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ABSTRACT

Background: Although preliminary evidence suggests that
intermittent calorie restriction (ICR) exerts stronger effects on
metabolic parameters, which may link obesity and major chronic
diseases, compared with continuous calorie restriction (CCR), there
is a lack of well-powered intervention studies.

Objective: We conducted a randomized controlled trial to test
whether ICR, operationalized as the “5:2 diet,” has stronger effects
on adipose tissue gene expression, anthropometric and body
composition measures, and circulating metabolic biomarkers than
CCR and a control regimen.

Design: One hundred and fifty overweight and obese nonsmokers
[body mass index (kg/m?) >25 to <40, 50% women], aged 35-65
y, were randomly assigned to an ICR group (5 d without energy
restriction and 2 d with 75% energy deficit, net weekly energy
deficit ~20%), a CCR group (daily energy deficit ~20%), or a
control group (no advice to restrict energy) and participated in a
12-wk intervention phase, a 12-wk maintenance phase, and a 26-wk
follow-up phase.

Results: Log. relative weight change over the intervention phase
was —7.1% =+ 0.7% (mean == SEM) with ICR, —5.2% =+ 0.6% with
CCR, and —3.3% =+ 0.6% with the control regimen (Poyeran < 0.001,
Picrvs.ccr = 0.053). Despite slightly greater weight loss with
ICR than with CCR, there were no significant differences
between the groups in the expression of 82 preselected genes
in adipose tissue implicated in pathways linking obesity to chronic
diseases. At the final follow-up assessment (week 50), weight
loss was —5.2% + 1.2% with ICR, —4.9% + 1.1% with CCR,
and —1.7% =+ 0.8% with the control regimen (Pyyeran= 0.01,
Picrvs.ccr = 0.89). These effects were paralleled by proportional
changes in visceral and subcutaneous adipose tissue volumes. There
were no significant differences between ICR and CCR regarding
various circulating metabolic biomarkers.

Conclusion: Our results on the effects of the “5:2 diet” indicate that
ICR may be equivalent but not superior to CCR for weight reduction
and prevention of metabolic diseases. This trial was registered at
clinicaltrials.gov as NCT02449148. Am J Clin  Nutr
2018;108:933-945.
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INTRODUCTION

Although continuous calorie restriction (CCR) is the most
widely recommended calorie restriction regimen for weight
loss and prevention of obesity-associated diseases, intermittent
calorie restriction (ICR), comprising phases of severe energy
restriction and regular energy intake, has gained attention
as a novel dietary approach (1). With regard to circulating
concentrations of glucose, insulin, insulin-like growth factor 1
(IGF-1), leptin, and adiponectin, evidence from mouse models
suggests that the effects of ICR are stronger than those of
CCR, even at similar net calorie intake (2—4). In humans, 2
studies among overweight and obese women suggested greater
reductions in insulin concentrations and fat mass with ICR
compared with CCR over 4 and 6 mo at similar amounts of
net calorie intake and weight loss (5, 6). In these trials, ICR
was operationalized as the so-called “5:2 diet,” with 5 d/wk at
regular energy intake and 2 d/wk at an ~75% energy deficit.
Despite such promising first findings, it has been agreed that
further randomized controlled trials (RCTs) are needed to assess
whether ICR is superior to CCR at similar amounts of net energy
intake with respect to a broader set of metabolic health indicators
(7). In addition, analyses of longer-term maintenance of initial
weight loss and metabolic outcomes with ICR are required to
investigate its sustainability and practicability (8, 9), because a
first systematic review of the few ICR studies which were longer
than 6 mo did not point to greater benefits of ICR compared with
CCR (10).

Here, we report results of the HELENA Trial (Healthy
nutrition and energy restriction as cancer prevention strategies:
a randomized controlled intervention trial) (NCT02449148), an
RCT among 150 overweight or obese individuals, which was
designed to investigate the effects of ICR (*5:2 diet”) and CCR
at similar levels of net calorie restriction on human metabolism.
The trial started with a 12-wk intervention (with comprehensive
dietary counseling by trained dietitians at baseline and week
2, followed by biweekly phone calls by the dietitians). At the
end of this intervention phase, participants returned to the study
center for examinations and were motivated by the dietitians to
continue with the prescribed regimen during the maintenance
phase (weeks 13 to 24), but no further dietary counseling
followed throughout the remaining weeks of the study, neither
in person nor on the phone. At week 24, participants visited the
study center again for examinations, and the study ended after the
final follow-up assessment at week 50 (11). The effects of ICR
and CCR were also compared with those of a control regimen
without prescribed calorie restriction.

To test the hypothesis of potentially greater health benefits of
ICR compared with CCR, we first assessed the metabolic effects
of ICR in the more tightly monitored intervention phase (baseline
to week 12), so as to find out if they were in fact stronger than
those of CCR, even at a similar net energy intake. We chose
differences in the expression of 82 preselected genes (11) that
are central in pathophysiologic processes linking overweight and
obesity to major chronic diseases (e.g., altered macronutrient
metabolism, adipokine signaling, inflammation, steroid hormone
production, and oxidative stress) as our biological model
for diet-induced changes in metabolic function and as our
primary outcome. The novel gene expression biomarkers were
complemented with established metabolic, anthropometric, and
imaging markers as secondary outcomes. We then evaluated
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whether ICR-induced changes in body weight, body composition,
and metabolic biomarkers were sustainable under less super-
vised conditions across the maintenance phase and follow-up
phase.

METHODS

Study design and participants

The HELENA Trial was approved by the ethics committee
of the Heidelberg University Hospital (Heidelberg, Germany)
and registered at clinicaltrials.gov before enrollment. Details on
study design, power-calculation, recruitment procedures, study
assessments, and intervention protocol have been published
previously (11). Overall, 150 overweight or obese nonsmokers
(50% women) were recruited for the study comprising a 12-wk
intervention phase, a 12-wk maintenance phase, and a 26-wk
follow-up phase.

The 1-y recruitment phase of the HELENA Trial (May 2015-
May 2016) was based on flyer and poster campaigns as well as
word of mouth. All data were collected at the German Cancer
Research Center, Heidelberg, Germany. Eligibility for partici-
pation in accordance to the predefined inclusion [nonsmokers,
women and men, BMI (in kg/m2) >25 and <40, age 35-65 y] and
exclusion criteria (see Supplemental Table 1) was approved at
the study center and all participants provided a written informed
consent before study start (11). Participants received monetary
incentives after completing the assessments at week 12 (260)
and week 50 (140). The lower age limit of 35 y was chosen
to recruit a similar number of pre- and postmenopausal women
(assumed average age at menopause: 50 y). The upper age limit
was set at 65 y because changes to body composition may
show different patterns and have different causes among elderly
persons, compared with younger ones. Participants were assigned
to 1 of the 3 study arms (ICR, CCR, or Control) in a ratio
of 1:1:1 by stratified block randomization (sex and age <50
compared with age >50 y) with a fixed block size of 6. The web-
based software RANDI2 (12) was used to generate the random
allocation sequence. Because the HELENA Trial was a dietary
intervention study, it was not feasible for participants or all study
personnel to be blinded to the group assignment. However, the
technical staff was blinded for downstream laboratory work and
data management.

As the primary endpoint, we defined differences in the
expression of 82 preselected genes (Supplemental Table 2)
in subcutaneous adipose tissue (SAT) between ICR and CCR
assessed at baseline and week 12. Secondary outcomes included
differences in anthropometric measures (body weight, BMI, and
waist circumference as assessed at baseline, week 12, week 24,
and week 50), body fat composition [visceral adipose tissue
(VAT) and SAT volumes as well as liver fat content at baseline,
week 12, and week 50], circulating biomarker concentrations
(baseline, week 12, week 24, and week 50), blood pressure
(baseline, week 12, and week 50), and health-related quality of
life (HR-QoL) (baseline, week 12, and week 50). The majority of
the HELENA Trial participants (n = 145) provided an additional
informed consent for magnetic resonance tomography imaging
(MR-imaging) to assess abdominal body composition (baseline,
week 12, and week 50). All participants were requested to contact
the study center to report adverse events at any time.
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Calorie restriction intervention

Study participants were randomly assigned to 1 of 3 study
groups: ICC, CCR, or Control. After random assignment,
participants underwent baseline examinations, and the nutrition
intervention started with the first dietary consultation session
run by 2 trained dietitians (see the Supplemental Methods
and Supplemental Table 3 for details). Individuals’ resting
energy expenditure (for the ICR and CCR groups) was calculated
based on the Harris-Benedict equation (13), whereas total
energy expenditure was estimated by multiplication with Physical
Activity Level factors, projected from questionnaire data on
physical activity, individuals’ profession, and working time.
Participants in all groups (ICR, CCR, or Control) were informed
about the guidelines of the German Nutrition Society for a healthy
balanced diet (14, 15) by the dietitians and advised to maintain
habitual physical activity levels throughout the study. The number
of personal contacts and counseling sessions was the same for
all study participants overall, but individuals in the ICR and
CCR arms received longer and more comprehensive counseling
sessions with personalized dietary plans, specific for the ICR
or CCR regimens (details follow; also see the Supplemental
Methods). The second personal dietary consultation took place in
week 2 of the intervention phase, when individual questions were
answered, knowledge about the dietary regimen was deepened,
and participants were motivated by the dietitians. All participants
were then contacted with biweekly phone calls during the
intervention phase (at weeks 4, 6, 8, and 10) by the dietitians
to assess possible side effects. For the ICR group and the CCR
group, the biweekly phone calls further included participant
motivation to promote continuation in the study and monitoring
of self-reported compliance. At the postintervention assessment
(week 12), which was also the starting point of the maintenance
phase, all participants discussed their experiences with a dietician
and were motivated to maintain the diet across the following 12
wk (weeks 13-24). Unlike in the intervention phase (biweekly
phone contacts in addition to 2 personal dietary consultations
at baseline and during week 2), however, participants did not
receive further dietetic support throughout the maintenance
phase. At week 24, participants returned to the study center for
examinations. At this point no further dietary advice was given
by the study personnel and the last phase of the study was merely
an observational follow-up phase (weeks 25-50). The results
presented in this paper are based on data collected at baseline as
well as at weeks 12, 24, and 50 (see the Supplemental Methods
and Supplemental Table 3).

Participants in the ICR group were advised to restrict their
energy intake on 2 self-selected nonconsecutive days per week
to 25% of the individual energy requirement. The remaining 5 d
of the week were based on a eucaloric balanced diet [according
to the guidelines of the German Society for Nutrition (14, 15)].
Thus, the weekly average calorie intake corresponded to ~80%
of the normal energy requirement. For calorie-restricted days,
detailed personalized meal plans were created, in which possible
choices for meal components arranged by food groups were
given; participants had to select 4 food items out of the vegetable
group, 2 out of the low-fat dairy product group, and 1 food item
out of each of the meat/fish, carbohydrate, and fruits groups,
in combination with a minimum intake of 2 L of low-energy
drinks. Digital kitchen scales were provided to facilitate exact
weighing of food quantities and participants were asked to mark

the performed calorie-restricted days in a diary across the 12-wk
intervention phase.

In the CCR group, participants were requested to consume
~80% of the individual energy requirement daily. Personalized
diet plans aiming at implementing the recommendations of the
German Society for Nutrition and to reduce energy-dense foods
were provided by the dietitians. Meal planning, portion size
choices, and strategies to reduce energy intake were discussed
with the participants. Further details on the assessment of
compliance and HR-QoL are given in the Supplemental Methods.

Biospecimen collection and laboratory analyses

Details on the collection and processing of biospecimens
(SAT, blood) and all laboratory analyses are provided in the
Supplemental Methods.

Statistical analyses

The sample size calculation for the primary endpoint of the
HELENA Trial (differential expression of 82 preselected genes
between ICR and CCR) was published previously (11). In brief,
we projected that a difference of 1.5-fold in gene expression
levels between the ICR and CCR groups could be detected with
80% power at group sizes of n = 42 adjusting for multiple
testing by the Bonferroni method. To estimate the variance in
gene expression markers, we used data from a previous trial
of 2 of our co-investigators (16). Given that gene expression
profiles are not used as routine biomarkers of metabolism,
we further tested that the sample size was sufficient to detect
differences in established secondary endpoints (i.e., weight, BMI,
blood pressure, circulating biomarkers) at 80% power before
commencement of the trial (11).

Microarray-derived expression levels were preprocessed in
Chipster 3.8 (CSC) including log, transformation, imputation
of missing values with the K-nearest neighbor method (17),
and application of ComBat to handle possible batch effects
(18). For intention-to-treat-analyses on the primary endpoint of
our study (expression of 82 prespecified genes), linear mixed
models for repeat measurements with age and sex adjustment
as well as Bonferroni adjustment of P values to account for
multiple comparisons were carried out with the use of SAS
version 9.4 (SAS Institute). Mean + SE log, fold changes
(FC) within groups were calculated as differences between the
expression levels at baseline and the expression levels at week 12:
log,(FC) = logy(expression at week 12/expression at baseline).

For analyses on secondary endpoints, linear mixed models
for repeat measurements, again implemented as intention-to-
treat-analyses with age and sex adjustment, were carried out in
SAS version 9.4 (SAS Institute). No adjustment for multiple
comparisons was made for any of the secondary outcome
measures.

The SAS syntax for the fitted linear mixed model that we
used for analyses on the primary and the secondary endpoints is
shown in the Supplemental Methods. In the MIXED procedure,
we set all primary or secondary endpoints as the dependent
variables (assigning values from baseline and week 12, or
baseline and week 24, or baseline and week 50). Age and
sex were used as fixed effects, time was set in the “repeat”
statement with the participants identifier set as “subject,” and
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TABLE 1
Baseline characteristics of the study population'
ICR CCR Control
(n = 49; 49% women) (n = 49; 49% women) (n = 52; 52% women)

Age,y 494 + 9.0 50.5 + 8.0 50.7 £ 7.1
Weight, kg 96.4 + 15.8 92.5 + 15.7 93.3 + 133
Height, cm 1733 £ 9.7 1719 £ 9.9 173.1 £ 99
BMI, kg/m” 32.0 + 3.8 31.2 + 4.0 31.1 £ 3.6
Visceral adipose tissue volume,? cm? 4817.8 £+ 1889.1 4894.5 + 2178.3 4943.1 £ 2267.4
Subcutaneous adipose tissue volume,? cm? 12,821.6 + 4267.2 12,193.1 &+ 3996.6 11,944.8 4+ 3845.2
Education level, n (%)

Primary school 7(14.3) 5(10.6) 3(3.9)

Secondary school certificate 11 (22.5) 14 (29.8) 17 (32.7)

Higher education entrance qualification 31 (62.3) 28 (59.6) 33 (63.5)
Systolic blood pressure, mm Hg 139.4 + 18.7 136.0 £ 16.7 136.0 £ 12.5
Diastolic blood pressure, mm Hg 87.2 £ 9.9 87.3 £ 8.7 87.8 £ 7.3
Glucose, mg/dL 92.7 £ 7.5 939 £ 75 935 £ 74
Insulin, mU/L 11.6 £ 5.4 12.6 + 6.9 127 £ 7.3
HOMA-IR 27+ 13 30 £ 1.7 30+ 1.8
HDL cholesterol, mg/dL 54.1 + 144 56.2 + 16.3 51.8 £ 11.8
LDL cholesterol, mg/dL 1245 + 224 1225 £ 31.5 130.4 + 27.3

Values are means + SDs unless otherwise indicated, n = 150. CCR, continuous calorie restriction; ICR, intermittent calorie restriction.
2 Abdominal adipose tissue phenotyping with magnetic resonance tomography imaging was initiated for 145 individuals who gave their additional
informed consent to participate in the magnetic resonance-imaging module of the HELENA Trial.

3Two participants did not state their educational level.

the covariance structure was set to “unstructured.” Based on the
assumption that the repeated measurements of 1 individual are
not independent, we decided to treat the participant identifier
as a random effect in the model (equivalent to having time as
“repeat” and “subject” as participant identifier). The results of
the linear mixed models provided time, treatment, and time-by-
treatment interaction effects for every outcome, but only P values
for time-by-treatment interaction are reported here. In case of
significant overall differences in the dependent variables across
all 3 study groups according to the time-by-treatment P value,
we carried out post hoc 2-group comparisons (ICR compared
with CCR, ICR compared with Control, and CCR compared with
Control) by linear mixed models adjusted for age and sex, again
obtaining P values for time-by-treatment interactions. Our linear
mixed model estimated the study effects under a missing-at-
random assumption, including a maximum likelihood estimation
of missing values (19). An overview of the frequency of missing
values by parameter, dietary intervention group, and time point is
provided in Supplemental Table 4.

Data on secondary endpoint measures were shown as mean
values £ SDs (with normal 95% CIs) whereas relative changes
(with baseline values as the reference) were expressed as
means + SEMs of log. relative changes (20). The log. relative
changes were calculated as In(value at week 12/value at baseline)
% 100; corresponding log, relative changes between baseline and
week 24 or baseline and week 50 were calculated by the same
formula, with the baseline value as the reference.

RESULTS

Baseline characteristics

The 150 participants were randomly assigned to either ICR
(n=49),CCR (n=49), or Control group (n = 52). Atenrollment,

the participants in the 3 study groups were comparable with
regard to baseline characteristics, including sex, age, BMI, and
educational level (Table 1). Overall, 144 participants (96.0%)
completed the 12-wk intervention phase, 143 (95.3%) the 12-
wk maintenance phase, and 136 (90.7%) the 26-wk follow-
up phase (Figure 1). Across the entire study period of 50 wk
there were 4 dropouts in the ICR, 7 in the CCR, and 2 in
the Control group (for reasons for dropout see Supplemental
Table 5).

Compliance to the calorie restriction

Compliance to ICR or CCR across the intervention phase
was assessed by 7-d dietary records at baseline and during
week 12 (Supplemental Table 6). The ICR group reported
a log. relative change of —34.7% + 4.5% in energy intake
between baseline and week 12, followed by —25.4% + 2.9%
and —9.8% =+ 3.5% in the CCR and Control groups, respectively
(Poveran = 0.03, Picrvs.ccr = 0.10). Regarding macronutrient
composition, there was an overall increase in protein and
carbohydrate intake relative to total energy intake, paralleled
by reductions in fat. Simultaneously, there was an increase in
fiber intake and a decrease of alcohol consumption in all groups.
To analyze possible changes in physical activity (which were
not intended by design), energy expenditure was measured by
accelerometer devices at baseline and in week 12. In contrast
to the CCR and Control groups, where physical activity—
associated energy expenditure showed almost no changes (CCR:
0.2% =+ 4.4%; Controls: —2.9% =+ 3.7%), there was a decrease
by —13.4% £ 4.6% over the course of the intervention in
the ICR group. However, no significant between-group differ-
ences in physical activity—associated energy expenditure were
observed.
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FIGURE1 CONSORT diagram on the HELENA Trial. CCR, continuous calorie restriction; CONSORT, Consolidated Standards of Reporting Trials; ICR,

intermittent calorie restriction.

The average number of days at ~25% energy intake over the
12-wk intervention phase was 1.8 d/wk in the ICR group. As
reported in the dietary records, compliance was best between
week 2 and week 7, when the majority of participants (>40

participants) performed 2 energy-restricted days per week
(Supplemental Figure 1). Retrospective questionnaires at week
24 (n = 46) and week 50 (n = 42) showed that the number of
participants who performed 2 energy-restricted days per week
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FIGURE 2 Changes in body weight by study group across the 12-wk
intervention phase. Data are shown as mean + SEM log. relative changes,
with baseline values as the reference for the ICR group, CCR group, and
control group (n = 150). Linear mixed models showed a significant time-
by-treatment interaction across all 3 study groups (P < 0.001) and for the
2-group comparisons of ICR with Control (P < 0.01) and CCR with Control
(P < 0.01); the difference between ICR and CCR was borderline significant
(P = 0.053). CCR, continuous calorie restriction; ICR, intermittent calorie
restriction.

decreased across the maintenance and follow-up phases, from
15 (32.6%) in week 24 to 9 (21.4%) in week 50 (Supplemental
Figure 1).

Intervention effects on body weight

The 12-wk intervention phase of the HELENA Trial was
used as a biological model to first compare metabolic effects
of ICR and CCR with regard to differences in adipose tissue
gene expression levels and circulating biomarkers. Because it
was our goal to investigate differences in gene expression and
other metabolic markers between ICR and CCR at a similar
net calorie intake and a projected weight loss of ~5% over
12 wk, we first report the intervention effects on body weight,
before outlining the effects on adipose tissue gene expression
and circulating metabolic markers. Subsequently, we present
our findings on the sustainability of intervention effects on
anthropometric, body composition, and metabolic parameters
after the maintenance phase (week 24) and follow-up phase
(week 50).

Over the course of the 12-wk intervention phase, the greatest
log, relative changes in weight (mean &+ SEM) of —7.1% £ 0.7%
were observed in the ICR group, followed by the CCR group
(=5.2% =+ 0.6%) and the Control group (—3.3% =+ 0.6%)
(Figure 2). Whereas statistical analyses showed a signifi-
cant time-by-treatment interaction across all 3 study groups
(P < 0.001) and for the 2-group comparisons of ICR with
Control (P < 0.01) and CCR with Control (P < 0.01), the
difference between ICR and CCR was borderline significant
(P =0.053).

Intervention effects on changes in SAT gene expression

Linear mixed models did not show significant differences
in the adipose tissue expression of the 82 preselected genes
across the 3 study groups after prespecified Bonferroni correction
for multiple testing. Differences in gene expression over time
and between groups were marginal for most genes. Without
Bonferroni correction, expression levels of 13 of the preselected
genes were different at P values <0.05 (see Table 2 for the 13
genes and Supplemental Table 2 for all 82 preselected genes).
Of these, interleukin 8 (IL8) showed the greatest differences in
FC between ICR and CCR (0.61 £ 0.23, Pyncorrected = 0.02).
However, the difference in FC between ICR and Control was
lower (0.09 £ 0.24). The difference in FC between CCR and
Control for /L8 was —0.51 4= 0.24. An additional post hoc screen
across all transcripts of the microarray did not show any genes to
be differentially expressed between the groups.

Intervention effects on circulating biomarkers

With the exception of fasting glucose, there were no differ-
ential effects of the 3 interventions on circulating biomarkers
(Table 3). All study groups experienced reductions in fasting
serum lipids (LDL, HDL, cholesterol, triglycerides), insulin
concentrations, HOMA-IR levels, adipokines (adiponectin, lep-
tin), liver function parameters (gamma-glutamyl transpepti-
dase, alanine transaminase, aspartame transaminase), and brain-
derived neurotropic factor, and increases in resistin and IGF-
1 concentrations, without significant between-group differences
(Table 3). Further inflammatory markers (C-reactive protein,
interferon-y, IL-6, IL-8, TNF-«) showed no significant between-
group differences, either. The only measured parameter for which
we observed a nominally significant difference across all 3 groups
(P = 0.04) and between ICR and CCR (P < 0.01) was fasting
glucose, with log. relative changes of —2.9% =+ 1.2% (ICR)
and —7.6% + 1.2% (CCR). However, it should be noted that
the effects of neither ICR nor CCR were statistically different
from those of the control regimen (—5.2% =+ 1.4%), and that
no differences in glucose concentrations between ICR and CCR
were observed at later time points.

Sensitivity analyses

Because 2 previous trials on ICR and metabolic biomarkers,
which were carried out only among overweight and obese
women, had indicated that ICR, operationalized as the “5:2
diet,” had more pronounced effects on insulin concentrations and
HOMA-IR than CCR (5, 6), we further stratified our analyses on
differences in biomarker concentrations (shown in Table 3) by
sex. However, there were no significant differences in the effects
of ICR and CCR on glucose, insulin, HOMA-IR, or any other
endpoints among either female or male participants of our trial.
There was no indication for heterogeneity of findings between
study participants who were overweight (BMI >25 to <30), and
participants who were obese (BMI >30 to <40) at baseline.
Finally, sensitivity analyses excluding the 14 participants of the
ICR group who had an energy-restricted day before the blood
draw at week 12 had no substantial effect on the study results.
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TABLE 3

SCHUBEL ET AL.

Intervention effects on blood-based biomarkers, HR-QoL, liver fat, and liver function parameters'

Baseline

Week 12

Mean + SD (95% CI)

Mean £ SD (95% CI)

Log. relative change”

P value’ overall

Blood-based biomarkers
LDL cholesterol, mg/dL

HDL cholesterol, mg/dL

Cholesterol, mg/dL

Triglycerides, mg/dL

Insulin, mU/L

HOMA-IR

IGF-1, ng/mL

Glucose, mg/dL

Adiponectin, ng/mL

Leptin, ng/mL

Resistin, ng/mL

CRP, ng/pL

IL-6, ng/pL

IL-8, ng/pl.

IFN-y, ng/pL

TNF-o, ng/uL

BDNF, ng/mL

SHBG, nM

ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control

ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control
ICR
CCR
Control

1245 + 22.4(119.0, 130.0)
122.5 & 31.5(114.9, 130.0)
130.4 + 27.3 (124.0, 136.8)
54.1 £ 14.4 (50.7, 57.6)
56.2 + 16.3 (52.3, 60.1)
51.8 + 11.8 (49.1, 54.5)
205.0 + 30.8 (197.6, 212.4)
202.9 + 39.3(193.5,212.4)
211.8 + 36.1(203.4,220.2)
130.0 + 83.8 (110.0, 150.1)
1212 + 66.3 (105.3, 137.1)
145.0 & 85.5 (125.1, 164.8)
11.6 + 5.4(10.3,12.9)
12.6 £ 6.9(11.0, 14.3)
12.7 + 7.3(11.0, 14.4)

2.7 £ 1.3 (2.4,3.0)

3.0 + 1.7(2.5,3.4)

3.0 + 1.8(2.6,3.4)
108.9 =+ 31.3 (101.3, 116.6)
115.1 + 36.6 (105.9, 124.9)
121.4 + 32.1 (114.0, 128.9)

92.7 + 7.5(90.9, 94.5)
93.9 + 7.5(92.1,95.7)
93.5 + 7.4 (91.8,95.3)

183 + 12.5(15.3,21.3)
17.1 £ 10.3 (14.6, 19.6)
16.6 + 10.2 (142, 19.0)
25.2 + 24.0 (19.4, 31.0)
23.3 + 19.8 (18.6, 28.1)
25.9 + 25.0(20.1, 31.7)
57 +25(.1,63)
5.8 &+ 23(5.3,6.4)
5.6 + 2.4(5.0,62)
42 +4.0(32,52)
4.1 + 3.8(3.2,5.0)
54 + 79(3.6,7.2)
1.3 + 1.0(1.1,1.5)
1.5 £ 1.4(1.2,1.8)
1.9 + 3.0(1.2,2.6)
113 &£ 5.1(10.1, 12.6)
9.8 + 4.3(8.8,10.9)
122 + 19.4(7.7,16.7)
13.1 + 10.0(10.7, 15.4)
163 + 14.4(12.8,19.7)
17.7 £ 23.8(12.2,23.2)
4.6 + 2.7(3.9,5.2)
4.7 + 2.8(4.0,5.3)
42 + 2.6(3.6,4.8)
2.1 £ 0.6(1.9,22)
22 4 08(2.1,2.4)
2.1 £ 0.6(1.9,22)
36.4 + 24.3 (305, 42.3)
40.7 £ 38.0 (31.5, 49.9)
35.2 + 18.6(30.8, 39.6)

115.3 + 283 (108.4, 122.2)
116.1 = 26.3 (109.5, 122.7)
119.8 + 23.9 (114.1, 125.5)
49.6 £ 13.8 (46.2, 53.0)
50.4 + 14.7 (46.7, 54.1)
472 £ 10.5 (44.7,49.7)
185.1 + 36.8 (176.1, 194.1)
186.6 + 31.8 (178.6, 194.6)
191.1 =+ 31.3 (183.7, 198.5)
100.6 + 47.5(89.0, 112.3)
100.8 =+ 48.4 (88.7, 112.9)
120.5 + 59.2 (106.5, 134.5)
10.8 + 5.6(9.4,12.2)

9.7 + 5.1(8.4,11.0)
11.7 + 7.3 (10.0, 13.5)

24+ 132.1,27)

2.1 + 1.2(1.8,2.4)

26 + 1.8(2.2,3.1)
120.1 =+ 38.4(110.7, 129.5)
115.4 £ 37.6 (105.9, 124.9)
125.9 =+ 44.9 (115.3, 136.6)

89.9 + 7.2(88.1,91.6)
87.2 + 7.8(85.2,89.2)
89.0 + 9.5 (86.8,91.3)

17.5 + 11.0 (14.8, 20.2)
162 + 9.3 (13.9, 18.5)
15.5 + 9.8 (13.2,17.9)
16.8 £ 16.2 (12.8,20.7)
15.9 + 16.9 (11.6, 20.2)
18.9 &+ 22.0(13.7, 24.1)
6.5 + 2.7(5.9,7.2)
6.7 £ 2.4(6.1,7.3)
6.9 + 2.8 (6.2,7.6)
42 +5.0(3.0,5.4)
32 4 32(24,4.0)
4.0 + 4.2 (3.0,5.0)
14 + 1.1(1.1,1.7)
1.7 £ 1.7(1.3,2.1)
1.6 + 1.8(1.2,2.0)
10.6 + 5.0(9.3,11.8)
104 + 4.5(9.2,11.5)
124 + 13.6 (9.2, 15.6)
234 + 774 (4.5,42.4)
21.1 + 38.5(11.5,30.8)
24.9 + 53.8(12.2,37.7)
44 +27(38,5.1)
43 + 2.7(3.6,5.0)
44 +2.6(3.8,5.0)
1.9 + 0.5(1.8,2.0)
2.1 £+ 0.4(2.0,2.2)
2.0 + 0.6(1.8,2.1)
42.0 + 27.1(35.4, 48.6)
444 + 28.3(37.0,51.7)
39.2 + 25.1 (33.3,45.2)

-75+£26
—-79 £ 2.1
—87 £24
—87 £125
—123 £ 1.8
-92+£19
—109 £ 23
—106 + 14
-97 £ 1.7
—20.7 £ 6.0
—192 + 34
—132 £ 49
—63 £ 6.6
—193 £52
—9.1 £57
-90+£72
—27.1 £59
—143 £ 63

11.7 + 4.7

34 £55

25+ 42
-29+£12
-76 £ 12
-52+14

-52+£39
—-75+£36
—-79 £ 4.1
—479 £ 9.2
—484 £ 65
—443 £ 8.2
144 £53
16.7 + 4.5
20.8 £ 43
—17.0 £ 85
—245 + 108
—25.1 £ 133
5.6 + 8.7
12.1 £ 7.7
—8.0 £ 8.1
—-8.8 £39
—-03 £39
6.6 =55
4.8 £ 123
1.1 &+ 10.0
1.5 + 12.7
—-05+£27
—25+£123
1.5 £ 27
—-102 £ 2.1
—6.7 £32
—45+£126
15.0 &£ 5.1
119 £ 6.2
6.8 = 6.1

0.74

0.39

1.00

0.68

0.19

0.11

0.50

0.04
ICR vs. CCR P =0.01
CCR vs. Control P =0.16
ICR vs. Control P = 0.24

0.94

0.78

0.55

0.45

0.10

0.51

0.90

0.72

0.22

0.68

(Continued)
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Baseline

Week 12

Mean + SD (95% CI)

Mean =+ SD (95% CI)

Log. relative change”

P value® overall

Women only (n = 75)
Estrone, pg/mL

Premenopausal ICR 42.6 + 12.1 (34.5,50.7) 38.3 £ 16.6 (27.2,49.4) —21.8 £ 16.2 0.72
CCR 39.4 + 22.3(26.5,52.4) 447 + 33.5(22.2,67.1) 10.1 £ 27.6
Control  56.0 £ 37.0 (36.8,75.2) 51.2 £+ 32.6 (33.4, 69.0) —82 + 163
Postmenopausal ICR 33.5 4+ 13.7(27.5, 39.5) 39.2 + 18.1(31.3,47.1) 11.7 £ 8.2 0.82
CCR 34.0 £ 17.2(25.9,42.1) 36.5 £ 18.6 (27.6, 45.3) 9.1 £ 5.6
Control ~ 30.1 £ 12.0(24.7, 35.6) 334 £+ 16.3 (254, 41.5) 13.2 + 15.7
Testosterone, ng/mL ICR 0.5 + 0.2 (0.4, 0.6) 0.5 £ 0.2(0.4,0.6) 0.7 £ 9.1 0.50
CCR 0.5 + 0.4 (0.4, 0.6) 0.4 £+ 0.2(0.3,0.5) 1.8 £ 27.0
Control 0.6 = 0.2 (0.5, 0.6) 0.5 £ 0.2(0.4,0.6) —12.7 + 6.4
Men only (n =75)
Estrone, pg/mL ICR 39.6 + 13.1(35.0,44.2) 36.9 £ 11.2(32.8,41.0) —103 £ 54 0.93
CCR 39.0 + 14.5(34.0, 43.9) 35.6 + 12.3(31.2,40.0) —10.7 £ 5.2
Control ~ 35.7 £ 11.9 (31.7, 39.8) 31.4 £+ 9.1 (28.3, 34.5) —11.6 + 4.5
Testosterone, ng/mL ICR 43 + 1.8(3.7,5.0) 4.1 + 1.7(3.5,4.7) —44 495 0.37
CCR 36 £ 1.4(3.1,4.1) 42 +£25(3.3,5.1) 49 + 11.0
Control 3.7 £ 2.0(3.0,4.4) 36 £ 1.7(3.0,4.2) —52 + 126
HR-QoL
PCS ICR 53.6 + 6.8 (51.9,55.4) 53.3 £+ 8.1(51.3,55.4) —22 + 3.1 0.37
CCR 52.7 £ 7.0 (51.0, 54.5) 544 £+ 6.1(52.8,55.9) 3.6 £ 1.6
Control ~ 51.2 + 8.1(49.2,53.2) 51.9 £+ 7.5 (50.1, 53.7) 1.6 £ 2.7
MCS ICR 49.7 + 11.2 (46.8, 52.6) 51.7 £ 11.4 (48.8, 54.6) 3.8 £5.1 0.82
CCR 49.3 + 9.5(46.9,51.6) 50.8 + 11.3(47.9,53.7) 0.9 + 3.7
Control ~ 50.3 £ 9.3 (48.0,52.5) 53.1 £ 7.0 (51.4,54.8) 6.3 £ 2.6
Liver fat and function parameters
Liver fat, % ICR 7.7 + 4.6 (6.5, 8.8) 52 4+ 3.4(4.3,6.0) —37.0 + 8.6 0.11
CCR 8.4 + 8.0(6.4,10.3) 6.1 + 5.6(4.7,7.5) —34.6 + 5.1
Control 7.1 £ 47(5.9,8.2) 5.7 + 44 (4.6,6.8) —248 + 6.2
GGT, U/L ICR 27.0 + 14.4(23.5,30.4) 19.4 £+ 11.1(16.6,22.1) —34.6 £ 5.5 0.20
CCR 25.6 + 14.4(22.1,29.0) 20.9 £+ 10.5(19.9, 26.4) —219 + 43
Control ~ 28.9 + 18.1(24.6, 33.0) 23.8 + 15.5(20.1, 27.5) —21.4 + 33
AST, U/L ICR 234 £+ 5.2(22.2,24.7) 19.6 + 4.7 (18.5, 20.7) —169 + 3.0 0.15
CCR 23.3 £ 6.0(21.9,24.7) 21.5 £ 5.0(20.2,22.8) —85 + 3.6
Control ~ 22.7 £+ 4.9 (21.5,23.8) 21.0 £ 4.6 (19.9, 22.0) —84 + 33
ALT, U/L ICR 274 £+ 10.4 (24.9,29.9) 20.8 £+ 11.1(18.1,23.5) —304 + 4.2 0.08
CCR 26.6 + 12.3(23.7,29.6) 23.9 + 10.8 (21.6, 26.9) —-98 + 5.6
Control ~ 26.5 £ 10.9 (24.0, 29.1) 22.1 £ 8.1(20.2,24.1) —17.0 + 3.3

Data were included from 150 participants; statistical analyses were performed with the use of an intention-to-treat approach. ALT, alanine

transaminase; AST, aspartame transaminase; BDNF, brain-derived neurotropic factor; CCR, continuous calorie restriction; CRP, C-reactive protein; GGT,
gamma-glutamyl transpeptidase; HR-QoL, health-related quality of life; ICR, intermittent calorie restriction; IFN-y, interferon gamma; IGF-1, insulin-like
growth factor 1; MCS, mental component summary score; PCS, physical component summary score; SHBG, sex hormone-binding globulin.

2Means + SEMs of individual log. relative changes between baseline and postintervention; calculated as In(value week 12/value baseline) x 100.

3P values for time-by-treatment interactions across all 3 study groups (overall) were calculated with linear mixed models adjusted for age and sex. No
adjustment was made for multiple comparisons. If the “P value overall” was significant (P < 0.05), P values for time-by-treatment interactions (also from
linear mixed models adjusted for age and sex) of post hoc 2-group comparisons, i.e., ICR compared with CCR, ICR compared with Control, and CCR

compared with Control, are shown.

Sustainability of intervention effects across the maintenance
and follow-up phases

The investigated outcomes across the maintenance and follow-
up phases included changes in anthropometric measures (body
weight, BMI, and waist circumference), body composition (SAT
and VAT volumes), liver fat content, blood pressure values, and
circulating biomarkers. With regard to circulating biomarker
concentrations, we only quantified those serum markers across all
study assessments for which at least within-group changes were
evident at week 12.

The average achieved weight loss over the intervention
phase was maintained in all study groups up to week
24, followed by a slight trend for weight regain between
weeks 24 and 50, especially in the ICR and control groups
(Figure 3 and Supplemental Table 7). Overall, mean log.
relative changes in weight between baseline and week 50 were
highest for the ICR group (—5.2% =+ 1.2%), followed by the CCR
(—4.9% =+ 1.1%) and control groups (—1.7% =+ 0.8%). Although
there were significant time-by-treatment interactions (P < 0.05)
for differences in body weight across the 3 study groups and
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FIGURE 3 Change in anthropometric measures and abdominal body composition by study group (n = 150). Data are shown as means = SEM of log.
relative changes for (A) body weight, (B) waist circumference, (C) VAT, and (D) SAT with baseline values as the reference. See Supplemental Table 6 for mean
values (SD and 95% CI) and statistical analyses for differences between the study groups based on linear mixed models. CCR, continuous calorie restriction;
ICR, intermittent calorie restriction; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

for the pairwise comparison of ICR with Control and CCR with
Control at weeks 24 and 50, there were no significant differences
between ICR and CCR.

The log. relative changes in waist circumference and abdomi-
nal VAT and SAT volumes showed a pattern similar to the one
observed in body weight over time (Figure 3). There were no
significant differences for the observed decreases in systolic and
diastolic blood pressure values between the groups across the
12-wk intervention phase and neither were there any differences
at the 50-wk follow-up assessment (Supplemental Figure 2).
Log. relative changes in circulating biomarkers over the 50-wk
study course are depicted in Figure 4 and Supplemental Table
7. Overall, there were no significant between-group differences
in LDL cholesterol, HDL cholesterol, cholesterol, triglycerides,
insulin, HOMA-IR, glucose, C-reactive protein, IGF-1, leptin,
and resistin.

HR-QoL and side effects

HR-QoL, reported as physical and mental component sum-
mary scores, was assessed with the standardized Short Form
Health Survey-12 (SF-12) at baseline, week 12, and week 50.
There were no significant between-group differences regarding
HR-QoL (Supplemental Figure 3). No major adverse effects
of the interventions were reported. In the ICR group, 5
individuals reported minor adverse physical symptoms (Sup-
plemental Table 8), including feeling cold, tired, and having

mild headaches, on energy-restricted days. Two participants
reported mild cognitive impairments, i.e., lack of concentration,
on energy-restricted days. Moreover, 3 participants in the ICR
group reported mild adverse physical effects (dizziness, cramps)
on non—energy-restricted days. In the CCR group, cognitive
(lack of concentration) or physical (appearance of skin rash with
increased intake of whole-grain bread) adverse effects were each
reported by 1 individual. There were no side effects in the control
group. Adverse effects were only reported in the intervention
phase, but not in the maintenance or follow-up phases.

DISCUSSION

In this randomized trial, ICR did not exert stronger effects
on the adipose tissue transcriptome, circulating biomarkers (of
glucose metabolism, lipid metabolism, and inflammation as
well as adipokines and steroid hormones), body weight, or
VAT and SAT volumes than CCR among overweight or obese
adults, neither during the 12-wk intervention phase nor over
the 12-wk maintenance phase or 26-wk follow-up phase. The
only exception was glucose, for which a significantly stronger
decrease at week 12 was observed for CCR compared with
ICR, despite a borderline significant trend for greater weight
loss with ICR. However, there was no significant difference
in glucose concentrations between either CCR or ICR and the
control regimen, and no differential effects of the dietary regimes
on glucose concentrations were observed at weeks 24 and 50.
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FIGURE 4 Changes in circulating biomarkers by study group (n = 150). Data are shown as means £ SEM of log. relative changes for (A) glucose, (B)
HOMA-IR, (C) IGF-1, (D) CRP, (E) leptin, and (F) LDL-cholesterol with baseline values as the reference. See Supplemental Table 6 for mean values (SD and
95% CI) and statistical analyses for differences between the study groups based on linear mixed models. CRP, C-reactive protein; IGF-1, insulin-like growth

factor 1.

Thus, considering the high number of tested endpoints, our
findings of differential changes in glucose concentrations over the
intervention phase could also be due to chance.

The impact of timing of calorie restriction (intermittent
compared with continuous) on differences in the expression of
genes in adipose tissue was investigated, to our knowledge, for
the first time in this trial. With correction for multiple compar-
isons, there were no significant differences in the expression
of preselected genes implicated in energy and macronutrient
metabolism, insulin signaling, inflammation, and growth factor
signaling between the study arms. Transcriptome-wide analyses
beyond the preselected genes did not reveal differences, either,
which indicates that timing of energy restriction may not
induce differential transcriptional regulation of adipose tissue
metabolism at similar levels of net energy intake. This finding

is in agreement with transcriptomics studies, in which adipose
tissue transcriptome regulation was a function of overall calorie
restriction and weight loss, rather than the underlying dieting
approach (low-fat or low-carbohydrate diet) to achieve calorie
restriction (16, 21, 22).

To date ICR, operationalized as the “5:2 diet,” has been
compared with CCR at an equal net calorie intake in 4 studies
(5, 6,23, 24). A 12-wk pilot trial by Carter et al. (23) among type
2 diabetics (n = 63) revealed comparable effects of ICR and CCR
with respect to weight loss, fat mass, fat-free mass, and glycated
hemoglobin concentrations. Another pilot trial by Conley et
al. (24) showed that the “5:2 diet” and CCR were similarly
effective to induce weight loss and changes in biomarkers of
lipid metabolism among 24 male war veterans over 6 mo. In 2
RCTs among nondiabetic overweight or obese women (n = 107
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and n = 115) by Harvie et al. (5, 6), no significant differences
regarding weight loss or metabolic biomarkers were observed
between ICR and CCR, which is consistent with our results.
However, Harvie et al. reported significantly greater decreases
in insulin concentrations (5, 6), HOMA-IR (5, 6), and total fat
mass (6) with ICR than with CCR. In our trial, by contrast,
there were no differences in insulin concentrations, HOMA-
IR, and fat volumes. Although the reason for the inconsistency
of findings on ICR and insulin sensitivity remains elusive, one
possible explanation may be that the 2 energy-restricted days
were consecutive in the Harvie et al. trials, but nonconsecutive
in ours. Nevertheless, results from the Harvie et al. trials, ours,
and other controlled human studies (10) are consistent in that
they suggest similar effects of ICR and CCR regarding other
cardiometabolic outcomes.

The present study was the first trial, to our knowledge, on the
“5:2 diet” to include an extended 6-mo follow-up phase (after
a 3-mo intervention phase and a 3-mo maintenance phase) to
investigate if participants would maintain the dieting regimen for
long-term weight control. We observed a slight trend for weight
regain after initial weight loss in the ICR group, which was not
observed for the CCR group. Interestingly, the weight regain
in the ICR group was paralleled by a trend for re-increase in
SAT rather than VAT volume. However, there were no significant
differences in body weight, waist circumference, and VAT or
SAT volume between ICR and CCR at any study time point.
Despite the slight tendency of weight regain in the ICR group,
the low dropout rates and maintenance of HR-QoL scores in all
study groups of the present trial indicate that the “5:2 diet” and
CCR are similarly practicable and beneficial for overweight and
obese individuals. The reported decrease in compliance to the
2 energy-restricted days per week as the trial progressed may
suggest that the “5:2 diet” is a feasible approach for initial weight
loss, whereas longer-term adherence is restricted to a subgroup
of overweight and obese individuals. At the same time, a "6:1"
scheme after successful initial weight loss may be sufficient for
weight maintenance so that adherence to 2 energy-restricted days
over longer durations may not be needed. Overall, the results
suggest that the “5:2 diet” may be an appropriate alternative to
CCR for individuals who tolerate it well.

Of note, results of a 1-y RCT on another popular form of
ICR, alternate day fasting (ADF), have recently been published
(25). In this trial, effects of ADF with alternating “fast days”
(25% of baseline energy intake) and “feast days” (125% energy
intake) were compared with those of CCR. Both ADF and CCR
showed equal benefits with regard to changes in body weight and
metabolic biomarkers over time and there were no significant
differences between the regimens (25). Hence, our results and
the findings by Trepanowski et al. (25) suggest that ICR and
CCR regimens are similarly effective to induce weight loss and
to improve metabolic biomarkers.

Our trial made possible in-depth analyses on the effects of
ICR based on a wide range of metabolic biomarkers over 50
wk, to our knowledge for the first time. The open-label design
of the study guaranteed higher external validity compared with a
feeding trial, and facilitated an assessment of the practicability of
ICR in a real-world setting. However, because the recommended
foods and beverages had to be purchased and prepared by the
study participants and were not administered in a controlled
setup, we could not directly monitor participants’ compliance.
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Nevertheless, our data on weight loss and log. relative changes
in dietary intakes do point to very good overall compliance. With
respect to the comparison of ICR and CCR with the control
regimen, it has to be considered that the control group also
showed moderate initial weight loss, although energy restriction
was not explicitly recommended. This may be a trial effect,
i.e., a change of behavior under observation in a study. In
addition, our approach to standardize dietary composition in
all 3 groups by advising participants to follow the guidelines
for a healthy balanced diet by the German Nutrition Society
may have led to moderate weight loss in the control group.
One further limitation of our trial is that we could not use
VAT samples for gene expression analyses, because taking
VAT biopsies in a dietary intervention trial such as ours is
not possible for ethical and practical reasons. Two prespecified
secondary endpoints—differences in circulating bile acids and
telomere lengths—could not be assessed owing to technical and
financial reasons. Finally, the generalizability of the findings to
other populations may be limited considering the enrollment
of predominantly metabolically healthy overweight and obese
individuals of European ancestry.

In summary, this study indicated that ICR and CCR are
alternative energy restriction regimens for weight loss with
comparable improvements to obesity-associated metabolic pro-
files, at least over 50 wk. Both regimens were well tolerated
by the majority of participants and may be equivalent weight
management approaches. Further investigations are needed on
the effectiveness, practicability, and safety of ICR for patients
with chronic diseases, such as type 2 diabetes, cardiovascular
diseases, or cancer.
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