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Abstract
Aims/hypothesis The aim of this study was to evaluate the impact on metabolic control of periodic use of a 5-day fasting-
mimicking diet (FMD) programme as an adjunct to usual care in people with type 2 diabetes under regular primary care 
surveillance.
Methods In this randomised, controlled, assessor-blinded trial, people with type 2 diabetes using metformin as the only 
glucose-lowering drug and/or diet for glycaemic control were randomised to receive 5-day cycles of an FMD monthly as 
an adjunct to regular care by their general practitioner or to receive regular care only. The primary outcomes were changes 
in glucose-lowering medication (as reflected by the medication effect score) and  HbA1c levels after 12 months. Moreover, 
changes in use of glucose-lowering medication and/or  HbA1c levels in individual participants were combined to yield a 
clinically relevant outcome measure (‘glycaemic management’), which was categorised as improved, stable or deteriorated 
after 1 year of follow-up. Several secondary outcome measures were also examined, including changes in body weight.
Results One hundred individuals with type 2 diabetes, age 18–75 years, BMI ≥27 kg/m2, were randomised to the FMD group 
(n=51) or the control group (n=49). Eight FMD participants and ten control participants were lost to follow-up. Intention-
to-treat analyses, using linear mixed models, revealed adjusted estimated treatment effects for the medication effect score 
(−0.3; 95% CI −0.4, −0.2; p<0.001),  HbA1c (−3.2 mmol/mol; 95% CI −6.2, −0.2 and −0.3%; 95% CI −0.6, −0.0; p=0.04) 
and body weight (−3.6 kg; 95% CI −5.2, −2.1; p<0.001) at 12 months. Glycaemic management improved in 53% of partici-
pants using FMD vs 8% of control participants, remained stable in 23% vs 33%, and deteriorated in 23% vs 59% (p<0.001).
Conclusions/interpretation Integration of a monthly FMD programme in regular primary care for people with type 2 diabetes 
who use metformin as the only glucose-lowering drug and/or diet for glycaemic control reduces the need for glucose-lowering 
medication, improves  HbA1c despite the reduction in medication use, and appears to be safe in routine clinical practice.
Trial registration ClinicalTrials.gov NCT03811587
Funding The project was co-funded by Health~Holland, Top Sector Life Sciences & Health, the Dutch Diabetes Founda-
tion and L-Nutra.
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Abbreviations
FMD  Fasting-mimicking diet
ITT  Intention to treat
MES  Medication effect score
PP  Per protocol

Introduction

Fasting evokes evolutionarily conserved adaptive hor-
monal and cellular responses that enhance stress resist-
ance, dampen inflammation and optimise metabolism [1]. 
Experimental studies have consistently shown robust dis-
ease-modifying effects of dietary restriction and intermit-
tent fasting in animal models of chronic disease, including 
obesity, various cancers, neurodegenerative disorders and 
diabetes [2–6]. Various methods of intermittent and peri-
odic energy restriction have shown variable effects on gly-
caemic control in people with type 2 diabetes [7]. Limiting 
dietary intake to approximately 3560 kJ/day (850 kcal/day) 

for 12–20 weeks, followed by structural support for weight 
loss maintenance, facilitates disease remission in people 
with type 2 diabetes [8–10]. However, severely restricting 
energy intake for extended periods is burdensome for many 
people and reduces energy expenditure [11], making weight 
maintenance a challenge in the long term [12].

Periodic fasting-mimicking diet (FMD) programmes last-
ing 4–7 consecutive days are designed to mimic the physi-
ological effects of water-only fasting while minimising its 
burden by allowing individuals to consume light meals dur-
ing the fasting period and confining it to a limited number of 
days no more than once a month. These low-energy, plant-
based, formula diets are low in sugar and protein, primarily 
comprising complex carbohydrates and healthy fats [13]. 
The ‘plant-based’ nature of the diet makes it low in pro-
tein, essential amino acids and sugars, and relatively high in 
fibre and unsaturated fat. Apart from the low energy content, 
these features are important for the intended fasting-mimick-
ing effects of the diet (i.e. reduction of serum glucose, IGF-1 
and insulin, increase in insulin-like growth factor-binding 
protein-1 and ketone bodies, and reduction in inflammatory 
markers) [14]. In mice, periodic FMD cycles ameliorate the 
metabolic anomalies of type 2 diabetes, reverse defects in 
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insulin production [15] and prevent premature death caused 
by high-fat/high-energy diets [16]. In healthy (non-diabetic) 
humans, three 5-day cycles of FMD monthly were shown to 
reduce fat mass, BP, triglyceride levels and fasting glucose, 
particularly in people with high levels of these risk factors 
at baseline [17].

The vast majority (90%) of people with type 2 diabetes 
are under primary care surveillance in the Netherlands [18]. 
In this study, we evaluated the clinical response to 5-day 
FMD cycles monthly as an adjunct to regular care in com-
parison with regular care only in people with type 2 diabe-
tes in a ‘real world’ setting, i.e. under regular primary care 
surveillance and treatment.

Methods

Study design

The Fasting In diabetes Treatment (FIT) trial was designed 
as a randomised, controlled, assessor-blinded intervention 
trial conducted at the Leiden University Medical Centre 
in the Netherlands. The trial was performed according to 
the principles of the Declaration of Helsinki, in accordance 
with the Medical Research Involving Human Subjects Act 
and the standards of Good Clinical Practice. The Medical 
Research Ethics Committee of Leiden University Medical 
Centre approved the protocol and amendments. The study 
was registered as ClinicalTrials.gov NCT03811587, and the 
study protocol has been published previously [19]. Registra-
tion of the trial was initiated prior to the start of the trial; 
however, online publication occurred after the start of the 
trial due to a delay within the registration process.

Participants

In collaboration with general practice centres in the area 
around Leiden and The Hague, eligible participants under 
regular primary care surveillance were informed of the 
study via a letter describing the trial. The participating 
general practice centres, situated in both the city and the 
countryside, exhibited diversity, encompassing popula-
tions with varying socioeconomic statuses and differing 
proportions of individuals with a migration background. 
Race or ethnicity data were not collected, as it was deemed 
unlikely to influence our results. Individuals with type 2 
diabetes, BMI ≥27 kg/m2, aged >18 years and <75 years, 
were eligible. For inclusion, participants had to have an 
 HbA1c > 48 mmol/mol (6.5%) and be treated with lifestyle 
advice only, or be treated with lifestyle advice plus met-
formin as the only glucose-lowering drug, irrespective of 
their  HbA1c. The exclusion criteria were a recent myocar-
dial infarction (<6 months previously, creatinine clearance 

<30 ml/min per 1.73m2, pregnancy, contraindications for 
MRI, allergy to ingredients of the diet, history of syncope 
during caloric restriction or any significant other diseases 
(at the discretion of the investigator). A total of 129 inter-
ested individuals were assessed for eligibility, and 100 
were included after providing written informed consent.

Intervention

Participants were allocated to the FMD group or the con-
trol group in computer-generated random sequence via 
the electronic trial database Castor EDC (https:// www. 
casto redc. com/), which ensured allocation concealment. 
Permuted block randomisation was performed with block 
sizes 2 and 4, stratified for sex and weight <100 kg or 
>100 kg. Sex was determined through self-report during 
the initial recruitment phase. Due to its nature, blinding of 
participants to the intervention was impossible, but study 
research staff who collected outcome data remained una-
ware of treatment allocation.

Both the control group and the FMD group received 
usual care through their general practitioner’s office. Usual 
care entailed 3-monthly clinical and biochemical evalua-
tion, lifestyle advice with the option to consult a dietitian, 
and adaptation of medication use if necessary. Adapta-
tion of the dose of glucose-lowering medication was com-
pletely left to the discretion of the general practitioners, 
who follow the Dutch guidelines for the treatment of type 
2 diabetes in this respect [20]. The study staff did not inter-
fere with usual care in any way. The FMD group received 
12 cycles of an FMD on five consecutive days monthly as 
an adjunct to usual care. Participants were contacted by 
telephone once during each FMD period to support com-
pliance. The FMD, which is commercially available, com-
prised complete meal replacement products (see electronic 
supplementary material [ESM] Table 1). Ingredients were 
all plant-based and are generally regarded as safe. The 
energy content and macronutrient composition were as 
follows: day 1 contained approximately 4600 kJ (approxi-
mately 1100 kcal; 10% protein, 56% fat, 34% complex 
carbohydrate); days 2–5 were identical to each other and 
provided approximately 3150 kJ (approximately 750 kcal; 
9% protein, 44% fat, 47% complex carbohydrate) [19]. The 
diet of participants who weighed more than 100 kg was 
supplemented by one choco crisp bar a day (approximately 
375 kJ/90 kcal) with similar macronutrient composition. 
The control group received usual care only. Adherence to 
the trial regimen was checked verbally every month. We 
strongly encouraged the participants to complete as many 
study visits as feasible, even if they decided to quit their 
assigned treatment, to ensure that missing data were as 
independent of treatment allocation as possible.

https://www.castoredc.com/
https://www.castoredc.com/
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Outcome measures

Primary and secondary outcomes were measured at baseline, 
6 months and 12 months. Specifically,  HbA1c, total choles-
terol, LDL-cholesterol, HDL-cholesterol, triglycerides and 
high-sensitivity C-reactive protein were measured under 
fasting conditions. Plasma glucose and insulin concentra-
tions were measured every 30 min over the course of 2 h 
during an OGTT. Body weight, waist circumference, body 
fat percentage and BP were also measured. All measure-
ments at 6 and 12 months were performed 3 weeks after the 
last FMD cycle in those who received FMD.

The primary outcomes were changes in  HbA1c and dose 
of glucose-lowering medication from baseline. The medica-
tion effect score (MES) was used as an indirect measure of 
glucose-lowering drug treatment. The MES of a particular 
drug dose reflects the decrease in  HbA1c that is expected 
when that specific drug dose is used as monotherapy [21]. It 
is calculated using the following equation: (actual drug dose/
maximum drug dose) × drug-specific adjustment factor. The 
adjustment factor corresponds to the expected decrease in 
 HbA1c when the drug is used as monotherapy at the maxi-
mum recommended dose [22]. The sum of MES values 
(‘total MES’) attributed to individual drugs in a multidrug 
regimen thus reflects the maximum  HbA1c reduction that 
may be expected when that specific regimen is used [21]. 
For instance, a MES of 2.5 for a drug regimen translates 
to a maximal expected decrease in  HbA1c of 2.5%. There-
fore, actual  HbA1c concentration + total MES was used as a 

measure of glycaemic control corrected for glucose-lowering 
medication use [23, 24].

As the response of individual participants (in addition 
to mean group results) provides valuable insight into the 
clinical effects of an intervention, we also categorised both 
outcome measures in each individual participant and used a 
combined binary outcome to estimate the sample size for the 
trial (see ESM Methods). For the main analysis,  HbA1c was 
categorised as ‘improved’ when  HbA1c was ≥5 mmol/mol 
(0.5%) lower compared with baseline. It was categorised as 
‘deteriorated’ when  HbA1c was ≥5 mmol/mol (0.5%) higher 
compared with baseline. Otherwise, it was categorised as 
‘stable’ (Table 1). Any lower dose or discontinuation of 
metformin compared with baseline was categorised as a 
‘decrease’ in the use of glucose-lowering medication. Any 
higher dose or use of additional glucose-lowering drug was 
categorised as an ‘increase’ in the use of glucose-lowering 
medication. When the dose remained the same, drug use 
was categorised as ‘stable’ (Table 1). As plasma  HbA1c con-
centration and the dose of glucose-lowering drugs mutually 
influence each other, we combined these parameters reflect-
ing glucose control in individual participants to yield a cat-
egorical outcome measure, for which we coined the term 
‘glycaemic management’ (Table 1).

Secondary outcomes were body weight, BMI, total body 
fat, waist circumference, BP, fasting plasma glucose, insulin 
and lipid profiles. Furthermore, plasma glucose and insulin 
concentrations in response to an OGTT were used to calcu-
late the Matsuda index (reflecting insulin sensitivity) and the 

Table 1  Categories of individual changes at the end of the study compared with baseline for  HbA1c, glucose-lowering medication use and gly-
caemic management

a The term ‘glycaemic management’ is used to describe the change in  HbA1c levels and use of glucose-lowering medication combined

Category Description

HbA1c levels
 Improved ≥5 mmol/mol (0.5%) lower
 Stable <5 mmol/mol (0.5%) higher or lower
 Deteriorated ≥5 mmol/mol (0.5%) higher
Use of glucose-lowering medication
 Decreased Lower dose of metformin or medication stopped
 Stable Stable dose
 Increased Increased dose of metformin and/or use of additional drugs to control glycaemia
Glycaemic  managementa

 Improved A lower dose or class of glucose-lowering medication with an  HbA1c not more than 5 mmol/mol (0.5%) 
higher at the end of the study compared with baseline;

OR: no change in glucose-lowering medication with an  HbA1c ≥5 mmol/mol (0.5%) lower at the end of 
the study compared with baseline

 Stable No change in glucose-lowering medication use and a difference in  HbA1c of <5 mmol/mol (0.5%) at the 
end of the study compared with baseline

 Deteriorated A higher dose or class of glucose-lowering medication at the end of the study compared with baseline;
OR: an  HbA1c that is ≥5 mmol/mol (0.5%) higher at the end of the study compared with baseline with no 

change in glucose-lowering medication
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disposition index (reflecting endogenous insulin secretion) 
[25–27]. Adverse events were registered according to the 
Common Terminology Criteria for Adverse Events version 
5.0 [28] during two face-to-face visits at 6 and 12 months, 
or, in the case of serious adverse events, were reported 
immediately.

Statistical analysis

Primary and secondary outcomes were summarised using 
the mean and SD for normally distributed data or median 
and IQR in case of an asymmetrical distribution. The cat-
egorical outcome measures were analysed using χ2 tests. 
When the assumptions of the χ2 test were violated, Fisher’s 
exact test was used. The treatment effects over time for the 
primary and secondary continuous outcomes were estimated 
using linear mixed models for all available data at baseline, 
6 months and 12 months. The linear mixed models included 
fixed effects for time and time-by-arm interaction terms with 
random effects for individual participants. The models were 
adjusted for the baseline value of the outcome and for ran-
domisation stratifiers (sex and weight >100 kg) [29]. The 
Benjamini–Hochberg procedure was used to correct the 
statistics of the multiple tests of secondary outcomes. An 
intention-to-treat (ITT) analysis was conducted as well as a 
per protocol (PP) analysis, including only participants in the 
FMD group who were compliant with the 12 cycles of FMD. 
Imputation was not performed, as this could only be applied 
to the outcome measure, where no power or efficiency would 
be gained. The last measurement carried forward method 
was not applied because of the bias it would introduce [30].

As a post hoc analysis, we adjusted the linear mixed mod-
els of the primary outcomes by adding a fixed effect for body 
weight over time. Moreover, we compared several clinical 
baseline characteristics of responders and non-responders 
(with respect to glycaemic management) using independent 
Student’s t tests.

Statistical analyses were performed using Rstudio ver-
sion 4.3.1 for Windows (http:// www. rstud io. com/). Figures 
were created in GraphPad Prism version 9.0.1 for Windows 
(https:// www. graph pad. com).

Results

Trial participants

Between 20 November 2018 and 1 July 2020, 129 individu-
als were assessed for eligibility, of whom 29 were excluded; 
thus 100 participants were randomly assigned to the FMD 
group (n=51) or the control group (n=49) (Fig. 1). Follow-
up ended on 5 August 2021.

Two participants in the FMD group and six participants in 
the control group did not complete baseline measurements. 
Thus, data for 49 participants using FMD and 43 control par-
ticipants were available for use in the ITT analysis (Fig. 1). 
Despite strong encouragement, six non-compliant FMD par-
ticipants and four control participants could not complete 
follow-up visits. Indeed, loss to follow-up was primarily 
due to the inability to complete study visits and unrelated 
to treatment issues. Moreover, participants who were lost to 
follow-up were equally distributed among study groups. For 
these reasons, missing data were assumed to be random. At 
various time points during the protocol, 13 other participants 
stopped using the FMD, but agreed to complete follow-up 
visits (Fig. 1). Demographic and clinical characteristics were 
similar in both groups at baseline (Table 2). On average, 
glucose metabolism was well controlled, as indicated by on-
target  HbA1c values.

Glycaemic endpoints

Glucose‑lowering medication use The use of glucose-low-
ering medication, as quantified by the MES, decreased from 
0.7 ± 0.4 (mean ± SD) at baseline to 0.5 ± 0.4 at 12 months 
in the FMD group, but increased from 0.5 ± 0.4 to 0.7 ± 0.6 
in the control group, yielding an adjusted estimated treat-
ment effect of −0.3 (95% CI −0.4, −0.2; p<0.001) (Table 3 
and Fig. 2). The dose of glucose-lowering medication at 12 
months was reduced in 40% (n=17) of participants in the 
FMD group and 5% (n=2) of control participants, remained 
stable in 51% (n=22) of participants receiving FMD and 
51% (n=20) of control participants, and increased in 9% 
(n=4) of participants using FMD and 44% (n=17) of control 
participants (p<0.001, Fig. 3).The results at 6 months were 
similar (ESM Fig. 1). Glucose-lowering medication was 
completely stopped in 16% (n=7) of the participants in the 
FMD group and 5% (n=2) of control participants (p=0.16), 
while additional medication was prescribed in 2% (n=1) 
of the FMD group and 26% (n=10) of the control group 
(p=0.006, Fig. 4).

HbA1c The  HbA1c values decreased from 52.2 ± 9.3 mmol/
mol (6.9 ± 0.8%) (mean ± SD) at baseline to 49.5 ± 8.2 
mmol/mol (6.7 ± 0.8%) at 12 months in the FMD group, and 
increased from 53.7 ± 12.2 mmol/mol (7.1 ± 1.1%) to 53.8 
± 7.6 mmol/mol (7.1 ± 0.7%) in the control group, yielding 
adjusted estimated treatment effects of −3.2 mmol/mol (95% 
CI −8.0, −2.0) and −0.3% (95% CI −0.6, −0.0) (p=0.04; 
Table 3 and Fig. 2).  HbA1c was reduced by >5 mmol/mol 
in 42% (n=18) of participants in the FMD group and 15% 
(n=6) of control participants, remained stable in 44% (n=19) 
of participants in the FMD group and 56% (n=22) of con-
trol participants, and deteriorated in 14% (n=6) of FMD 

http://www.rstudio.com/
https://www.graphpad.com
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Assessed for eligibility (n=129)

Excluded (n=29)

Did not meet inclusion criteria (n=23)

Declined to participate (n=6)

Completed the trial at 12 months (n=43)

Lost to follow-up (n=6)

Issues with FMD (na=4)

Scheduling issues (na=2)

Health issues unrelated to the intervention (na=2)

Discontinued FMD (n=13)

Taste issues (na=6)

Adverse events (na=5)

Hunger (na=3)

Unable to combine with daily life (na=2)

Fear of COVID-19-related health issues (na=1)

Unwilling to lose more weight (na=1)

Allocated to FMD group (n=51)

Lost to follow-up (n=4)

Fear of COVID-19-related health issues (na=3)

Personal reasons (na=1)

Allocated to control group (n=49)

Completed the trial at 12 months (n=39)

Allocation

Follow-Up

Intention-to-treat analysis (n=43)

Per protocol analysis (n=30)

Intention-to-treat analysis (n=39)

Per protocol analysis (n=39)

Analysis

Completed baseline measurements (n=49)

Received allocated intervention (n=49)

No complete baseline measurements (n=2)

Scheduling issues (na=1)

Health issues unrelated to the intervention (na=1)

Completed baseline measurements (n=43)

No complete baseline measurements (n=6)

Dissatisfied with randomisation (na=2)

Scheduling issues (na=2)

Fear of COVID-19-related health issues (na=1)

No contact (na=1)

Randomised (n=100)

Enrolment

Fig. 1  Study flow chart. na indicates the number of participants for whom this was the reason for being lost to follow-up or discontinuing FMD; 
there may be several reasons per participant
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Table 2  Demographic and 
baseline characteristics (n=92)

Data are presented as mean ± SD, n (%) or median (IQR)
Missing data: One participant in each group did not arrive in fasting condition, therefore fasting glucose 
and fasting insulin measurements are missing. In the FMD group, one fasting insulin measurement was 
invalid. Measurements for the plasma lipid spectrum (except HDL-cholesterol) are missing for one partici-
pant in the control group due to invalid measurement. Two participants in the FMD group refused to share 
their level of education; one participant in the FMD group refused to share information on their country of 
birth
a T2D complications include polyneuropathy and retinopathy. There were no cases of nephropathy or dia-
betic foot
b History of CVD includes angina pectoris, myocardial infarction and cerebrovascular events
CRP, C-reactive protein; T2D, type 2 diabetes

FMD group
(n=49)

Control group
(n=43)

Demographic characteristics
 Age (years) 62±8 64±8
 Sex
  Male 26 (53) 22 (51)
  Female 23 (47) 21 (49)
 Level of education
  Low 20 (41) 15 (35)
  Medium 13 (27) 13 (30)
  High 14 (29) 15 (35)
 Country of birth
  the Netherlands 45 (92) 39 (91)
  Other 3 (6) 4 (9)
 Current smoker 4 (8) 4 (9)
 Alcohol use 25 (51) 22 (51)
Medical history
 Time since T2D diagnosis (years) 4 (3–12) 6 (3–10)
 T2D  complicationsa 7 (14) 6 (14)
 Hypertension 35 (71) 29 (67)
 Hypercholesterolaemia 39 (80) 26 (60)
 History of  CVDb 8 (16) 5 (12)
 Use of glucose-lowering medication
  Metformin 46 (94) 36 (84)
  Metformin dose 1000 (500–1700) 1000 (500–1000)
Laboratory measurements
  HbA1c (mmol/mol) 52.2±9.3 53.7±12.2
  HbA1c (%) 6.9±0.8 7.1±1.1
 Fasting glucose (mmol/l) 8.3±1.9 8.8±1.8
 Fasting insulin (pmol/l) 156.0±87.7 146.7±72.1
 Lipid spectrum
  Total cholesterol (mmol/l) 4.7±1.0 4.8±0.9
  LDL-cholesterol (mmol/l) 2.6±0.9 2.7±0.8
  HDL-cholesterol (mmol/l) 1.2±0.3 1.3±0.3
  Total cholesterol/HDL-cholesterol ratio 4.0±1.1 3.8±1.0
  Triglycerides (mmol/l) 1.8±0.8 1.7±0.7
 High-sensitivity CRP (mg/l) 1.6 (0.9–3.3) 2.0 (1.1–4.7)
Anthropometric data
 Weight (kg) 100.5±15.3 99.2±14.3
 BMI (kg/m2) 31.3 (29.2–35.7) 31.9 (29.8–34.3)
 Waist circumference (cm) 112.0±11.7 110.9±9.2
 Body fat (%) 37.7±8.1 37.6±7.4
 Fat-free mass (kg) 62.4±11.2 62.0±11.9
 Systolic BP (mmHg) 140.4±17.0 140.4±14.9
 Diastolic BP (mmHg) 84.0±7.1 83.8±7.9
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Table 3  Changes in 
anthropometric data and plasma 
metabolic profiles from baseline 
to 6 months and 12 months in 
the FMD group and the control 
group (ITT analysis)

FMD group Control group Adjusted estimated treat-
ment effect (95% CI)

p value

n Mean ± SD n Mean ± SD

Primary outcomes
HbA1c (mmol/mol)
 Baseline 49 52.2±9.3 43 53.7±12.2
 6 months 44 47.3±7.4 37 53.8±8.1 −5.0 (−8.0, −2.0) <0.01
 12 months 43 49.5±8.2 39 53.8±7.6 −3.2 (−6.2, −0.2) 0.04
HbA1c (%)
 Baseline 49 6.9±0.8 43 7.1±1.1
 6 months 44 6.5±0.7 37 7.1±0.7 −0.5 (−0.7, −0.2) <0.01
 12 months 43 6.7±0.8 39 7.1±0.7 −0.3 (−0.6, −0.0) 0.04
MES
 Baseline 49 0.7±0.4 43 0.5±0.4
 6 months 44 0.6±0.4 38 0.5±0.5 −0.1 (−0.2, 0.1) 0.38
 12 months 42 0.5±0.4 39 0.7±0.6 −0.3 (−0.4, −0.2) <0.001
HbA1c, MES-corrected (%)
 Baseline 49 7.6±1.1 43 7.6±1.2
 6 months 43 7.0±0.9 36 7.6±0.9 −0.5 (−0.8, −0.2) <0.01
 12 months 42 7.1±1.0 39 7.8±1.0 −0.6 (−0.9, −0.3) <0.001
Secondary outcomes
Laboratory measurements
 Fasting glucose (mmol/l)
  Baseline 48 8.3±1.9 42 8.8±1.8
  6 months 42 7.9±1.6 35 9.1±1.9 −0.8 (−1.8, −0.2) <0.01
  12 months 43 8.4±2.1 39 9.0±1.8 −0.4 (−1.0, 0.3) 0.26
 Fasting insulin (pmol/l)
  Baseline 47 156.0±87.7 42 146.7±72.1
  6 months 42 155.7±102.2 36 156.2±65.5 −3.4 (−28.9, 22.3) 0.80
  12 months 43 164.7±116.9 39 162.6±81.8 −4.7 (−29.7, 20.4) 0.71
 Total cholesterol (mmol/l)
  Baseline 49 4.7±1.0 42 4.8±0.9
  6 months 44 4.7±1.0 37 4.9±1.1 −0.0 (−2.3, 0.2) 0.79
  12 months 43 4.7±1.0 39 4.8±1.2 0.0 (−0.2, 0.3) 0.87
 LDL-cholesterol (mmol/l)
  Baseline 48 2.6±0.9 42 2.7±0.8
  6 months 44 2.6±0.9 37 2.7±1.0 −0.0 (−0.2, 0.2) 0.93
  12 months 43 2.6±0.9 39 2.7±1.0 −0.0 (−0.2, 0.2) 0.77
 HDL-cholesterol (mmol/l)
  Baseline 49 1.2±0.3 43 1.3±0.3
  6 months 44 1.3±0.3 37 1.3±0.3 0.1 (−0.0, 0.1) 0.09
  12 months 43 1.3±0.3 39 1.3±0.3 0.1 (0.0, 0.2) <0.001
 Total cholesterol/HDL-cholesterol ratio
  Baseline 49 4.0±1.1 42 3.8±1.0
  6 months 44 3.8±1.0 37 3.8±0.9 −0.2 (−0.4, 0.1) 0.17
  12 months 43 3.7±1.1 39 3.8±1.0 −0.2 (−0.5, 0.0) 0.06
 Triglycerides (mmol/l)
  Baseline 49 1.8±0.8 42 1.7±0.7
  6 months 44 1.7±0.7 37 1.8±0.9 −0.2 (−0.4, 0.1) 0.22
  12 months 43 1.7±0.7 39 1.8±0.8 −0.1 (−0.4, 0.1) 0.34
 High-sensitivity CRP (mg/l)
  Baseline 49 2.6±2.5 43 3.4±3.6
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Adjusted estimated treatment effects were calculated using linear mixed models with all available data. 
The linear mixed models included fixed effects for time and time-by-arm interaction terms with random 
effects for individual participants. The models were adjusted for the baseline value of the outcome and for 
randomisation stratifiers (sex and weight >100 kg). n = number of participants with data available at each 
timepoint
CRP, C-reactive protein

Table 3  (continued) FMD group Control group Adjusted estimated treat-
ment effect (95% CI)

p value

n Mean ± SD n Mean ± SD

  6 months 44 3.0±4.2 37 2.6±2.1 0.6 (−0.6, 1.9) 0.34
  12 months 43 2.5±3.7 39 2.6±2.3 0.1 (−1.1, 1.4) 0.83
Anthropometric data
 Weight (kg)
  Baseline 49 100.5±15.3 43 99.2±14.3
  6 months 44 95.5±14.9 38 98.6±15.0 −3.8 (−5.4, −2.2) <0.001
  12 months 43 95.3±14.5 39 99.4±15.2 −3.6 (−5.2, −2.1) <0.001
 BMI (kg/m2)
  Baseline 49 33.0±4.8 43 32.6±3.6
  6 months 44 31.5±4.8 38 32.5±3.7 −1.3 (−1.8, −0.8) <0.001
  12 months 43 31.6±5.0 39 32.6±3.9 −1.2 (−1.7, −0.7) <0.001
 Waist circumference (cm)
  Baseline 49 112.0±11.7 43 110.9±9.2
  6 months 44 108.0±11.3 38 109.8±9.6 −2.6 (−4.5, −0.7) <0.01
  12 months 43 107.7±12.0 39 110.6±9.7 −3.5 (−5.3, −1.6) <0.001
  Body fat (%)
  Baseline 49 37.7±8.1 43 37.6±7.4
  6 months 44 36.3±7.9 38 37.7±7.5 −1.8 (−3.0, −0.7) <0.01
  12 months 43 36.3±8.6 39 37.9±7.5 −2.2 (−3.3, −1.0) <0.001
 Fat-free mass (kg)
  Baseline 49 62.4±11.2 43 62.0±11.9
  6 months 44 60.5±10.1 38 61.4±11.8 −0.7 (−1.6, 0.1) 0.11
  12 months 43 60.3±10.0 39 61.8±11.9 −0.3 (−1.1, 0.6) 0.53
 Systolic BP (mmHg)
  Baseline 49 140.3±17.0 43 140.4±14.9
  6 months 44 136.5±15.2 38 136.6±16.3 0.6 (−4.9, 6.2) 0.82
  12 months 43 137.6±16.7 39 139.0±14.5 −0.4 (−6.0, 5.1) 0.87
 Diastolic BP (mmHg)
  Baseline 49 84.0±7.1 43 83.8±7.9
  6 months 44 81.8±7.2 38 82.7±8.4 −0.5 (−3.2, 2.2) 0.72
  12 months 43 81.2±5.7 39 82.1±7.0 −0.5 (−3.2, 2.2) 0.74
Insulin sensitivity indices
 Matsuda index
  Baseline 42 1.5±0.8 39 1.5±0.6
  6 months 34 1.7±1.2 23 1.3±0.5 0.4 (0.1, 0.7) 0.03
  12 months 39 1.7±1.2 32 1.3±0.5 0.4 (0.1, 0.7) 0.01
 Disposition index
  Baseline 42 11.4±6.5 39 11.2±9.5
  6 months 34 11.3±7.3 23 10.4±8.3 0.8 (−2.8, 4.4) 0.68
  12 months 39 11.9±10.1 32 10.5±7.3 1.6 (−1.6, 4.8) 0.34
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participants and 28% (n=11) of control participants (p=0.02, 
Fig. 3). The results at 6 months were similar (ESM Fig. 1).

Glucose‑lowering medication and  HbA1c combined As our 
primary outcome measures (i.e. use of glucose-lowering 
medication and  HbA1c) mutually impact each other, we 
combined these measures in two distinct ways to better 
reflect glycaemic control. First,  HbA1c (%) corrected for 
drug treatment by adding the total MES decreased from 
7.6 ± 1.1% (mean ± SD) at baseline to 7.1 ± 1.0% at 12 
months in the FMD group, but increased from 7.6 ± 1.2% 
at baseline to 7.8 ± 1.0% in the control group, yielding an 
adjusted estimated treatment effect of −0.6% (95% CI −0.9, 
−0.3; p<0.001) (Table 3 and Fig. 2). Furthermore, glycae-
mic management improved in 53% (n=23) of participants 
in the FMD group compared with 8% (n=3) of control par-
ticipants, remained stable in 23% (n=10) of participants 
receiving FMD and 33% (n=13) of control participants, and 
deteriorated in 23% (n=10) using FMD and 59% (n=23) 
of control participants (p<0.001) (Table 1 and Fig. 3). The 
results at 6 months were similar (ESM Fig. 1). Two partici-
pants in the FMD group could not be formally categorised, 
as they showed an increase in  HbA1c of >5 mmol/mol but 

they used less glucose-lowering medication after 12 months. 
We subjectively decided to categorise these participants as 
deteriorated.

Matsuda and disposition index The Matsuda index and the 
disposition index were calculated using glucose and insulin 
data obtained during an OGTT (Table 3 and ESM Fig. 2). 
The Matsuda index increased from 1.5 ± 0.8 (mean ± SD) 
at baseline to 1.7 ± 1.2 at 12 months in the FMD group, but 
decreased from 1.5 ± 0.6 to 1.3 ± 0.5 in the control group, 
yielding an adjusted estimated treatment effect of +0.4 (95% 
CI +0.1, +0.7; p=0.01; Table 3). The disposition index 
increased from 11.4 ± 6.5 (mean ± SD) at baseline to 11.9 
± 10.1 at 12 months in the FMD group, but decreased from 
11.2 ± 9.5 to 10.5 ± 7.3 in the control group, yielding an 
adjusted estimated treatment effect of +1.6 (95% CI −1.6, 
+4.8; p=0.34; Table 3).

Anthropometric data and plasma lipid profiles

There was a significant adjusted estimated treatment effect 
on body weight (−3.6 kg; 95% CI −5.2, −2.1; p<0.001), 
BMI (−1.2 kg/m2; 95% CI −1.7, −0.7; p<0.001), waist 

Fig. 2  Change over time in 
total MES,  HbA1c and  HbA1c 
corrected for medication use 
by adding total MES for the 
FMD group and the control 
group (ITT analysis). Values 
are means ± SEM at baseline, 
6 months and 12 months. The 
numbers of participants per 
timepoint and per group are 
shown in Table 3. (a) Change 
in MES over time. (b) Change 
in  HbA1c (mmol/mol) over 
time. (c) Change in  HbA1c (%) 
over time. (d) Change in  HbA1c 
corrected for the total MES 
over time. *p<0.05; **p<0.01; 
***p<0.001 vs the control 
group
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circumference (−3.5 cm; 95% CI −5.3, −1.6; p<0.001) and 
body fat percentage (−2.2%; 95% CI −3.3, −1.0; p<0.001) 
at 12 months, but no measurable treatment effect on fat-free 
mass (−0.3 kg; 95% CI −1.1, +0.6; p=0.53) (Table 3). Also, 
there was no treatment effect on systolic BP (−0.4 mmHg; 
95% CI −6.0,+5.1; p=0.87) or diastolic BP (−0.5 mmHg; 
95% CI −3.2, +2.2; p=0.74) (Table 3), and antihyperten-
sive drug use was largely unchanged (63% of participants 
receiving FMD and 79% of control participants used similar 
antihypertensive medication after 12 months).

There was no treatment effect on plasma lipids, except for 
an adjusted estimated treatment effect on HDL-cholesterol 
of +0.1 mmol/l (95% CI 0.0, +0.2, p<0.001, Table 3). Use 
of cholesterol-lowering medication remained stable over 
12 months in the vast majority of participants (80% of par-
ticipants receiving FMD vs 84% of control participants). 
All variables that were significantly different at 12 months 
remained so after correction for multiple testing using the 
Benjamini–Hochberg procedure.

PP analysis

For the PP analysis, data from FMD participants who were 
fully compliant with the dietary programme and who fin-
ished follow-up (n=30) were compared with data from par-
ticipants in the control group who finished follow-up (n=39) 
(ESM Fig. 3 and ESM Table 2). The mean values for MES 
and  HbA1c changed to a similar extent in the PP and ITT 
analyses. Medication use decreased in 47% (n=14) of par-
ticipants in the FMD group and 5% (n=2) of control partici-
pants, remained stable in 47% (n=14) of participants in the 
FMD group and 51% (n=20) of control participants, and 
increased in 7% (n=2) of FMD participants and 44% (n=17) 
of control participants (p<0.001).  HbA1c improved in 50% 
(n=15) of participants in the FMD group and 15% (n=6) of 
control participants, remained stable in 37% (n=11) of par-
ticipants in the FMD group and 56% (n=22) of control par-
ticipants, and deteriorated in 13% (n=4) of FMD participants 
and 28% (n=11) of control participants (p<0.01). Glycaemic 
management improved in 63% (n=19) of FMD participants 
compared with 8% (n=3) of control participants, remained 
stable in 17% (n=5) of FMD participants compared with 
33% (n=13) of control participant and deteriorated in 20% 
(n=6) of FMD participants and 59% (n=23) of control par-
ticipants (p<0.001).

Post hoc analysis

In the post hoc analysis adjusting for body weight over 
time, the adjusted estimated treatment effect on the MES 
remained −0.3 (95% CI −0.4, −0.2; p<0.001; ESM 

Improved Stable Deteriorated

0

20

40

60

80

100

G
ly

c
a
e
m

ic
m

a
n
a
g
e
m

e
n
t

(
%

o
f
p
a
rt

ic
ip

a
n
ts

)

χ
2
 test: p < 0.001

c

Decreased Stable Increased

0

20

40

60

80

100

U
s
e

o
f
g
lu

c
o
s
e
l
o
w

e
ri
n
g

m
e
d
ic

a
ti
o
n

(
%

o
f
p
a
rt

ic
ip

a
n
ts

)

χ
2
 test: p < 0.001

a

Improved Stable Deteriorated

0

20

40

60

80

100

H
b

A
1

c

(
%

o
f
p
a
rt

ic
ip

a
n
ts

)

χ
2
 test: p = 0.02

b

FMD group

Control group

Fig. 3  Effect of the FMD on use of glucose-lowering medication 
and  HbA1c levels in participants in the FMD group and the control 
group at 12 months (ITT analysis). Bars represent the percentage of 
participants in each category (total n=43 in the FMD group vs n=39 
in the control group). Differences between the FMD group and the 
control group were evaluated using χ2 test. The categories are defined 
in Table 1. (a) Change in use of glucose-lowering medication at the 
end of the study compared with baseline. (b) Change in  HbA1c at the 
end of the study compared with baseline. (c) Glycaemic management 
at the end of the study compared with baseline
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Table 3). For  HbA1c, the adjusted estimated treatment 
effect was −2.0 mmol/mol (95% CI −5.0, +0.9; −0.2%; 
95% CI −0.5, +0.1; p=0.18). For  HbA1c (%) corrected 
for medication use by adding the total MES, the adjusted 
estimated treatment effect was −0.4% (95% CI −0.7, −0.1; 
p<0.01).

Moreover, in an attempt to explain the difference 
between ‘responders’ and ‘non-responders’, we compared 
several potentially relevant clinical baseline characteristics 
of both groups, but failed to find significant differences 
(ESM Table 4). However, baseline  HbA1c was non-signif-
icantly higher in responders than in non-responders (54.5 
± 10.4 in the FMD group versus 49.0 ± 7.5 in the control 
group, p=0.06).

Adverse events

The FMD programme caused typical signs of energy defi-
cit (fatigue, headache, dizziness) and nausea in a substan-
tial number of participants during the 5-day intervention, 
which resolved in the periods between the FMD cycles. 
Adverse events were registered in 19 FMD and 18 control 
participants (ESM Table 5). Eight serious adverse events 
occurred in five FMD participants and no serious adverse 
events occurred in the control group; none of the serious 
adverse events were related to the study (ESM Table 6).

Discussion

We explored the clinical impact of periodic use of an FMD 
programme as adjunct to usual care for people with type 2 
diabetes. The data show that, on average, the group assigned 
to 12 cycles of five consecutive days of FMD monthly with-
out additional lifestyle advice used significantly less glu-
cose-lowering medication at 12 months, and their  HbA1c 
levels were lower compared with those in the control group. 
Indeed, the proportion of participants in whom glucose-
lowering medication was reduced was eight times higher 
in the FMD group (40%) than in the control group (5%). 
Interestingly,  HbA1c decreased ≥5 mmol/mol (0.5%) in 
42% of participants in the FMD group despite reduced 
drug use, while this occurred in only 15% of participants 
in the control group. Moreover, mean body weight, body 
fat percentage and waist circumference decreased more in 
participants receiving the FMD programme than in con-
trol participants, while fat-free mass did not change. The 
anthropometric changes were accompanied by an improve-
ment of insulin resistance as reflected by the Matsuda index. 
Mean changes in BP and plasma lipid profiles did not differ 
between groups, except for a slightly larger increase in HDL-
cholesterol in FMD users.

The potentially confounding effects of medication on 
 HbA1c levels was accounted for by combining the changes 
in  HbA1c and those in glucose-lowering medication. To 
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Sulfonylurea

DPP4 inhibitor/GLP1 agonist

Metformin + sulfonylurea

Metformin + DPP4 inhibitor/GLP1 agonist

Metformin + sulfonylurea + DPP4 inhibitor/GLP1 agonist

Fig. 4  Overview of glucose-lowering medication used at baseline and 
after 12 months in the FMD group and the control group (ITT anal-
ysis). (a) Use of glucose-lowering medication in the FMD group at 
baseline (n=43). (b) Use of glucose-lowering medication in the con-
trol group at baseline (n=39). (c) Use of glucose-lowering medication 

in the FMD group after 12 months (n=43). (d) Use of glucose-low-
ering medication in the control group after 12 months (n=39). DPP4 
inhibitor, dipeptidyl peptidase-4 inhibitor; GLP-1 agonist, glucagon-
like peptide-1 agonist
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obtain mean group effects, this was achieved by correct-
ing  HbA1c levels for the MES [21]. Moreover, to compre-
hensively assess the glycaemic control status of individual 
participants, we constructed a categorical outcome measure 
that combines  HbA1c and the use of glucose-lowering medi-
cation, for which we coined the term ‘glycaemic manage-
ment’. Both measures revealed beneficial effects of the FMD 
programme on glycaemic control.

The percentage of participants who benefitted from the 
FMD programme in terms of  HbA1c reduction, decrease of 
glucose-lowering medication or improved glycaemic man-
agement was somewhat higher in the PP analysis than in 
the ITT analysis. However, the differences between analyses 
were small, and glycaemic management improved even in 
some participants who discontinued the FMD after just a 
few cycles. These findings suggest that less frequent dietary 
intervention may be sufficient to achieve guideline goals. 
Therefore, further research should aim to define the mini-
mum number and frequency of FMD cycles required for 
optimal effect.

One of the strengths of this study is that it involved rou-
tine monitoring and treatment by general practitioners, 
which adds to the generalisability of the findings to real-
life clinical settings. Indeed, the fact that prescription of 
glucose-lowering medication was adapted as usual accord-
ing to Dutch guidelines for the treatment of type 2 diabetes 
reinforces the notion that the FMD programme will have a 
similar effect in everyday clinical practice. This approach is 
likely to yield more realistic and clinically relevant results 
compared with studies where treatment is tightly controlled 
according to the study protocol.

A limitation of our study concerns the exclusion of indi-
viduals who used glucose-lowering medication other than 
metformin. We did this because reduction of caloric intake 
increases the risk of hypoglycaemia in people using sulfo-
nylurea derivatives or insulin (which were the first-choice 
second- and third-line (drug) treatments, respectively, in the 
Dutch guidelines at the time the study started). Therefore, 
prescription of the FMD programme to individuals taking 
these drugs requires more intense surveillance. In a recent 
trial examining the same dietary intervention, insulin dose 
was more than halved and all other glucose-lowering drugs 
were discontinued during FMD, and participants were 
required to self-monitor blood glucose concentrations at 
least four times daily [31]. In this setting, the FMD pro-
gramme appeared safe, but it was applied to a limited num-
ber of participants. Thus, further research is necessary to 
determine how the FMD programme can be safely applied in 
individuals who use glucose-lowering medication other than 
metformin. Furthermore, missing outcome data in the ITT 
analysis may have caused selection bias, although such data 
were probably distributed randomly among study groups, 
as we strongly encouraged people to adhere to (other) 

protocol instructions even if they discontinued the (dietary) 
intervention.

The results of three previous studies are in line with our 
findings. Use of three 5-day cycles of similar composition 
and timing as used in our trial improved mean anthropomet-
ric measures and metabolic control, particularly in obese 
people with metabolic anomalies at baseline [17], as well 
as in people with type 2 diabetes [32]. Use of six cycles 
improved markers of metabolic control in the FMD group 
but not in a group with similarly timed cycles of a Mediter-
ranean diet in people with type 2 diabetes [31]. The small 
effect on mean  HbA1c levels in our study may be due to 
the fact that we included participants whose glucose levels 
were well controlled at baseline. Many studies have shown a 
strong positive correlation between the mean baseline  HbA1c 
level and its reduction in response to pharmacological inter-
vention [33]. It is quite conceivable that the same is true for 
lifestyle interventions. The post hoc analysis adjusting for 
body weight over time showed that there is a direct impact 
of the FMD on glycaemic outcomes that is independent of 
weight loss, even though part of its effect is explained by the 
change in body weight. Earlier animal studies also showed 
effects of intermittent fasting on glucose and insulin levels 
that were independent of weight [5, 34].

Our data show that periodic use of an FMD can be a 
valuable treatment option for people with type 2 diabetes 
who use metformin as the only glucose-lowering drug and/
or diet for glycaemic control. Unfortunately, our post hoc 
attempt to identify baseline characteristics that predict the 
response to treatment failed to find significant differences 
between responders and non-responders, although the  HbA1c 
concentration appeared to be a potential determinant of treat-
ment success, in agreement with data from pharmacological 
interventions [34]. Post hoc analyses also showed that sex 
failed to predict treatment response for either treatment suc-
cess or failure. Based on these results, the FMD programme 
emerges as a potential treatment option suitable for indi-
viduals of both sexes. Future studies should be specifically 
designed to identify if sex or other determinants can predict 
success in order to help clinicians decide which patients are 
most eligible for periodic use of an FMD.

In general, the diet programme was well tolerated, as 
illustrated by the similar number of (mild to moderately 
severe) adverse events and dropout rates in the FMD and 
control groups. However, it is important to note that a 
variety of (minor) complaints were reported during phone 
calls at the time participants used the diet, which made 
five participants discontinue the FMD. It seems pru-
dent to warn people that transient signs of energy defi-
cit (fatigue, dizziness, headache) may occur during FMD 
periods. Despite these issues, the majority of participants 
remained motivated and complied with the programme. 
This indicates that most individuals will eventually be 
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able to sustainably follow an FMD programme in regular 
care, which is important as the treatment of type 2 diabetes 
requires lifelong adaptation of dietary habits.

In conclusion, integration of a monthly FMD pro-
gramme without additional lifestyle advice in regular 
care for people with type 2 diabetes who use metformin as 
the only glucose-lowering drug and/or diet for glycaemic 
control reduces the need for glucose-lowering medication 
as well as reducing  HbA1c, and improves anthropometric 
measures without compromising fat-free mass. Moreover, 
it appears to be safe in routine clinical practice.
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