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Abstract
Background: One of the main effectors on the quality of life of living-kidney donors is postoperative fatigue.
Caloric restriction (CR) and short-term fasting (STF) are associated with improved fitness and increased resistance to
acute stress. CR/STF increases the expression of cytoprotective genes, increases immunomodulation via increased
anti-inflammatory cytokine production, and decreases the expression of pro-inflammatory markers. As such,
nutritional preconditioning by CR or STF represents a non-invasive and cost-effective method that could mitigate
the effects of acute surgery-induced stress and postoperative fatigue. To investigate whether preoperative STF
contributes to a reduction in fatigue after living-kidney donation, a randomized clinical trial is indicated.
Methods: We aim to determine whether 2.5 days of fasting reduces postoperative fatigue score in subjects
undergoing living-kidney donation. In this randomized study, the intervention group will follow a preoperative
fasting regime for 2.5 days with a low-dose laxative, while the control group will receive standard care. The main
study endpoint is postoperative fatigue, 4 weeks after living-kidney donation. Secondary endpoints include the
effect of preoperative fasting on postoperative hospital admission time, the feasibility of STF, and the postoperative
recovery of donor and recipient kidney function. This study will provide us with knowledge of the feasibility of STF
and confirm its effect on postoperative recovery.
Discussion: Our study will provide clinically relevant information on the merits of caloric restriction for living-kidney
donors and recipients. We expect to reduce the postoperative fatigue in living-kidney donors and improve the
postoperative recovery of living-kidney recipients. It will provide evidence on the clinical merits and potential
caveats of preoperative dietary interventions.
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Background
Current postoperative care of most elective surgeries has
been defined by enhanced recovery after surgery (ERAS)
[1–3]. It achieves a quicker recovery after surgery, less
fatigue, lower complication rates, and shorter hospital
stay in comparison with former guidelines [1–5].
However, to date, no clear recommendation or
evidence-based protocol of a preoperative diet has been
developed. A preoperative diet employing caloric restriction (CR) might represent a non-invasive and costeffective method that could mitigate postoperative fatigue and other short- and long-term consequences.
CR, also known as dietary restriction (DR), is defined
as a reduced intake of calories, without causing
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malnutrition, and is associated with improved fitness
and increased resistance to acute stress, at the expense
of temporary attenuation of growth. In addition, it has
been demonstrated to induce a lower risk of ageassociated diseases and extended life span in pre-clinical
studies [6–10]. In evolutionary terms, this response intends to promote survival during times of starvation and
other types of stress, such as genotoxic stress caused by
oxidative DNA damage; hence, we designated it “survival
response” [11–14]. CR can be performed in different
regimens, such as 20–40% reduced daily caloric intake
for several weeks or longer, or as a more stringent and
acute option: short-term fasting (STF), which could be
performed right before a period of (surgery-induced)
stress. Recent studies, mostly in animal models, showed
preventive effects of CR and/or STF on genomic stress,
ischemia-reperfusion injury (IRI), acute stress conditions, and aging [10, 15–22]. So far, the benefits of reducing caloric intake have partly been translated to
humans: it has been proven feasible and safe in wellnourished patients before living-kidney donation [23–
25] and was effective in improving radiological and
pathological response during neoadjuvant chemotherapy
treatment for breast cancer [26].
The upregulation of pathways involved in stress
resistance suggests that CR and STF induce a protective
state, resulting in increased expression of cytoprotective
genes (e.g., NRF2-driven anti-oxidant response), enhanced
immunomodulation via anti-inflammatory cytokine production, and decreased expression of pro-inflammatory
markers [11, 21, 22, 27], all of which influence postoperative recovery. However, the activation of the protective
pathways due to STF has not been extensively investigated
in human subjects yet. STF has been proven beneficial in
mitigating the effects of IRI [18, 20, 22, 28]. IRI is unavoidable during living-kidney transplantation and a risk factor
for delayed graft function (DGF), acute rejection, and
acute and chronic kidney injury, which results in increased
morbidity and mortality of the transplanted patient [29–
32]. Return of warm perfusion in ischemically damaged
kidneys initiates a vicious cycle of events, initiated by the
generation of reactive oxygen species due to activated
xanthine oxidases, which damages cells and triggers an inflammatory response in turn involving the production of
reactive oxygen species. This results in direct tissue damage and local and systemic, short- and long-term effects.
For instance, it makes the graft more immunogenic by upregulating cytokines involved in the immune response [32,
33], thereby facilitating the development of DGF and
acute rejection, inducing acute and chronic kidney injury
[29–32]. As demonstrated in animal studies, the protective
state induced by CR or STF might reduce the extent of
the (generalized) inflammatory response [18, 20–22, 27,
28, 34].
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STF represents a potential non-invasive and costeffective method of mitigating the effects of acute
surgery-induced stress and has only minor side effects.
Previous studies mainly noted the feeling of hunger and
constipation [23–25, 35]. Three recent pilot studies [23–
25] showed no higher incidence of postoperative complications, compliance was high, and patients only reported
minor discomfort due to constipation related to the preoperative diet.
Living-kidney donors are an excellent group to further
investigate the effect of STF since they are in relatively
healthy condition, the surgery is elective, and we aim to
optimize the postoperative recovery of healthy subjects,
undergoing a surgical procedure to help others. Previous
research shows that long-term quality of life (QoL) after
living-donor nephrectomy is excellent, while postoperative fatigue is a frequently mentioned effector on QoL,
especially during the first 3 months after surgery [36,
37]. By reducing caloric intake through STF and thereby
attenuating the systemic inflammatory response, we reasoned that postoperative fatigue that is especially notable
during the first 3 months in living-kidney donors might
be diminished. To investigate whether STF reduces postoperative fatigue after living-kidney donation, a randomized clinical trial is indicated.
The primary objective of this study is to determine the
effect of STF in combination with a low-dose laxative on
postoperative fatigue, 4 weeks after living-donor nephrectomy. Our secondary objectives include the effect of
STF on postoperative admission time, physical activity,
postoperative recovery of kidney function, molecular
markers associated with the protective fasting state, the
use of urinary extracellular vesicles (uEVs), and the feasibility and adherence to STF. To this end, we designed a
multicenter, randomized controlled, parallel-group, superiority trial.

Methods and analysis
The proposed study will be conducted at Erasmus MC
Transplant Institute and University Medical Center
Groningen (UMCG). Both hospitals are tertiary
academic centers with extensive experience in livingkidney donation and transplantation and both have a
broad experience in conducting clinical trials [https://
www.transplantatiestichting.nl/files/2020-06/NTS_
cijferbijlage_jaarverslag_2019.pdf]. We used the SPIRIT
Checklist when writing our report [38].
Study population

Adult donors and patients opting for living-kidney donation and transplantation are eligible to participate in this
study. Eligible donors must meet the following inclusion
criteria: age 18–70 years, BMI 19–35 kg/m2, adequate
understanding of the Dutch language, and the ability to
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provide written consent. An eligible donor who participates in the National Kidney Exchange program or in
another prospective intervention trial will be excluded.
The exclusion criteria applicable for potential recipients
are the use of double anticoagulants, the need for therapeutic anticoagulation during admission, or a blood type
or HLA-incompatible (positive crossmatch) transplantation procedure.
Intervention

After study inclusion, the donor will be randomized to
either the control or the intervention group. The
intervention group will perform STF, starting 60 h
before surgery. We selected the duration of the fasting
diet based on previous research in animal models [18,
27] and other clinical trials [23–26]. Subjects can drink
ad libitum water, tea, and coffee to maintain fluid
balance, and they are allowed a maximum of 100 g of
vegetables daily (cucumber, baby carrots, and baby
tomatoes). To maintain electrolyte balance, they are
allowed a max of 4 bouillon soups a day. After surgery,
they can resume regular intake. To alleviate the
symptoms associated with constipation during the
fasting period, we added a low-dose laxative for 3 days: 1
dose of Macrogol 3350 daily. The use of laxatives could
also affect the onset of the protective state induced by
CR or STF by reducing the gastrointestinal transit time
and therefore increase the STF effect. Details on the
assigned intervention will be provided, both orally and
in writing, by the study coordinator to the subject on
both the day of randomization and the week before donation. The STF diet will be discontinued after review
with the principal investigator if a subject experiences
clinically significant side effects necessitating caloric intake, f.i. hypoglycemia. Any non-experimental treatments are allowed if it does not have any nutritional
(caloric) value.
Study procedures

Participants in our study will be subjected to an identical
screening and work-up as non-participants, according to
the local protocol. When there are no objections to kidney donation, the attending surgeon will decide which
kidney is eligible. Surgery will be performed via minimally invasive procedures. Study protocols have been provided for both study locations, adjusted to local
procedures.
Standardized questionnaires are used to analyze the
influence of STF on postoperative fatigue after livingkidney donation. Questionnaires are provided digitally
or on paper, depending on the preference of the participating donor. Questionnaires used in this study are the
36-Item Short Form Health Survey (RAND-36 [39, 40])
and the Quality of Recovery 40 (QoR-40 [41, 42]). The
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RAND-36 is one of the most widely used health-related
quality of life survey instruments, comprising 36 items
that assess eight health concepts. Both questionnaires
have been validated as suitable instruments for assessing
the postoperative quality of recovery [39–42]. These
questionnaires will be completed at inclusion, 3 days before surgery, and 3 days and 4 and 12 weeks after surgery. All donors included in this study will be given an
accelerometer (GENEActiv [43–45]) which will be worn
24 h a day from 1 week before up and until 2 weeks after
surgery. Tissue biopsies on both kidney and excess tissue
will be acquired during both the donor nephrectomy
and kidney transplantation (Additional file 1).
Transplant recipients will be submitted to an identical
preoperative screening, work-up, surgery, and postoperative care as non-study participants, according to the
local protocol. To monitor the effects of STF on the kidney, uEVs will be isolated and analyzed from the urine
produced by the transplanted kidney during implantation to identify non-invasive biomarkers (further described in Additional file 1). An overview of procedures
is provided for the donor (Additional file 1: Table S1)
and recipient (Additional file 1: Table S2).
Center-specific procedures

At Erasmus MC, uEVs will be analyzed in additional
urine samples collected from both the donor and
recipient. In total, four additional samples will be
collected (see Additional file 1 and its Fig. S1).
Outcomes

The primary outcome is postoperative fatigue after
living-kidney donation, scored by RAND-36 [39, 40]. A
higher score represents a higher QoL. RAND-36 will be
scored at set time points, and the primary endpoint will
be measured 4 weeks after surgery. The absolute difference in the RAND-36 score (“physical functioning”, “energy/fatigue,” and the aggregate score) will be compared
between both treatment arms. Reference data on postoperative fatigue after living-kidney donation is available
from Klop et al. [36]. Literature on the RAND-36 shows
that small differences could be interpreted as clinically
important [46].
Our secondary endpoints comprise several aspects of
the preoperative fasting diet, postoperative recovery, and
IRI, as listed below. All the secondary outcomes will be
compared between the study arms to identify an effect
due to the study intervention.
– Short-term postoperative recovery will be measured
using the QoR-40 [41, 42]. The QoR-40 will be scored
on set time intervals during our study runtime (see
Table S1).
– Postoperative hospital admission time will be
measured in days since surgery.
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– Adherence to the fasting regime will be measured in
several ways: by self-reported adherence at hospital admission, by change in body weight during the fasting
period, and by blood samples drawn on the day of surgery. Blood samples will be used for several laboratory
measurements: e.g., fasting glucose (mmol/l), fasting insulin (pmol/l), albumin (g/l), urea (mmol/l), creatinine
(μmol/l), cystatin-C (mg/l), ferritin (μg/l), HbA1c
(mmol/mol), and total cholesterol (mmol/l). These measurements will be performed by our centers’ clinical
chemistry departments, according to standard
procedures.
– Physical activity before, during, and after hospital
stay will be determined by an accelerometer
(GENEActiv [43–45]). Study subjects in any treatment
arm will wear this accelerometer from 1 week prior to 2
weeks after surgery. Open-source software will be used
to monitor physical activity during the pre- and postoperative periods.
– Laboratory measurements, assessed by routine lab
procedures in blood samples, including creatinine
(μmol/l), cystatin-C (mg/l), urea (mmol/l), albumin (g/l),
and eGFR calculated via CKD-EPI, will be used to determine the postoperative kidney function of the donor and
the recipient.
– The incidence of DGF (defined as the need for
dialysis within 1 week after transplantation) and
functional-DGF (failure of serum creatinine to decrease
by at least 10% daily on 3 consecutive days during the
first week post-transplant) will be assessed. The diagnosis of (f-)DGF will be determined on data extracted from
the electronic health record.
– The incidence of acute rejection, diagnosed by a
kidney biopsy with histological findings in accordance
with the Banff classification [47], will be assessed in the
recipients of both treatment arms. The diagnosis will be
extracted from the electronic health record.
– Blood samples and tissue biopsies acquired on the
day of surgery will be used to determine the
upregulation of cytoprotective genes and antiinflammatory markers associated with the fasting state.
Additional file 1 provides extensive information regarding the histological and molecular analysis. In general,
the samples will be used to conduct an expression analysis of genes responsive to fasting, such as cytoprotective antioxidant genes and GH/IGF1 markers and DNA
damage and toxicity markers (e.g., yH2AX signal, SS/SH
redox state, and inflammatory markers).
Sample size calculation

Previously conducted questionnaires (RAND-36) in our
cohort of living-kidney donors show a mean physical
functioning on 4 weeks after surgery of 72 ± 18.4 (mean
± SD). Using G*Power v3.1.9.7, we calculated that we
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need 162 subjects to find a statistically significant (p <
0.05), 15% improvement in postoperative fatigue with a
power of 0.95, measured by the RAND-36 (score of 82.5,
effect size 0.57). To account for the possible drop-out of
study participants, estimated at ± 10%, the total sample
size was set at 180 subjects. These 180 subjects will be
randomized into 2 groups of 90 subjects. We aim to include 90 patients per study center.
Recruitment

According to the annual report of the Dutch Transplant
Foundation, a total of 501 living-kidney donors donated
in 2019, of which 100 donated at Erasmus MC and 83 at
UMCG [38]. This sums up to 183 living-kidney donations in 2019. Therefore, we consider it feasible to include all our participants in 2 years, depending on the
extent of the current COVID-19 pandemic. Eligible donors and recipients visiting the outpatient clinic will be
identified and invited to participate in the study. The
consulting physician informs the eligible participant
about the general outline of the trial. If eligible donors
and recipients are interested in participation, the study
investigator explains the study design, purpose, and
intervention in more detail. Subjects will then receive
additional written information about the study, after
which they are offered a reflection period. Finally, they
are asked to sign the informed consent during their next
visit to the outpatient clinic.
Randomization

The computer program Castor EDC (Amsterdam, The
Netherlands), used in compliance with laws and
regulations, will be used to centrally randomize study
subjects into the study arms after acquiring informed
consent. Computerized stratified block randomization
will be performed to determine the allocation to a
treatment group, and blocks sized 4, 6, and 8 will be
used. Participants will be randomized in a ratio of 1:1,
and stratification will be employed for the study center
and subject sex. Participant study number and the result
of randomization will be provided immediately to all
parties who should receive such notifications. Trial
participants and care providers cannot be blinded to the
result of randomization, since there is no placebo for
STF. Enrollment and randomization will be performed
in both study centers by trained medical personnel with
adequate knowledge of the study procedures, the ability
to provide adequate instructions concerning the fasting
intervention, and the experience in conducting clinical
trials.
Data collection and management

All study data will be collected from the electronic
health system by trained medical personnel. Each study
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subject has a personal electronical case report form, of
which a blank copy can be supplied on request. Due to
the nature of our study population, relatively healthy
participants who typically are motivated to participate in
clinical research, we expect relatively high participant
retention and complete follow-up. If a subject refrains
from further participation in the trial, we ask permission
to collect the results from the standard of care
procedures.
All relevant study data will be stored in Castor EDC,
in compliance with the Dutch and international laws
and regulations. Data entry will be conducted by trained
medical personnel. Data will be range-checked during
data entry to further enhance the data quality. A data
management plan has been constructed in accordance
with the academic hospital procedures. No personal documents will be listed, and each subject is pseudonymized
via study number, listed on all study-related documentation. All data will be handled confidentially in compliance with the EU General Data Protection Regulation
and will be confidentially saved for a maximum of 20
years after the completion of the study, in compliance
with the Dutch laws and regulations.
Statistical analysis

Statistical analysis will be performed using the IBM
SPSS software version 25.0 (Chicago, IL) or R version
4.0.3 or newer. An intention-to-treat analysis will be
conducted to account for the feasibility of STF. A twosided significance level of 0.05 will be used for all primary and secondary analyses unless stated otherwise. An
analysis will be performed with multiple imputation in
the case of missing data. There will be no interim analysis due to the relatively low number of patients needed
and the patients included are healthy, mentally capable,
non-critical, and are not incapacitated.
Also, the short-term fasting diet used in this study is
not known to harm the involved patients.
To assess the difference between the intervention and
control group for the primary endpoint, we will
construct a multivariable linear regression model
adjusted for confounders such as age and baseline
RAND-36 score. The statistically significant change in
postoperative fatigue due to the intervention will be
assessed using a Wald test.
In the secondary analysis, the multivariable linear
regression model analysis from the primary analysis will
be performed, including compliance to the fasting diet
as an independent variable.
The difference between the study groups in
postoperative fatigue, measured by QoR-40, will be analyzed using a multivariable linear regression model adjusted for relevant confounders, such as age and baseline
QoR-40 score. An additional analysis will be performed
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including compliance to the diet as an independent variable. The difference in hospital admission time will be
assessed by a multivariable linear regression adjusted for
relevant confounders. Adherence to STF will be analyzed
via descriptive statistics. Body weight will be compared
between the two groups by a mixed model analysis; the
independent variables in this model will f.i. include age,
sex, and an interaction term between time and study
group.
A mixed model will analyze the difference between the
two groups in pre-, per-, and postoperative physical
activity. Relevant confounders such as age and sex will
be included, and an interaction term between time and
group will be incorporated.
A mixed model will be constructed to investigate the
effect of preoperative fasting on postoperative kidney
function. This model will be computed separately for
both the transplanted patients and the donors.
Confounders such as age, sex, preoperative kidney
function, and compliance to the diet will be
incorporated in the model, as well as an interaction term
between time and group. The incidence of DGF,
functional-DGF, and acute rejection will be calculated as
a proportion and compared by computing a multivariable logistic regression analysis.
Data monitoring

We classified the risk of our study as negligible. As
described by the Erasmus MC METC monitoring plan
(version February 2013), we will have a monitoring
frequency of once per year. Monitoring activities are
briefly described as follows: confirming that the Trial
Master File and Investigator Site Files are present and
complete, confirming that the study staff is adequately
instructed on the study procedures, assessment of
patient inclusion rate, consent, compliance, source
document verification, and verification of accessibility of
study procedures.
Potential harms

Adverse and serious adverse events will be registered as
required by the regulations stated by the medical ethical
committee of Erasmus MC. Adverse events have been
defined as any undesirable experience occurring to a
subject during the study, whether or not considered
related to the fasting diet. All adverse events reported
spontaneously by the subject or observed by the
investigator or the staff will be recorded, unless these
adverse events are part of the normal postoperative time
period and are not signs or symptoms of serious
postoperative complications (Clavien-Dindo class ≥ 3)
[48]. A serious adverse event, defined according to the
definition of the CCMO, is only regarded as related to
the study if it occurs within 3 months after the study
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intervention and surgery. Prolonged hospitalization of
the elective surgery will not be considered an adverse
event unless it derives from serious postoperative
complications (Clavien-Dindo class ≥ 3) [48].
Based on the hypothesis that STF induces beneficial
effects, the intervention group may experience better
subjective well-being and less fatigue as compared to
those in the control group. Three recent clinical pilot
studies [23–25] investigating the risks and feasibility of
preoperative CR showed no higher incidence of complications and patients only reported minor discomfort
during the preoperative diet. Therefore, we do not expect any potential issues concerning patient safety or
well-being. Nevertheless, precautions will be taken to ensure that patients who are in the fasting group will
maintain fluid balance without consuming calories. Participants will receive extensive practical information concerning the diet. Potential compensation for any
participant who suffers harm due to trial participation
has been covered by the academic hospital insurance, in
accordance with the Dutch laws and regulations. Since
the STF diet is related to the surgery conducted, participants cannot continue this specific fasting diet after
completing the study. However, adhering to a fasting or
calorie-restricted diet can be done on an individual basis,
if preferred and in consensus with healthcare providers.
The frequency and procedures of auditing will not be
changed for our study. Regular auditing, the standard for
this academic hospital, will continue as normal. This
process is done independently from the study
investigators.
Ethics and dissemination

The medical ethical committee of Erasmus MC has
approved the study protocol, patient information files,
consent procedures, and other study-related documents
and procedures. This medical committee is an extension
of the CCMO. The trial has been registered under
EudraCT 2020-005445-16 and medical ethical assessment numbers MEC-2020-0778 and NL74623.078.21.
The procedure regarding study amendments has been
defined in the study protocol. A “substantial
amendment” is defined as an amendment that is likely
to affect to a significant degree: the safety or physical or
mental integrity of the subjects of the trial, the scientific
value of the trial, the conduct or management of the
trial, or the quality or safety of any intervention used in
the trial. Substantial amendments will be submitted to
the medical ethical committee and will only be
conducted after approval. If a protocol amendment has
been accepted, it will be changed accordingly in the trial
registry and any publications. Informed consent will be
obtained in accordance with relevant laws and
regulations (e.g., ICH-GCP) by qualified study
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researchers. Due to the nature of this study, no information file or procedure has been defined for surrogates.
An additional consent will be provided for the use of
participant data and biological specimens in related
studies in the future; this separate consent is not required to participate in this study. A model consent
form has been provided in Additional file 2.
Confidentiality

Upon study inclusion, each subject will be assigned a
study number which will be listed on all study-related
documentation. Data entry will be conducted in the
pseudonymized form with study numbers. The principal
investigator will keep a subject identification log, unique
per study center, which holds the record of the personal
identification data linked to each study number. This
record is filed at the investigational site and can only be
accessed by the investigator and the supporting site staff.
Research data that can be traced to individual persons
can only be viewed by authorized personnel. The principal investigator is responsible for the final trial dataset.
Research data can only be viewed by authorized
personnel, which encompasses members of the research
team, members of the healthcare inspection, and study
monitors. Potential data sharing requests will be approved by a representative of the academic hospital and
the principal investigators.

Discussion
This study aims to investigate the effect of STF in
combination with a low-dose laxative on postoperative
fatigue, 4 weeks after living-donor nephrectomy. Livingkidney donors are an excellent group to further investigate the effect of STF, and we aim to optimize the postoperative recovery of healthy subjects, undergoing a
surgical procedure to help others.
Dissemination of study findings

The principal investigator is responsible for the public
disclosure and publication of the research data. The
(final) results of the study will be summarized in a
report/article and will be submitted for publication in a
medical journal. Also, all participating subjects or their
family will receive a layman’s summary of the (final)
results of the study if they so desire. The trial has also
been registered in a Dutch public trial registration
registry, available at http://www.trialregister.nl/trialreg/
index.asp.
Eligibility for authorship has been defined by the
ICMJE guidelines for the Role of Authors and
Contributors (http://www.icmje.org/recommendations/
browse/roles-and-responsibilities/defining-the-role-ofauthors-and-contributors.html). The full protocol,
anonymized dataset, and statistical code can be granted
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after submitting a request with the principal investigator
and the institution’s technology transfer office.

Trial status
This trial is currently ongoing and actively recruiting
participants (23/180). It has a planned duration of 2
years, with recruitment having started in May 2021 and
continuing to May 2023. All changes in the study
protocol will be recorded in the clinical trials registry
(Netherlands Trial Register: NL9262).
Abbreviations
ERAS: Enhanced recovery after surgery; CR: Caloric restriction; DR: Dietary
restriction; STF: Short-term fasting; IRI: Ischemia-reperfusion injury;
DGF: Delayed graft function; QoL: Quality of life; uEVs: Urinary extracellular
vesicles; UMCG: University Medical Center Groningen; RAND-36: Short Form
Health Survey; QoR-40: Quality of Recovery 40

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13063-021-05950-x.
Additional file 1:. Figures and biological specimens.
Additional file 2:. Informed consent forms.
Additional file 3:. Rebuttal letter.
Acknowledgements
The authors would like to thank F. de Lange and M. Trzpis-Bremer for their
contributions to the study protocol and study documents and their expertise
regarding the medical ethical submittance process. We additionally would
like to thank R.C.A van Linschoten for his epidemiological expertise and statistical consultation.
Research and writing of this manuscript were indirectly supported by
ONCODE (Dutch Cancer Society). Oncode Institute provided support in the
preclinical research, but had no role in the design, preparation, or
implementation of this trial.
Trial sponsor: Erasmus University Medical Center Rotterdam, Rotterdam, The
Netherlands & Oncode Institute, Utrecht, the Netherlands
Authors’ contributions
All authors have been extensively involved in the study design. Specifically,
forming the hypothesis and designing the study and study-related procedures were conducted by J.N.M IJzermans, J.H.J. Hoeijmakers, W.P. Vermeij,
R.C. Minnee, R.A. Pol, and C.A.J. Oudmaijer. W.M.C. van den Boogaard, D.S.J.
Komninos, W.P. Vermeij, and J.H.J. Hoeijmakers have designed and will conduct the histological and molecular analysis of the samples acquired during
this study. M.H. van Heugten and E.J. Hoorn have designed and will conduct
the analysis for the uEVs. C.A.J. Oudmaijer, R.C. Minnee, R.A. Pol, W.M.C. van
den Boogaard, D.S.J. Komninos, W.P. Vermeij, J.H.J. Hoeijmakers, and J.N.M
IJzermans have written this manuscript. J. van de Wetering, M.H. van Heugten, E.J. Hoorn, and J.S.F. Sanders have conducted the extensive review. During study runtime, the inclusion of potential study subjects will be
performed by C.A.J. Oudmaijer, R.C. Minnee, and R.A. Pol. The collection,
management, analysis, and interpretation of the data will be performed by
C.A.J. Oudmaijer. The writing of the report and decision to submit will be
made by J.N.M. IJzermans, R.C. Minnee, R.A. Pol, C.A.J. Oudmaijer, W.P. Vermeij, J.H.J. Hoeijmakers, and J. van de Wetering. The authors read and approved the final manuscript.
Funding
The design and implementation of this study were conducted without the
support of a specific grant from any funding agency in the public,
commercial, or not-for-profit sectors. Research and writing of this manuscript
were indirectly supported by ONCODE (Dutch Cancer Society), but ONCODE
had no part in formulating the hypothesis, construction of the study design,
or conduction of the trial. JHJH was additionally supported by the European

Oudmaijer et al. Trials

(2022) 23:18

Research Council Advanced Grant Dam2Age, NIH grant (PO1 AG017242), and
the Deutsche Forschungsgemeinschaft - Project-ID 73111208 - SFB 829 and
JHJH and WPV by BBoL (NWO-ENW), ZonMW Memorabel (733050810), and
EJP-RD TC-NER RD20-113.

Page 9 of 10

7.

8.
Availability of data and materials
Not applicable.
9.

Declarations
Ethics approval and consent to participate
The medical ethical committee of Erasmus MC has approved the study
protocol, patient information files, consent procedures, and other studyrelated documents and procedures. This medical committee is an extension
of the CCMO. The trial has been registered under EudraCT 2020-005445-16
and medical ethical assessment numbers MEC-2020-0778 and
NL74623.078.21.

10.

Consent for publication
Not applicable; this manuscript does not contain any individual person’s data
in any form.

12.

11.

13.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Erasmus MC Transplant Institute, Department of Surgery, Division of
Hepatobiliary and Transplantation Surgery, Erasmus University Medical
Center, Dr. Molewaterplein 40, RG-220, 3015, GD, Rotterdam, the Netherlands.
2
Princess Máxima Center for Pediatric Oncology, Utrecht, The Netherlands.
3
Oncode Institute, Utrecht, The Netherlands. 4Department of Transplantation
Surgery, University Medical Center Groningen, Groningen, the Netherlands.
5
Department of Internal Medicine, Division of Nephrology and
Transplantation, Erasmus University Medical Center, Rotterdam, the
Netherlands. 6Department of Internal Medicine, Division of Nephrology and
Transplantation, University Medical Center Groningen, Groningen, the
Netherlands. 7Erasmus MC Cancer Institute, Department of Molecular
Genetics, Erasmus University Medical Center Rotterdam, Rotterdam, the
Netherlands. 8Institute for Genome Stability in Ageing and Disease, Medical
Faculty, University of Cologne, Cologne, Germany. 9Cologne Excellence
Cluster for Cellular Stress Responses in Aging-Associated Diseases (CECAD),
Centre for Molecular Medicine Cologne (CMMC), University of Cologne,
Cologne, Germany.

14.

15.

16.

17.

18.

Received: 29 July 2021 Accepted: 17 December 2021
19.
References
1. Małczak P, Pisarska M, Piotr M, Wysocki M, Budzyński A, Pędziwiatr M.
Enhanced recovery after bariatric surgery: systematic review and meta-analysis.
Obes Surg. 2017;27(1):226–35. https://doi.org/10.1007/s11695-016-2438-z.
2. Varadhan KK, Neal KR, Dejong CH, Fearon KC, Ljungqvist O, Lobo DN. The
enhanced recovery after surgery (ERAS) pathway for patients undergoing
major elective open colorectal surgery: a meta-analysis of randomized
controlled trials. Clin Nutr. 2010;29(4):434–40. https://doi.org/10.1016/j.clnu.2
010.01.004.
3. Effectiviteit enhanced recovery after surgery. https://richtlijnendatabase.nl/.
Accessed 10 July 2021.
4. Pędziwiatr M, Mavrikis J, Witowski J, Adamos A, Major P, Nowakowski M,
et al. Current status of enhanced recovery after surgery (ERAS) protocol in
gastrointestinal surgery. Med Oncol. 2018;35(6):95. https://doi.org/10.1007/
s12032-018-1153-0.
5. Aarts MA, Okrainec A, Glicksman A, Pearsall E, Victor JC, McLeod RS.
Adoption of enhanced recovery after surgery (ERAS) strategies for colorectal
surgery at academic teaching hospitals and impact on total length of
hospital stay. Surg Endosc. 2012;26(2):442–50. https://doi.org/10.1007/s004
64-011-1897-5.
6. Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka KJ, Beasley
TM, et al. Caloric restriction delays disease onset and mortality in rhesus
monkeys. Science. 2009;325(5937):201–4. https://doi.org/10.1126/science.11
73635.

20.

21.

22.

23.

24.

25.

Levolger S, van den Engel S, Ambagtsheer G, IJzermans JNM de Bruin RWF.
Caloric restriction is associated with preservation of muscle strength in
experimental cancer cachexia. Aging. 2018;10(12):4213-23. https://doi.org/1
0.18632/aging.101724.
Nakagawa S, Lagisz M, Hector KL, Spencer HG. Comparative and metaanalytic insights into life extension via dietary restriction. Aging Cell. 2012;
11(3):401–9. https://doi.org/10.1111/j.1474-9726.2012.00798.x.
Robertson LT, Mitchell JR. Benefits of short-term dietary restriction in
mammals. Exp Gerontol. 2013;48(10):1043–8. https://doi.org/10.1016/j.
exger.2013.01.009.
van den Boogaard WM, van den Heuvel-Eibrink MM, Hoeijmakers JH,
Vermeij WP. Nutritional preconditioning in cancer treatment in relation to
DNA damage and aging. Annl Rev Cancer Biol. 2021;5(1):161–79. https://doi.
org/10.1146/annurev-cancerbio-060820-090737.
Schumacher B, van der Pluijm I, Moorhouse MJ, Kosteas T, Robinson AR, Suh
Y, et al. Delayed and accelerated aging share common longevity assurance
mechanisms. PLoS Genet. 2008;4(8):e1000161. https://doi.org/10.1371/journa
l.pgen.1000161.
Schumacher B, Pothof J, Vijg J, Hoeijmakers JHJ. The central role of DNA
damage in the ageing process. Nature. 2021;592(7856):695–703. https://doi.
org/10.1038/s41586-021-03307-7.
Niedernhofer LJ, Garinis GA, Raams A, Lalai AS, Robinson AR, Appeldoorn E,
et al. A new progeroid syndrome reveals that genotoxic stress suppresses
the somatotroph axis. Nature. 2006;444(7122):1038–43. https://doi.org/10.1
038/nature05456.
Garinis GA, Uittenboogaard LM, Stachelscheid H, Fousteri M, van Ijcken W,
Breit TM, et al. Persistent transcription-blocking DNA lesions trigger somatic
growth attenuation associated with longevity. Nat Cell Biol. 2009;11(5):604–
15. https://doi.org/10.1038/ncb1866.
Dorling JL, Das SK, Racette SB, Apolzan JW, Zhang D, Pieper CF, et al.
Changes in body weight, adherence, and appetite during 2 years of calorie
restriction: the CALERIE 2 randomized clinical trial. Eur J Clin Nutr. 2020;
74(8):1210–20. https://doi.org/10.1038/s41430-020-0593-8.
Redman LM, Heilbronn LK, Martin CK, Alfonso A, Smith SR, Ravussin E, et al.
Effect of calorie restriction with or without exercise on body composition
and fat distribution. J Clin Endocrinol Metab. 2007;92(3):865–72. https://doi.
org/10.1210/jc.2006-2184.
Rochon J, Bales CW, Ravussin E, Redman LM, Holloszy JO, Racette SB, et al.
Design and conduct of the CALERIE study: comprehensive assessment of
the long-term effects of reducing intake of energy. J Gerontol A Biol Sci
Med Sci. 2011;66(1):97–108. https://doi.org/10.1093/gerona/glq168.
Jongbloed F, De Bruin RW, Pennings JL, Payán-Gómez C, Van Den Engel S,
Van Oostrom CT, et al. Preoperative fasting protects against renal ischemiareperfusion injury in aged and overweight mice. PLoS One. 2014;9(6):
e100853.
Chen G, Bridenbaugh EA, Akintola AD, Catania JM, Vaidya VS, Bonventre JV,
et al. Increased susceptibility of aging kidney to ischemic injury:
identification of candidate genes changed during aging, but corrected by
caloric restriction. Am J Physiol Renal Physiol. 2007;293(4):F1272–81. https://
doi.org/10.1152/ajprenal.00138.2007.
Jongbloed F, Saat TC, Verweij M, Payán-Gómez C, Hoeijmakers JH, van den
Engel S, et al. A signature of renal stress resistance induced by short-term
dietary restriction, fasting, and protein restriction. Sci Rep. 2017;7:1.
Vermeij WP, Dollé M, Reiling E, Jaarsma D, Payan-Gomez C, Bombardieri CR,
et al. Restricted diet delays accelerated ageing and genomic stress in DNArepair-deficient mice. Nature. 2016;537(7620):427–31. https://doi.org/10.103
8/nature19329.
Shushimita S, van der Pol P, De Bruin RWF, JNM I, Van Kooten C, Dor FJ.
Mannan-binding lectin is involved in the protection against renal ischemia/
reperfusion injury by dietary restriction. PLoS One. 2015;10(9):e0137795.
van Ginhoven TM, de Bruin RW, Timmermans M, Mitchell JR, Hoeijmakers
JH, Ijzermans JN. Pre-operative dietary restriction is feasible in live-kidney
donors. Clin Transplant. 2011;25(3):486–94. https://doi.org/10.1111/j.13990012.2010.01313.x.
Jongbloed F, De Bruin RWF, Klaassen RA, Beekhof P, Van Steeg H, Dor FJMF,
et al. Short-term preoperative calorie and protein restriction is feasible in
healthy kidney donors and morbidly obese patients scheduled for surgery.
Nutrients. 2016;8(5)306.
Jongbloed F, de Bruin RWF, Steeg HV, Beekhof P, Wackers P, Hesselink DA,
et al. Protein and calorie restriction may improve outcomes in living kidney
donors and kidney transplant recipients. Aging (Albany NY). 2020;12:12441.

Oudmaijer et al. Trials

(2022) 23:18

26. de Groot S, Lugtenberg RT, Cohen D, Welters MJP, Ehsan I, Vreeswijk MPG,
et al. Fasting mimicking diet as an adjunct to neoadjuvant chemotherapy
for breast cancer in the multicentre randomized phase 2 DIRECT trial. Nat
Commun. 2020;11(1):3083. https://doi.org/10.1038/s41467-020-16138-3.
27. Mitchell JR, Verweij M, Brand K, Van De Ven M, Goemaere N, Van Den Engel
S, et al. Short-term dietary restriction and fasting precondition against
ischemia reperfusion injury in mice. Aging Cell. 2010;9(1):40–53. https://doi.
org/10.1111/j.1474-9726.2009.00532.x.
28. van Ginhoven TM, Mitchell JR, Verweij M, Hoeijmakers JH, Ijzermans JN, de
Bruin RW. The use of preoperative nutritional interventions to protect
against hepatic ischemia-reperfusion injury. Liver Transpl. 2009;15(10):1183–
91. https://doi.org/10.1002/lt.21871.
29. Perico N, Cattaneo D, Sayegh MH, Remuzzi G. Delayed graft function in
kidney transplantation. Lancet. 2004;364(9447):1814–27. https://doi.org/10.1
016/S0140-6736(04)17406-0.
30. Fletcher JT, Nankivell BJ, Alexander SI. Chronic allograft nephropathy. Pediatr
Nephrol. 2009;24(8):1465–71. https://doi.org/10.1007/s00467-008-0869-z.
31. Devarajan P, Mishra J, Supavekin S, Patterson LT, Steven PS. Gene expression
in early ischemic renal injury: clues towards pathogenesis, biomarker
discovery, and novel therapeutics. Mol Genet Metab. 2003;80(4):365–76.
https://doi.org/10.1016/j.ymgme.2003.09.012.
32. Jang HR, Ko GJ, Wasowska BA, Rabb H. The interaction between ischemiareperfusion and immune responses in the kidney. J Mol Med (Berl). 2009;
87(9):859–64. https://doi.org/10.1007/s00109-009-0491-y.
33. Thurman JM. Triggers of inflammation after renal ischemia/reperfusion. Clin
Immunol. 2007;123(1):7–13. https://doi.org/10.1016/j.clim.2006.09.008.
34. Saat TC, van den Akker EK, JN IJ, Dor FJ, de Bruin RW. Improving the
outcome of kidney transplantation by ameliorating renal ischemia
reperfusion injury: lost in translation? J Transl Med. 2016;14:1.
35. Racette SB, Weiss EP, Villareal DT, Arif H, Steger-May K, Schechtman KB, et al.
One year of caloric restriction in humans: feasibility and effects on body
composition and abdominal adipose tissue. J Gerontol A Biol Sci Med Sci.
2006;61(9):943–50. https://doi.org/10.1093/gerona/61.9.943.
36. Klop KWJ, Timman R, Busschbach JJ, Dols LFC, Dooper IM, Weimar W, et al.
Multivariate analysis of health-related quality of life in donors after live
kidney donation. Transplant Proc. 2018;50(1):42–7. https://doi.org/10.1016/j.
transproceed.2017.10.019.
37. Wirken L, van Middendorp H, Hooghof CW, Rovers MM, Hoitsma AJ,
Hilbrands LB, et al. The course and predictors of health-related quality of life
in living kidney donors: a systematic review and meta-analysis. Am J
Transplant. 2015;15(12):3041–54. https://doi.org/10.1111/ajt.13453.
38. Chan AW, Tetzlaff JM, Gøtzsche PC, Altman DG, Mann H, Berlin JA, et al.
SPIRIT 2013 explanation and elaboration: guidance for protocols of clinical
trials. Bmj. 2013;346(jan08 15):e7586. https://doi.org/10.1136/bmj.e7586.
39. Hays RD, Sherbourne CD, Mazel RM. The RAND 36-Item Health Survey 1.0.
Health Econ. 1993;2(3):217-27. https://doi.org/10.1002/hec.4730020305.
40. Aaronson NK, Muller M, Cohen PD, Essink-Bot ML, Fekkes M, Sanderman R,
et al. Translation, validation, and norming of the Dutch language version of
the SF-36 Health Survey in community and chronic disease populations. J
Clin Epidemiol. 1998;51(11):1055–68. https://doi.org/10.1016/S0895-43
56(98)00097-3.
41. Myles PS, Weitkamp B, Jones K, Melick J, Hensen S. Validity and reliability of
a postoperative quality of recovery score: the QoR-40. Br J Anaesth. 2000;
84(1):11–5. https://doi.org/10.1093/oxfordjournals.bja.a013366.
42. Gornall BF, Myles PS, Smith CL, Burke JA, Leslie K, Pereira MJ, et al.
Measurement of quality of recovery using the QoR-40: a quantitative
systematic review. Br J Anaesth. 2013;111(2):161–9. https://doi.org/10.1093/
bja/aet014.
43. Rowlands AV, Sherar LB, Fairclough SJ, Yates T, Edwardson CL, Harrington
DM, et al. A data-driven, meaningful, easy to interpret, standardised
accelerometer outcome variable for global surveillance. J Sci Med Sport.
2019;22(10):1132–8. https://doi.org/10.1016/j.jsams.2019.06.016.
44. Arvidsson D, Fridolfsson J, Börjesson M. Measurement of physical activity in
clinical practice using accelerometers. J Intern Med. 2019;286(2):137–53.
https://doi.org/10.1111/joim.12908.
45. Lin WY, Verma VK, Lee MY, Lai CS. Activity monitoring with a wrist-worn,
accelerometer-based device. Micromachines (Basel). 2018;9(9):450.
46. Hays RD, Morales LS. The RAND-36 measure of health-related quality of life.
Ann Med. 2001;33(5):350–7. https://doi.org/10.3109/07853890109002089.

Page 10 of 10

47. Roufosse C, Simmonds N, Clahsen-van Groningen M, Haas M, Henriksen KJ,
Horsfield C, et al. A 2018 reference guide to the Banff classification of renal
allograft pathology. Transplantation. 2018;102(11):1795–814. https://doi.org/1
0.1097/TP.0000000000002366.
48. Dindo D, Demartines N, Clavien PA. Classification of surgical complications:
a new proposal with evaluation in a cohort of 6336 patients and results of a
survey. Ann Surg. 2004;240(2):205–13. https://doi.org/10.1097/01.sla.0000133
083.54934.ae.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

