on
weight change (mean difference: -0.62 kg (95% con-
fidence interval: -2.76 to 1.52 kg, p=0.57, 1*=63%)
(Table 4, Supplementary file 5). The populations stud-
ied were small; participants were all young to middle-
aged adults. Trial populations were a mix of healthy,
overweight and obese, but with no reported co-mor-
bidities at baseline. We downgraded the certainty of
evidence due to high risk of bias, moderate inconsist-
ency (I>=63%), indirectness (trials included both equi-
calorific and eucaloric interventions), and imprecision
(fewer than 400 participants, the lack of an agreed
effect size estimator, and the wide confidence intervals).
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BMI

Five trials (n=230 participants) assessed the effect of low
vs high eating frequencies on BML There was very low cer-
tainty evidence of no difference between low and high eat-
ing frequency on BMI (mean difference: -0.4 kg/m?* (95%
confidence interval: -0.81 to 0.02 kg/m2, p=0.06, 2=0%)
(Table 5, Supplementary 5). The populations studied were
small; participants were all young to middle-aged adults.
Trial populations were a mix of healthy, overweight and
obese, with no reported co-morbidities at baseline. We
downgraded the certainty of evidence due to high risk
of bias, indirectness (heterogeneity of trial designs), and
imprecision (low number of participants, and wide confi-
dence intervals).

Fat Mass

Five trials (n=142 participants) assessed the effect of
low vs high eating frequencies on Fat mass (kgs). There
was very low certainty evidence of no difference between
low and high eating frequency on fat mass (standardized

Table 4 Forest plot comparing low (< three meals/day) vs high (>four meals/day) meals effect on weight change (kg)

Meals unrestricted
Total Mean [Kgs] SD [Kgs]

Meals restricted

Study or Subgroup  Mean [Kgs] SD [Kgs]

Total Weight IV, Random, 95% CI [Kgs]

Mean Difference Mean Difference

Heterogeneity: Tau®= 5.26; Chi*=18.11, df= 7 (P = 0.008); F= 63%

IV, Random, 95% CI [Kgs]

Arciero -0.7 5.88 10 -041 6.08 10 96% -0.60[-5.84, 4.64]
Berteus-Forslund -4.1 6.1 44 -5.8 9.4 49 151% 1.70[-1.49, 4.89] ]
Carneron -6.3 8.5 8 -4.6 12.05 8  37% -0.70[-10.82,9.52]
Grangeiro -7.8 3.35 21 -3 312 19 18.9% -4.00 [-6.91,-2.89] —
Hagele 0.1 3.95 26 0.2 4.02 26 18.4% -0.10[-2.27, 2.07] I
Jenking -0.9 417 7 -05 417 7 11.6% -0.40[-4.77,3.97] - T
Perrigue 0.1 515 15 -0.3 519 15 13.58% 0.40[-3.30,4.10] S —
Werhokoet -31 6.31 7 -47 3.69 792% 1.60[-3.82,7.02] I e ——
Total (95% CI) 138 141 100.0% -0.62 [-2.76, 1.52] *

]

Testfor overall effect: 2= 0.56 (P = 0.57)

10
Favours [unrestricted]

Table 5 Forest plot comparing low (< three) vs high (>four) meals effect on BMI (kg/m.?)

Meals restricted Meals unrestricted

Study or Subgroup  Mean [Kg/m2] SD [Kg/m2] Total Mean [Kg/m2] SD [Kgim2]

Total Weight IV, Random, 95% CI [Kg/m2]

Mean Difference
IV, Random, 95% CI [Kg/m2]

Mean Difference

Bachman -5.9 1.32 28 -5 1.48 26
Berteus-Forslund -1.4 2 44 -0.8 3 49
Cameron -1.9 213 g -1.8 23 g
Grangeiro -1.4 1.23 21 -1.2 1.28 19
Perrigue 1} 1.22 15 -0.1 1.26 15
Total (95% ClI) 113 117

Heterogeneity: Tau®= 0.00; Chi*= 3.13, df= 4 (P = 0.54); *= 0%
Testfor overall effect Z=1.86 (P = 0.06)

29.3% -0.90 [1.67,-0.13] —a—
16.4% -0.50 1,53, 0.53] —
37% -0.40 -2.57,1.77) —
28.5% -0.20 [-0.98, 0.58] —=—
22.0% 010079, 0.99] —
100.0% -0.40 [-0.81, 0.02] @
1 -2 2 1

Favours [restricted] Favours [unrestricted]

Table 6 Forest plot comparing low (<three) vs high (>four) meals effect on fat mass (kg)

Meals restricted Meals unrestricted

Std. Mean Difference

Std. Mean Difference

Study or Subgroup  Mean SD Total Mean SD  Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
Werbokoet -23 0 3Im 7 =27 31 7O101% 0.11[-0.94,1.15] E—

Hagele -0.3 187 26 1 1.79 26 352% -0.70[-1.26,-0.14] ——

Grangeiro -3 236 pal -2.6 223 189 287% -0.17 [0.78, 0.45] —

Cameron -31 3728 8 -3.2 5.36 8 116% 0.02 [-0.96, 1.00]

Arciero -1.89 304 10 -1.9 4.38 10 14.4% 0.00 [-0.88, 0.88] I E—

Total (95% Cl) 72 70 100.0% -0.28 [-0.62, 0.05] “

Heterogeneity: Tau®= 0.00; Chi*= 3.54, df= 4 (P = 0.47); F= 0% 12 51 s 15 é

Test for overall effect: Z=1.66 (P=0.10)

Favours [restricted] Favours [unrestricted]
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mean difference: -0.28kgs (95% confidence interval: -0.62
to -0.05 kg/m?, p=0.10, I*=0%) (Table 6, Supplementary
file 5). The populations studied were small; participants
were all young to middle-aged adults. Trial populations
were a mix of healthy, overweight and obese, with no
reported co-morbidities at baseline. We downgraded
the certainty of evidence due to high risk of bias across
all included studies, indirectness (heterogeneity of trial
designs), and imprecision (low number of participants
and wide confidence intervals).

Blood Glucose

Three trials (m=155 participants) assessed the effect
of low vs high eating frequencies on blood glucose
(mmol/L). There was very low certainty evidence of no
difference between low and high eating frequency on
blood glucose (mean difference: -0.09 mmol/L (95% con-
fidence interval: -0.23 to 0.05 mmol/L, p=0.21, I>=42%)
(Table 7, Supplementary file 5). The trial populations
studied were small; participants were all young to middle-
aged adults. All three trials studied obese adults with no
reported co-morbidities at baseline. We downgraded the
certainty of evidence due to high risk of bias across all tri-
als, inconsistency (large variations in the point estimates
and a moderate I* value), indirectness (heterogeneity of
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trial designs), and imprecision (low number of partici-
pants and wide confidence intervals).

Insulin

Three trials (n=155 participants) assessed the effect of
low vs high eating frequencies on insulin (mU mL-1).
There was very low certainty evidence of no difference
between low and high eating frequency on blood glucose
(mean difference: -3.38 mU mL-1 (95% confidence inter-
val: -6.87 to 0.11 mU mL-1, p=0.06, >’=67%) (Table 8,
Supplementary file 5). The trial populations studied were
small; participants were all young to middle-aged adults.
All three trials studied obese adults with no reported co-
morbidities at baseline. We downgraded the certainty of
evidence due to high risk of bias across all trials, indi-
rectness (heterogeneity of trial designs), and imprecision
(low number of participants).

Triglycerides

Six trials (n=243 participants) assessed the effect
of low vs high eating frequencies on triglycerides
(mmol/L). There was very low certainty evidence of
no difference between low and high eating frequency
on triglycerides (mean difference: -0.02 mmol/L (95%
confidence interval: -0.08 to 0.05 mmol/L, p=0.28,
1’=20%) (Table 9, Supplementary file 5). The trial

Table 7 Forest plot comparing low (< three) vs high (>four) meals effect on blood glucose (mmol/L)

Meals restricted Meals unrestricted

Study or Subgroup __Mean [mmoliL] SD [mmol/L] _Total Mean [mmoliL] SD [mmoliL] _ Total

Weight IV, Random, 95% CI [mmol/L]

Mean Difference
IV, Random, 95% CI [mmol/L]

Mean Difference

Alencar -0.2 0.26 " 1} 018 11 328% -0.20 [-0.39,-0.01] e E—

Berteus-Forslund -0.2 0.46 44 -0.3 0.78 49 21.6% 010 [-0.16, 0.36] —
Grangeiro -0.2 0.28 21 -0.1 0.14 19 45.6% -0.10 [-0.24, 0.04] ——

Total (95% CI) 76 79 100.0% -0.09 [-0.23, 0.05] el

Heterogeneity: Tau*=0.01; Chi*=3.42, df=2 {P=0.18); F=42% ,D=5 g=25 0 1] =25 []Is

Testfor overall effect Z=1.26 (P =0.21)

Favours [restricted] Favours [unrestricted]

Table 8 Forest plot comparing low (<three) vs high (>four) meals effect on insulin (mU mL-1)

Meals unrestricted
Mean [mU ML-1] SD [mU ML-1]

Meals restricted

Study or Subgroup  Mean [mUML-1] SD[mUML-1] Total Total

Mean Difference
Weight IV, Random, 95% CI [mU ML-1]

Mean Difference
IV, Random, 95% CI [mU ML-1]

Alencar -8 6.27 1" 0 4.69 1M 267% -8.00 [-12.63,-3.37) I

Berteus-Forslund -4.2 11 44 -33 103 43 28.3% -0.90 [-5.25, 3.45] —

Grangeiro -6.1 an il -39 2.29 19 450% -2.20[-3.88,-0.52) ——

Total (95% Cl) 76 79 100.0% -3.38[-6.87, 0.11] —~ei—

Heterogeneity: Tau®= 6.31; Chi*= 6.03, df= 2 (P = 0.05), F=67% »150 5 ) 5 1=D

Test for overall effect: Z=1.90 (P = 0.06)

Favours [restricted] Favours [unrestricted]

Table 9 Forest plot comparing low (<three) vs high (>four) meals effect on triglycerides (mmol/L)

Meals restricted Meals unrestricted

Mean Difference Mean Difference

Study or Subgroup  Mean [mmol/L] SD [mmol/L] Total Mean [mmollL] SD[mmol/L] Total Weight IV, Random, 95% CI [mmol/L] IV, Random, 95% CI [mmol/L]

Alencar -0.04 019 11 -0.17 0.25 11 10.4% 013 [F0.06, 0.32] =

Berteus-Farslund -017 0.88 44 -0.23 0.58 49 4.1% 0.06 [-0.25, 0.37] —

Grangeiro -017 0.1 21 -0.1 012 19 41.7% -0.07 [-0.14,-0.00] -

Hagele 0.03 0.25 26 0.02 018 26 21.4% 0.01[F011,013] -

Jenkins -0.75 05 7 -0.44 0.43 7 1.7% -0.31 [-0.80,0.18] I

Murphy 0.02 014 11 0.03 015 11 207% -0.01 [0.13,0.11] -

Total (95% CI) 120 123 100.0% -0.02 [-0.08, 0.05] L 3

Heterogeneity: Tau?= 0.00; Chi*= 6.29, df= 5 (P = 0.28); F= 20% 9_1 »05 5 3 095 19

Testfor overall effect: Z=0.56 (P = 0.57)

Favours [restricted] Favours [unrestricted]
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populations studied were small; participants were all
young to middle-aged adults. Participants were a mix-
ture of obese and healthy weight adults with no comor-
bidities. We downgraded the certainty of evidence due
to high risk of bias across all trials, indirectness (heter-
ogeneity of trial designs), and imprecision (low number
of participants).

Total cholesterol

Five trials (=191 participants) assessed the effect
of low vs high eating frequencies on total cholesterol
(mmol/L). There was very low certainty evidence of no
difference between low and high eating frequency on
total cholesterol (mean difference: 0.09 mmol/L (95%
confidence interval: -0.12 to 0.29 mmol/L, p=0.41,
1>=63%) (Table 10, Supplementary file 5). The trial
populations studied were small; participants were all
young to middle-aged adults. Participants were a mix-
ture of healthy weight, overweight, and obese adults
with no comorbidities. We downgraded the certainty of
evidence due to high risk of bias across all trials, mod-
erate inconsistency (I> — 63%), indirectness (heteroge-
neity of trial designs), and imprecision (low number of
participants, and wide confidence intervals).
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LDL cholesterol

Five trials (n =191 participants) assessed the effect of low
vs high eating frequencies on LDL cholesterol (mmol/L).
There was very low certainty evidence of no differ-
ence between low and high eating frequency on LDL
cholesterol (mean difference: 0.05 mmol/L (95% confi-
dence interval: -0.13 to 0.23 mmol/L, p=0.62, I>=59%)
(Table 11, Supplementary file 5). The trial populations
studied were small; participants were all young to mid-
dle-aged adults. Participants were a mixture of healthy
weight, overweight, and obese adults with no comor-
bidities. We downgraded the certainty of evidence due
to high risk of bias across all trials, indirectness (hetero-
geneity of trial designs), and imprecision (low number of
participants and wide confidence intervals).

HDL

Five trials (n=191 participants) assessed the effect
of low vs high eating frequencies on HDL cholesterol
(mmol/L). There was very low certainty evidence of no
difference between low and high eating frequency on
HDL cholesterol (mean difference: 0.05 mmol/L (95%
confidence interval: -0.00 to 0.09 mmol/L, p=0.07,
12=22%) (Table 12, Supplementary file 5). The trial pop-
ulations studied were small; participants were all young

Table 10 Forest plot comparing low (< three) vs high (>four) meals effect on total cholesterol (mmol/L)

Meals restricted Meals unrestricted

Mean Difference Mean Difference

Study or Subgroup  Mean [Mmol/L] SD [Mmol/L] Total Mean [MmolL] SD [Mmol/L] Total Weight IV, Random, 95% CI [Mmol/L] IV, Random, 95% CI [MmoliL]
Alencar -0.23 0.43 11 -0.13 0.41 M1 17.2% -0.10 [-0.45, 0.25] .
Berteus-Forslund -0.11 0.59 44 -0.16 0.64 49 228% 0.05 [-0.20, 0.30] T

Grangeiro -0.27 0.1 21 -0.17 0.29 19 28.5% -0.10 [-0.26, 0.06] —

Jenkins -0.18 0453 7 -0.83 0.49 7 103% 0.65[012,1.18] e —
Murphy 012 0.33 1" -0.13 0.33 M 21.2% 0.25[-0.03, 0.53] T

Total (95% CI) 94 97 100.0% 0.09[-0.12, 0.29]

Heterogeneity: Tau®= 0.03; Chi= 10.71, df = 4 (P = 0.03); F= 63%

Testfor overall effect: Z=0.82 (P=0.41)

Table 11 Forest plot comparing low (<three) vs high (>four) meals effect on LDL (mmol/L)

Meals restricted

Meals unrestricted

Mean Difference

. et :

‘ .
1 05 0 05 1
Favours [restricted] Favours [unrestricted]

Mean Difference

Study or Subgroup  Mean [Mmol/L] SD[MmoliL] Total Mean [Mmol/L] SD[MmoliL] Total Weight IV, Random, 95% CI [Mmol/L] IV, Random, 95% CI [MmoliL]
Alencar -0.18 0.38 11 -0.08 0.37 M1 17.3% -010 041, 0.21] —
Berteus-Forslund -01 0.4 44 -0.08 0.6 49 23.4% -0.02 [-0.24, 0.20] I

Grangeiro -0.14 021 2 -0.08 0.25 19 206% -0.08 [-0.22, 0.08] —

Jenking 0.06 0.45 7 -0.58 0.43 7 108% 0.64[0.18,1.10] e —
Murphy -0.01 0.35 1" -013 0.34 M1 18.8% 012017, 0.41] I

Total (95% CI) 94 97 100.0% 0.05[-0.13,0.23]

Heterageneity: Tau®= 0.02; Chi*= 9.65, df=4 (P =0.05); F= 59%

Test for overall effect: Z=0.50 (P = 0.62)

Table 12 Forest plot comparing low (< three) vs high (>four) meals effect on HDL (mmol/L)

Meals restricted

Meals unrestricted

Mean Difference

1 05 0 05 1
Favours [restricted] Favours [unrestricted]

Mean Difference

Study or Subgroup  Mean [Mmol/L] SD [Mmol/L] Total Mean [Mmol/L] SD [Mmol/L] Total Weight IV, Random, 95% CI [Mmol/L] IV, Random, 95% CI [Mmol/L]
Alencar -0.03 013 11 0 012 11 18.0% -0.03[-0.13, 0.07] —

Berteus-Forslund 01 0.21 44 0.02 015 49 296% 0.08[0.01,0.14) -
Grangeiro -0.04 0.09 21 -0.07 01 12 335% 0.03 [-0.04,0.10] —T

Jenkins -0.03 014 7 -0.05 016 7 8.9% 0.02[0.14,018] S E—

Murphy 01 019 1" -0.04 016 11 101% 0.15[0.00, 0.30] —
Total (95% CI) 94 90 100.0% 0.05 [-0.00, 0.09] g
Heterogeneity: Tau®= 0.00; Chi*= 5.06, df= 4 (P =0.28); F=21% + +

Testfor overall effect. Z=1.80 (P = 0.07)

02 01 0 01 02
Favours [restricted] Favours [unrestricted]



Blazey et al. Int J Behav Nutr Phys Act (2023) 20:133

to middle-aged adults. Participants were a mixture of
healthy weight, overweight, and obese adults with no
comorbidities. We downgraded the certainty of evidence
due to high risk of bias across all studies, indirectness
(heterogeneity of trial designs), and imprecision (low
number of participants).

Subgroup and sensitivity analyses

Due to insufficient data, none of our planned subgroup
analyses were conducted. In an alteration to our protocol
we did conduct one sensitivity analysis to assess whether
trials that included drinks-alone as meals affected our
findings. The removal of the single trial that counted
drinks as a meal (Hagele et al,, 2018) did not change
our results for weight change, fat-mass, or triglycerides.
All results remained neutral favouring neither high- or
low-meal frequency (See supplementary file 7 for point
estimates).

Discussion

In this meta-analysis of different eating frequencies in
clinical trials (parallel or crossover) that last a minimum
of two-weeks, we found no difference between eating
high- or low-meal frequency on cardiometabolic health.
The majority of trials that compare eating frequency had
small sample sizes, and did not report the minimum sam-
ple size to detect statistical or clinically-significant differ-
ence between groups.

Of the 16 trials in our review, Finkelstein et al’s 1971
trial [30] was the most tightly controlled; participants
were observed while they ate in the laboratory. Although
15 of the 16 trials were at high risk of bias, we did not
rate any down due to lack of blinding of participants
and researchers, as we did not believe this likely affected
measurements of the outcome given the tightly con-
trolled procedures for collecting weight measurements
and blood draws.

Previous systematic reviews on the health effects of
eating frequency had at least six limitations. The authors
of those reviews:

1. drew conclusions based primarily on animal studies

2. included trials that were too short to infer a change
in cardiometabolic variables (i.e. < two weeks)

3. included parallel or crossover trials with no clear
washout period between interventions

4. included studies with research designs that did not
address the question of causality/difference in inter-
ventions

5. focused on performance rather than health metrics
e.g. body composition;
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6. recruited populations that limit the generalizability
of study findings (e.g. athletes in heavy training) [21,
23,47, 48].

From a 2021 systematic review that addressed the
question of how portion size and eating (‘ingestive’) fre-
quency affected health, authors concluded that there was
insufficient information to determine chronic effects on
body weight. Those authors only found four papers on
eating frequency, none of which met our inclusion cri-
teria [49]. Separate meta-analysis focused only on how
meal frequency affected cardiometabolic factors (cho-
lesterol, insulin, blood sugar, and triglycerides) [50]. Sev-
eral of their included studies did not meet our inclusion
criteria due to: (i) the lack of a washout period between
crossover interventions, or (ii) the inclusion of patients
on medications that affect the outcomes of interest
(e.g. bodyweight). In contrast to our conclusions, those
authors’ meta-analysis [50] found that unrestricted (high)
eating frequency was associated with a healthier total
cholesterol and LDL-cholesterol profile.

Between-group results for BMI, Fat Mass and Insulin
(see Tables 6, 7 and 8) were not statistically significantly
different, however all of them showed trends that favored
healthier outcomes for the groups eating less frequently.
Despite this trend in the pooled estimates, the very low
certainty of our results limit our ability to conclude
strongly in favor of either intervention. Therefore, we
conclude there was no superiority of either meal fre-
quency on any of these outcomes.

We defend our choice to include studies of at least
two weeks’ duration. Past studies of shorter durations
have demonstrated that a change in frequency creates a
short-term disturbance in homeostasis resulting in exam-
ples such as lowered cholesterol and triglycerides which
return to the individuals normal homeostatic levels once
the body adapts to the intervention [51].

Limitations of our systematic review

Our meta-analysis for our primary outcome, weight
change, included 279 participants. This means the
meta-analysis is underpowered—the Cochrane Col-
laboration recommends a minimum of 400 partici-
pants to gain a good level of precision in the absence of
known effect estimates [28]. We excluded many trials as
a result of cross-over studies not including a wash-out
period [43, 51-60], leading to concerns of carry-over
effects between interventions. None of the crossover
trials in our systematic review assessed their interven-
tions for carry-over effects from the initial interven-
tions, but all included at least one week as a washout
period. There is no agreed minimum wash-out period
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to exclude the effects of the meal frequency in the first
intervention of the study carrying over into the second
intervention period.

Four trials had 40 or more participants complete their
prescribed interventions. The largest and longest of the
studies [38] suffered from a very high dropout rate—
a common occurrence in dietary intervention trials
[61-63]. Berteus-Forslund et al. [38], also reported that
their prescribed meal frequencies converged over the
intervention period: rather than the prescribed three
meal versus six meal intervention, the observed differ-
ences were closer to four versus five meals. Studies of
eating frequency often suffer from under-reporting (of
eating occasions) when participants are studied in the
field, leading to detection bias [14, 64—66]. We did not
exclude studies that used solely self-reported data for eat-
ing frequency, and therefore we cannot rule this out as a
confounding variable in our analyses. Where adherence
was tracked across trials, adherence was often reported
as<90% further limiting the ability to observe any true
effects of the differences in meal frequency interventions.
This was reflected in 15 of the 16 included trials being
rated as at high-risk of bias due to likely deviations from
the intended intervention.

Definitions of an eating occasion were published for-
mally in 2017 [3]. Much of the research included in our
study was published prior to this definition and there has
been differences in researchers application of what con-
stitutes a meal. We made a pragmatic decision to define
an eating or drinking occasion (meal) as any ingestion of
kcals, consumed either by food or beverage, with each
single episode lasting no longer than one hour (includ-
ing all snacks, drinks and other instances of calorific
intake) [67]. Due to heterogeneity in defining a ‘meal’ in
the trials included in our meta-analysis, we cannot rule
out the potential for meals being over or under counted
when measured using our definition. The problem of no
uniform definition across studies has been identified pre-
viously alongside a question about how to classify ‘drink-
only’ occasions where some drinks (for example non
sugar sweetened coffee or tea) carry negligible impact
in terms of energy intake (<210 kJ) but sugar-sweetened
beverages contain large amounts of calories which would
contribute significantly towards daily energy intake and
likely meet the American Heart Association definition of
a meal contributing >15% of a person’s total daily energy
intake [3, 68]. As the debate over whether to ‘count’
drinks—which have the potential to effect physiological
and therefore health outcomes—has not been resolved,
we decided to include them under our broad defini-
tion. To further address the potential influence counting
‘drinks-only’ as meals had on our results, we conducted a
sensitivity analysis removing the single trial where drinks
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were allowed to count as a meal with no change to our
results.

The trials we included had heterogenous designs. This
variation occurred largely within four categories:

+ Large discrepancy in the high-meal frequencies stud-
ied (e.g. meal frequencies ranged from four to 17);

+ Large wvariation in intervention length (range
14-365 days);

+ Differences in baseline weight status of participants
(i.e. normal, obese, severely obese);

+ Infrequent accounting for whether total ingested
keals (regardless of meal frequency) resulted in calo-
rie deficit, surplus or balance.

This introduced a high level of imprecision amongst
the interventions, reducing both our ability to detect any
meaningful differences between frequencies and our con-
fidence in the results of the meta-analysis.

Inability to establish whether trials were targeting
energy balance, deficit or surplus could have further
impeded our ability to detect any meaningful effects of
eating frequency. Alongside heterogeneity in physical
activity, all studies recommended restrictions to exercise
but did not monitor physical activity. The overall calorie
balance is a large covariate in studies of dietary behaviour
and needs to be controlled in future studies.

Further potential confounding variables were the lack
of information included in trials about macro or micro-
nutrient intakes of eating frequency interventions, and
the lack of information on timing of the eating occasions.
We acknowledge that different macro and micronutrient
intakes in the trials’ diets may have been confounding
variables.

Recommendations for future research

We add our voice to those concerned with the quality and
quantity of the literature on eating frequency [69]. The
2017 definition of what constitutes an eating occasion
should be adopted across all future studies to ensure con-
sistency in intervention designs [3, 70] However, there
have been calls for further research into the definition
itself due to the vast implications this has for studying
eating behaviours [68].

Eating frequency trials carried out in the field are
challenging due to concerns over the legitimacy of self-
reported dietary data [21]. We believe the establishment
of an effective biomarker to measure an eating occa-
sion will be a leap forwards for studies looking to estab-
lish causal claims associated with eating frequency [64].
Researchers may benefit from continuous glucose moni-
tors and wearables—these may help us define an eating
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occasion, and eliminate self-reporting bias by making
objective data easier to capture.

To enhance reporting of eating frequency interven-
tions, we encourage researchers to adopt the Template
for Intervention Description and Replication (TIDieR)
checklist to enhance transparency and reproducibility of
their interventions [71].

We also recommend that future eating frequency tri-
als designed to elucidate the effects of meal frequency on
cardiometabolic health include six design elements. They
are:

1. Interventions should last a minimum of two weeks

2. To ensure there are no carryover effects of crossover
trials there should be a minimum wash out period of
one week; statistical methods should also take cross-
over issues into account

3. Outcome measures should include DEXA for fat
mass, HbAlc for glycemic control, and Apolipopro-
tein B (ApoB) for blood lipids

4. Researchers should be explicit about whether diets
provide a kcal deficit, neutral load, or surplus

5. Researchers should report measures of physical
activity to separate the effects of eating frequency
from total kcal consumption

6. Researchers should measure and report adherence
to the intervention, to support interpreting the
effectiveness of eating frequency as a behavioural
intervention.

Conclusion

Restricted and unrestricted eating frequency had similar
effects on weight change and other markers of cardio-
metabolic health. Trials of eating frequency interventions
have been underpowered and biased—therefore we must
conclude there is very low certainty to current conclu-
sions. We make six recommendations for future research
into eating frequency which is an easily altered dietary
behaviour. These recommendations may support greater
consistency and precision of future results, which in turn
could inform future dietary guidelines on healthy eating
behaviours.
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