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Chapter 1

Physical fitness is defined as a set of attributes that people have or achieve that relates to a 
person’s ability to perform physical activity. (1) Therefore, impairments in physical fitness 
contribute to limitations in the activity and participation domains of the International 
Classification of Functioning, Disability and Health (figure 1). (2) Additionally, physical 
fitness is recognized as an important link between diseases or impairments and activity 
or task limitations in theoretical models of disability onset and progression. (3–5) Namely, 
reduced or impaired physical fitness, due to sedentary behavior, disease or injury, 
contributes to activity limitations, and may trigger accommodations to compensate 
for gaps between fitness and the ability to carry out activities and participation. (6) 
The physical fitness construct consists of both skill and health-related factors. Skill-
related factors pertain the athletic ability of a person like agility, balance, coordination, 
power and reaction time, whilst health-related factors pertain a state of physical 
health and well-being. Health-related physical fitness consists of five components, 
namely cardiorespiratory endurance, flexibility, body composition, muscular strength 
and muscular endurance. These components are affected by physical training and are 
associated with important health outcomes. This multidimensional construct definition 
of health-related fitness is predominantly utilized within health research. (7,8)

Figure 1. International Classification of Functioning, Disability, and Health (ICF)
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A person’s physical fitness is commonly determined by measuring the cardiorespiratory 
endurance. (9) Cardiorespiratory endurance refers to the capacity of the respiratory and 
cardiovascular systems to work together to provide the needed oxygen and fuel to the 
body during sustained workloads. (10) Flexibility is the range of motion at a joint. (11) 
Body composition is the physical make-up of the body, often described as the percentage 
of muscle, fat, bone and water within the body. (1) Muscle strength is the ability of the 
muscular system to produce force against a resistance in one maximal effort. (12) Muscle 
endurance is the ability of the muscular system to produce force over a prolonged period. 
(10,12) Muscle endurance and muscle strength together contribute to muscular fitness, a 
term that refers to the ability to do work against a resistance either maximally, explosively, 
or repeatedly. (10,12)

Although there is limited evidence to suggest an association between health and 
flexibility, (11) there is ample research providing evidence for the associations between 
health and cardiorespiratory endurance, body composition and muscular fitness. (10,12–
15) The relationship between cardiorespiratory endurance and health is well established. 
(10,11,16,17) Robust epidemiological evidence has shown a strong association between 
low cardiorespiratory capacity, and a higher incidence of disease risk including some 
cancers, cardiovascular disease, and metabolic syndrome, amongst other conditions. (18–
20) Adults with low cardiorespiratory endurance have a greatly increased risk of premature 
all-cause and cardiovascular mortality compared to individuals with the highest levels of 
cardiorespiratory capacity. (21,22) It has been argued that cardiorespiratory endurance 
should be regarded as one of the clinical vital signs, and it is expected that assessing 
cardiorespiratory endurance in clinical practice can improve patient management. (22)

Measurement of cardiorespiratory capacity
As displayed in figure 2, cardiorespiratory endurance is dependent on a linked chain of 
processes that include pulmonary ventilation and diffusion, circulation via the right and 
left ventricular function, ventricular-arterial coupling, the ability of the vasculature to 
accommodate and efficiently transport blood from the heart to precisely match oxygen 
requirements, and the ability of the muscle cells to receive and consume the oxygen and 
nutrients delivered by the blood, as well as to communicate these metabolic demands 
to the cardiovascular control center. Therefore, cardiorespiratory endurance is directly 
related to the integrated function of numerous systems, and it is thus considered a 
reflection of total body health. Cardiorespiratory endurance can be measured in both 
direct via gas exchange analysis and indirect via duration or distance. For this purpose, 
a variety of laboratory and field tests have been developed. Examples of laboratory tests 
are treadmill or cycle ergometer tests and field-tests encompass the 6-minute walk test. 
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(22) The 6-minute walk test is an inexpensive submaximal exercise test which measures 
the distance a participant can walk within a period of 6-minutes. (23) Because of the 
submaximal nature of the test, and since it closely reflects the activities in daily life, it is 
used in the assessment of subjects with pulmonary-, cardiovascular-, neurological-, and 
muscular skeletal pathologies, amongst others.

Figure 2. Derangements of gas exchange. The gears represent the functional interdependence of the  
physiological components of the system. Image from Wasserman, K. (2012). Exercise testing and interpre-
tation [Cover image]. Lippincott Williams & Wilkins.

Cardiorespiratory reference values
Cardiorespiratory endurance values are influenced by underlying biological ageing 
processes. In most clinical studies, reference values are stratified per paediatric and 
adult population, resulting in a discontinuity at the transition point between prediction 
equations. Given its importance, testing, and interpreting cardiorespiratory fitness should 
be done via a reliable and valid method. Reference values provide the comparative 
basis for answering questions concerning the normalcy of exercise responses in test 
subjects, significantly impacting the clinical decision-making process. Reference values 
obtained from peers can be considered as relevant data to aid the interpretation of test 
results. (24) The utilization of reference values obtained from peers is critical because 
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cardiorespiratory endurance decreases with age, and higher values are generally observed 
in men. Therefore, valid reference values can only be established based on data obtained 
from tests performed in a comparable setting, population and used protocol. (9,23)

Physical activity
As described, physical fitness influences a person’s ability to perform physical activity 
(figure 1). Furthermore, health-related fitness is affected positively or negatively by one’s 
habitual physical activity habits. Since benefits of physical activity exhibit a dose-response 
relationship, the higher the amount of physical activity, the greater the health benefits. 
Physical activity is defined as any bodily movement produced by skeletal muscles that 
requires energy expenditure. (1) As in cardiorespiratory fitness, the benefits of higher 
levels of physical activity behavior are plentiful and significant. Due to these benefits, 
the World Health Organization has declared physical inactivity the fourth leading risk 
factor for global mortality. (25,26) With the elimination of physical inactivity in the general 
population, the life expectancy of the world’s population might be expected to increase 
with 0.68 years, which is comparable to the elimination of the risk factors of smoking 
and obesity. (27) Due to its known health benefits, it is of a priority to increase physical 
activity in the general population as a preventative measure. To promote physical activity 
behavior, the Dutch Health Council physical activity guidelines recommend adults to be 
physically active at moderate-to-vigorous intensity for at least two and a half hours every 
week in sessions of 10 minutes or more. (28) The council also recommends engaging 
in muscle and bone-strengthening activities. People who meet the physical activity 
guideline recommendations have an estimated 33% lower risk of all-cause mortality 
compared to those who are not physically active. However, benefits of reducing all-cause 
mortality, cardiovascular disease, and metabolic disease are seen with any amount of 
moderate-intensity physical activity. (29–31)

Cardiorespiratory endurance and physical activity in the 
preoperative phase
Lower cardiorespiratory fitness is a risk factor for adverse post-operative events. 
(22,32,33) Therefore, increasing cardiorespiratory endurance in the preoperative phase 
helps to reduce adverse events. Cardiorespiratory endurance is mainly increased by 
aerobic endurance exercise in healthy subjects. Nonetheless, achieving measurable 
improvements in cardiorespiratory endurance can be challenging and time consuming. 
Physical activity behavior, as a proxy of cardiorespiratory endurance, can be altered as a 
secondary prevention measure. Therefore, the most unfit or diseased individuals have the 
potential for the greatest reduction in risk, even with small increases in physical activity. 
By improving the physical activity levels before surgery, the impact of the procedure is 
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reduced, speeding up the time to functional recovery. However, insight into the level 
of pre-operative physical activity and subsequent postoperative outcomes in patients 
scheduled for Hepato-Pancreato-Biliary cancer surgery is needed.

AIMS AND OUTLINE OF THIS THESIS

As indicated, there is a need for the information of the reference values for 
cardiorespiratory fitness measures in the general Dutch population. Additionally, the 
insight into the physical (in)activity levels of major abdominal surgery patients and the 
effect of physical activity interventions are limited. This dissertation aims to develop 
reference values for cardiorespiratory fitness and aims to increase the knowledge on the 
physical activity level in patients awaiting major abdominal surgery.

A frequently utilized cardiorespiratory fitness test is the 6-minute walk test, this is an 
inexpensive submaximal exercise test used to quantify the functional exercise capacity in 
clinical populations. To interpret the results, reference values obtained from peers provide 
a comparative basis for answering questions concerning the normality of health status, 
exercise responses and functional exercise capacity. Chapter 2 is aimed to provide an 
overview of reference values and reference value prediction equations for the 6-minute 
walk test in the paediatric and adolescent population.

There are currently no age-related reference values available for the lifespan of individuals 
in the Dutch population. Chapter 3 aims to determine the best-fitting regression model 
for maximal oxygen uptake in the Dutch paediatric and adult populations in relation to 
age. Furthermore, the gold standard for objectively assessing cardiorespiratory fitness is a 
cardiopulmonary exercise test (CPET) during which respiratory gas exchange, ventilatory, 
and heart rhythm measurements are continuously performed throughout an incremental 
exercise intensity until voluntary exhaustion. Chapter 4 aims to provide an updated 
systematic review of the literature on reference values for CPET parameters in healthy 
subjects across the life span.

As indicated, increasing cardiorespiratory fitness in the preoperative phase helps to 
reduce adverse events. Therefore, low preoperative cardiorespiratory fitness level has 
been identified as a modifiable risk factor associated with complications after major 
abdominal surgery. Additionally, health-related fitness is affected by one’s habitual 
physical activity habits like performing moderate to vigorous physical activity. To 
determine the effect of moderate to vigorous physical activity levels in patients awaiting 
surgical resection for hepato-pancreato-biliary (HPB) cancer, chapter 5 aims to determine 
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the objectively measured levels of moderate to vigorous physical activity among patients 
on the waiting list for HPB cancer surgery and their association with postoperative 
outcomes.

Higher patients’ physical activity levels during the preoperative phase, self-reported or 
objectively measured, improves outcomes in abdominal resection surgery. However, 
it is not clear to what extend interventions can increase physical activity levels in the 
preoperative phase, and whether the change measured differs between self-reported 
and objectively measured outcome measures. Additionally, most previous studies into 
the physical activity level in major abdominal surgery patients suffer from limited sample 
size and homogeneity to establish whether physical activity interventions findings are 
consistent and can be generalized across patients, and treatment variations, or whether 
findings vary significantly. Therefore, the aim of the meta-analysis described in chapter 6 
is to determine the effect of interventions on physical activity levels of patients awaiting 
abdominal resection surgery using self-reported as well as objectively measured outcome 
measures.

Finally, the general discussion of the primary findings of all the chapters taken together 
is described in chapter 7 where methodological considerations and further directions 
for healthcare and research are also discussed.
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ABSTRACT

Background: The 6-minute walk test is a submaximal exercise test used to quantify 
the functional exercise capacity in clinical populations. It measures the distance walked 
within a period of 6-minutes. Since the publication of the “American Thoracic Society 
statement: guidelines for the six-minute walk test”, several studies have reported 
reference values for the pediatric population. The definition of reference values in the 
pediatric population is especially demanding since not only parameters like height, 
weight and ethnic background influence the measurement, but maybe as crucial as age. 
Until now, there is no systematic review on the reference values for the 6-minute walk 
test in healthy children and adolescents.

Aim: To provide an overview of reference values and reference value prediction equations 
for the 6-minute walk test in the pediatric population and of the methodology used to 
obtain them.

Methods: The protocol for this systematic review was based on the PRISMA statement. 
MEDLINE, EMBASE and Cinahl were searched for eligible articles. Articles were included 
if the 6-minute walk test was used, were published after 2002 and consists of healthy 
participants aged ≤18 years. 

Results: A total of 22 studies are included. Reported reference values ranged from 
383m±41m to 799m±54m. The prediction equation 6MWD=(4.63 * height(cm))–(3.53 * 
weight)+(10.42 * age)+56.32 yields the highest R2 value (0.6).

Conclusions: Due to the heterogeneities in the study characteristics and study quality 
no meta-analysis was performed. It is impossible to present a single best reference value. 
A flow-chart is presented to aid the selection of reference values or reference value 
prediction equations.

Implications of key findings: It is recommended that each research department 
obtained its own reference values and update these regularly because reference values 
may change over time. Until then, reference values can be selected by using the flow-
chart presented.

Keywords: Reference values - prediction equation - six-minute walk test – healthy – 
pediatric
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INTRODUCTION

The 6-minute walk test (6MWT) is an inexpensive submaximal exercise test generally 
used to quantify the functional exercise capacity in the clinical populations. (1) The 
test measures the distance a participant can walk within a period of 6-minutes. (1) 
Because of the submaximal nature of the test, it closely reflects the activities in daily 
life. (2) The test is frequently used in adults, (3) and is increasingly being utilized in the 
pediatric populations; it has been used in the assessment of subjects with pulmonary-, 
(4-6) cardiovascular-, (7) neurological-, (8-15) and muscular skeletal pathologies (16-18) 
amongst others. (19-23) The test-retest reliability in the healthy pediatric population is 
high, varying between ICC 0.74 in 6–12-year-olds, (24) ICC 0.80 in 5–6-year-olds to ICC 
0.94 in 11-12, (25) and 12–16-year-olds. (26)

In 2002 the American Thoracic Society (ATS) published a statement containing guidelines 
for the 6MWT in a clinical and research setting. (1) By standardizing the protocol, the aim 
was to encourage further application of the test and create the possibility to compare 
achieved values between different studies and populations. The guideline includes 
facility and procedure related aspects like the track location, lay-out and length plus 
standardized instructions, encouragements, and preparation procedures. 

In order to compare achieved values and establish reference values (RV) the ATS 
encourages investigators to publish RV for healthy persons using the standardized 
procedures. (1) RV obtained in healthy subjects provide a comparative basis for answering 
questions concerning the normality of health status and exercise responses in patients. 
(27) These questions can significantly impact the clinical decision-making process. (27) 
In the pediatric population, the definition of RV is especially demanding since not only 
parameters like height, weight and ethnic background influence the measurement, but 
maybe as crucial as the development stage and age. For the 6MWT, both the mean 
walked distance and a prediction equation used to predict the mean walked distance 
can function as a RV.

In 2014, the European Respiratory Society (ERS) collaborated with the ATS to publish a 
descriptive review and technical standard regarding the measurement properties of 
field walk tests in chronic respiratory disease in adults. (28) These documents suggest 
limits and modifications for the application of the 6MWT regarding the track distance 
and pretest instructions and present an overview of RV prediction equations for this 
population. (28)
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Since the publication of the ATS statement, several trails investigated RV in the healthy 
adult and pediatric population. (23-26,29-46) In 2015, Salbach et al. published a 
descriptive systematic review on RV in healthy adults on multiple walking test including 
the 6MWT. (48) In this review the RV is reported by median per age decade and RV 
prediction equation. The RV ranges between 621m for 20-30-years-old males to 350m 
for 70-79-years-old females, the RV prediction equation R2 ranges between 0.09 and 0.78.

Despite multiple publications of studies reporting RV or RV prediction equations in 
the pediatric population, there is no systematic review of these values for the 6MWT. A 
systematic overview of the available RV in children and adolescents which takes these 
factors into account can aid a clinician in choosing the set of RV that best reflect the 
characteristics of the person tested. 

Aim
Therefore, by performing a systematic review of the literature on RV for the 6MWT in 
healthy children and adolescents that were published between 2002 and 2016, the 
objective of the current study was to provide an overview of RV and RV prediction 
equations for 6MWT in the pediatric population and the methodology used to obtain 
them to aid the clinical discussion making process.

METHODS

Design
The protocol for this systematic review was based on the PRISMA statement, (48) the 
protocol has not been registered. 

Information sources & search strategy
The search strategy was created by the first author (CM) and reviewed by an experienced 
exercise physiologist (TT). The search-string for children and adolescents is based upon 
the publication of Boluyt from 2008. (49) The used systematic search strategy is revisable 
in supplementary material A. MEDLINE, EMBASE and Cinahl were searched for eligible 
articles up to March the 21st 2016. Additional records were obtained by screening 
references from included articles and systematic reviews on related subjects. 
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Study selection
After combining the results of the electronic searches, duplicates were removed. All 
unique records were screened by title and abstract for relevance by two reviewers (CM 
and TT). The first author judged all remaining records based on full text. 

Inclusion criteria
Studies were eligible for inclusion if 1) they included healthy subjects with a maximum 
age of 18 and 2) the study establish a mean walked distance and/or prediction equations 
for the 6MWT and 3) the study used procedures similar to the ATS guideline either 
with and without the ERS modifications or another published protocol. Because of the 
introduction of the ATS guideline in 2002, 1) articles older than 2002 were excluded. 
Studies that were 2) not published in English, 3) included adults in the sample or were 4) 
unavailable in full text were also excluded.

Data extraction & synthesis
Data extraction was performed by the first author through standardized extraction forms 
and consisted of several steps. First, the testing procedures of the 6MWT were evaluated 
and compared with the existing guidelines. (1,28) The standardized extraction form used 
to extract the procedure information is displayed in table 3a and 3b. This form includes 
the track length and layout, instructions prior to the test, encouragement during exercise, 
and inconsistencies with the ATS/ERS guidelines. Second, the methodological quality 
of the studies was assessed as described below. Finally, the RV was extracted through 
the mean walked distance reported per age group, gender and/or overall mean of the 
study, this is displayed in table 2. The RV prediction equations, displayed in table 4, 
were extracted in combination with the fit of the equation (R2) and the standard error of 
the estimate (SEE). Any alternative reporting methods are displayed as reported in the 
original publication.

Methodological quality
In order to assess the methodological quality modifications were made to the assessment 
list used by Paap et al. (50) to assess the methodological quality in cardiopulmonary 
exercise testing. The original quality assessment list is based upon study requirements for 
an optimal set of normal RV as described by the ATS/ACCP guideline. (51) Modifications 
were made based upon the requirements for the 6MWT as described by the ATS and 
the modifications by the ATS/ERS review. (1,28) This modified methodological quality 
assessment list can be found in supplementary material B. Each criterion was scored as 
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‘yes’, ‘no’ or ‘don’t know’ with points only given to ‘yes’. No points are given if the criterion 
is judged ‘no’ or ‘don’t know’. Studies which only included children younger than 13 years 
old scored ‘yes’ on the exclusion of smokers’ criterion. This limit is based on an American 
study by Johnston et al. (52) from 2013 which states that the peak of first-time smokers 
lies between the age of 11 and 13 years. A study was considered of ‘low quality’ between 
0 and 5 points, ‘moderated quality’ if 6-8 points were obtained, and ‘high quality’ if a 
score of ≥9 was reached.

Quality assessment was independently performed by two reviewers (DP and CM). 
Afterwards, scores were compared, and disagreements was resolved by consensus. If 
disagreement persisted, the third reviewer (TT) was consulted for the final rating.

RESULTS

Study selection
The search strategy identified 685 potential studies; five potential studies were identified 
through other sources. After removal of duplicates and initial screening, 44 studies were 
regarded potentially eligible. A total of 22 studies were eligible for inclusion after reading 
the full-text. (23-26,29-46) A flowchart of the study selection procedure is depicted in 
figure 1. Of the excluded studies there were six studies with adults in the domain, two 
studies did not provide a RV or RV prediction equation, four studies were unavailable in 
full-text after multiple attempts to obtain the complete article, one potential study was 
only available in the Spanish language and the last nine potential studies were abstracts 
about poster presentations, meeting records or commentary letters.



25

2

Reference value for the 6-minute walk test in children and adolescents: A systematic review 

Figure 1. Flow-scheme of selection of studies.

Methodological quality
The quality of the included articles varied between 3 to 10 points out of the 13 criteria 
points. After a consensus meeting between the two quality assessors’, agreement was 
reached on every criterion except one. The third assessor gave the final verdict for this 
criteria. Six studies fulfilled five or less criteria and thus received a “low quality” rating. 
“Moderate quality” ratings were awarded to 11 studies. Five studies scored ≥9 and thus 
obtained the label “high quality”. None of the articles fulfilled all the 13 criteria. Most 
frequent observed weakness was the lack of cross-validation in a population other than 
those used to generate the existing data articles, excluding of smokers or lack of report 
of excluding smokers and measuring activity levels of subjects. The criteria most often 
met were the prospective and community-based nature of a study. The conclusion of 
the methodological quality assessment is displayed in table 1.
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Table 1. Methodological quality assessment.

Study (ref) 1 2 3 4 5 6 7 8 9 10 11 12 13 Total

Kanburoglu et al. (45) 1 1 0 1 0 1 1 1 1 1 1 0 1 10

Chen et al. (46) 1 0 1 1 0 1 1 1 1 1 0 1 1 10

Saad et al. (35) 0 1 0 1 1 1 1 0 1 1 1 1 1 10

Goemans et al. (42) 1 0 0 1 0 1 1 1 1 0 1 1 1 9

Li et al. (32) 1 0 0 1 1 1 1 1 1 1 1 0 0 9

D’Silva et al. (40) 1 0 1 1 0 1 1 1 1 1 0 0 0 8

Lammers et al. (32) 1 0 0 1 0 1 1 0 1 1 1 0 1 8

Roush et al. (31) 1 0 0 1 1 1 1 0 1 0 1 0 1 8

Ulrich et al. (27) 1 1 0 1 0 1 1 0 1 1 1 0 0 8

Oliveira et al. (43) 1 0 0 1 0 1 1 0 1 1 1 0 0 7

Rahman et al. (43) 1 0 0 0 0 1 1 1 1 1 1 0 0 7

Tonklang et al. (39) 1 1 1 1 0 0 1 1 1 0 0 0 0 7

Priesnitz et al. (26) 1 0 0 1 0 1 1 0 1 1 1 0 0 7

Geiger et al. (33) 1 0 1 1 0 1 1 0 1 0 1 0 0 7

Li et al. (28) 1 0 0 1 1 0 0 1 1 1 0 0 0 6

Limsuwan et al. (36) 0 0 1 0 0 0 1 0 1 1 1 0 0 5

Fitzgerald et al. (47) 1 0 0 1 0 0 0 0 1 0 1 0 1 5

Klepper et al. (38) 1 0 0 1 0 1 0 0 1 0 1 0 0 4

Morinder et al. (25) 1 0 0 0 0 1 1 0 1 0 0 0 0 4

Pathare et al. (41) 1 0 0 0 1 0 0 0 1 1 0 0 0 4

Basso et al. (37) 0 1 0 1 0 0 0 0 1 0 0 0 0 3

Study characteristics
The 22 studies assessed 7549 subjects in total. The majority of the subjects were male, 
namely 4093 versus 3456 females. Every article reported the height and weight of the 
subjects, twenty studies reported the Body Mass index (BMI) of the subjects although 
two studies used the percentile, and one study used the Z-score for documentation. 
Eight studies were located in Asia, seven in Europe, three in north America and three 
south America. One study was located in Africa. Individual study characteristics can be 
found in table 2.
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Results of individual studies

Procedures
Test procedures showed large variation. For example, the two studies by Goemans et al. 
(40,41) performed the 6MWT protocol as described by McDonald, (10) 12 studies state 
the usage of the ATS guideline either with or without the ATS/ERS modifications. (24-
26,30,32-34,38,39,42-45) The remaining publications do not mention the used guideline 
but describe comparable procedures. Three studies performed the 6MWT either in 
groups or in overlapping fashion, (29,37,42) the other studies performed individual tests in 
accordance with the ATS guideline. The track length ranged between 15m (36) and 70m. 
(46) Only Fitzgerald et al. (46) used a track length inconsistent with the recommended 
15m to 50m of the ERS/ATS review. Most tests were performed in a straight indoor 
corridor, although three studies were conducted outside (29,35,37) and two studies do 
not explicitly report the course location. (36,44) In contrast with the ATS guideline, an 
instructor walked with the participant in four studies for additional measurements or 
safety. (32,40,41,46) Table 3a shows the modifications from the ATS/ERS guideline and 
additionally reported measurements per study. The procedural factors of influence on 
the results of the 6MWT, as reported in the respective studies, are displayed in table 3a.

Preparations
Although 12 studies reported following the ATS guidelines, (24-26,30,32-34,38,39,42-45) 
only five studies explicitly report the participants wearing comfortable clothing and shoes 
during the test (24,33,37,42,43) and an equal number report not using a warm-up period. 
(26,30,33,37,38) In accordance with the ATS guideline, six studies report not allowing 
vigorous activities in the 2 hours prior to the test, although a light meal was allowed. 
(24,26,30,33,37,38) The most reported preparation procedure is the resting period of 10 
minute whilst checking either heart rate and blood pressure, (25,26,30,31,33,37,38,42,43) 
or only heart rate. (23,34,45) In only a few studies measured the dyspnea and fatigue 
(24,37,44) or only fatigue (23,42) prior to the 6MWT. The measurement of oxygen 
saturation, which is an optional measurement in the ATS guideline, was measured by nine 
studies. (24-26,31-33,38,42,43,45) Multiple studies performed the post-test measurements; 
dyspnea, (24,31,37,38) fatigue (23,24,31,37), oxygen saturation, blood pressure and heart 
rate. (23-26,30,31,33, 37,38,43)



36

Chapter 2

Instructions
The instructions described by the ATS guideline include the sentence “remember that the 
object is to walk as far as possible for 6 minutes, but don’t run or jog”. The ERS/ATS systematic 
review note an average increase in walked distance of 52.7m in interstitial lung disease 
and pulmonary atrial hypertension patients if they were asked to walk as “fast as possible”. 
In seven of the included studies, the instructor used the word “far” and three studies used 
the word “fast”. Klepper et al. (36) did not instruct the participants they were allowed to 
stop and rest. Two studies stated that they used the ATS guideline instructions but did 
not report the given instructions. (33,34) The remaining studies either did not mention 
the used instructions or used instructions different from those in the ATS guideline or 
ERS/ATS review, like “as much ground as possible”. A practice run was made by both the 
instructor and the participant in three studies. (36,40,41)

Encouragements
The encouragement phrases described in the ATS guideline consist of standardized 
sentences which should be announced with one minute intervals. However, both 
the studies performed by Goemans et al. (40,41) used constant encouragements, the 
encouragement used by Chen et al. (45) were given at random moments and the study 
conducted by Saad et al. (33) used no encouragements at all. The studies performed by 
both Morinder et al. (23) and Ulrich et al. (25) only used announcements related to the 
remaining time. The instructions and encouragements as reported in the respective 
studies are displayed in table 3b. 

Synthesis of results

Meta-analysis

Due to the heterogeneities in the study characteristics, testing procedures, reporting 
method and methodological quality, no meta-analysis is performed. Each of the included 
studies has various numbers of shortcomings and limitations that are noted through the 
methodological quality assessment displayed in table 1. 

Reference value

Table 2 shows the RV of all the studies for the whole sample (23-26,30,32,34-38,44-
46), separate gender and separate age groups if reported. (23-25,31-33,36,38-45) The 
RV ranges from 513m±64m (45) to 677.0m±62.2m (37) for the pooled data. The RV only 
related to females’ ranges between 518.32m±73.16m (36) and 657.1m±51.1m (37) and 
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516.7m±65.6m (39) till 693.5m±65.7m (37) for all the males. The lowest RV is 383m±41, 
recorded by a sample of 4-year-olds in the study conducted by Lammers et al. (32) The 
highest RV is 799m±54m recorded by 16-year-old males in the study performed by Saad 
et al. (33) Geiger et al. included the youngest sample with an age of 3 till 5-years-old. (31) 
In this study, the RV for females is 501.9m±90.2m and for males 536.5m±95.6m. (31) The 
oldest group tested is 18-year-old. In this study, the RV for females is 561m±92m and 
541m±109m for males. (44)

Reference value prediction equation

Table 4 lists the 32 RV prediction equations from eight different studies. 
(24,25,30,31,41,42,45) Of the 32 equations, 14 are developed for females (25,30,31,42) 
and 12 for males. (25,30,31,41,42) The remaining six are not gender specific. (24,25,33,45) 
Six studies (24,30,31,33,41,42) reported the R2 and three studies additionally reported 
the SEE, (24,31,41) the remaining studies did either; not use the SEE or R2 or in the case of 
Ulrich et al. (25) used the Durbin-Watson tests (DW) to detect autocorrelation in multiple 
linear regression models. The equation yielding the maximum R2 of 0.6 includes height, 
weight, and age. Across the 32 RV prediction equations, age was included in the most 
often (64%) followed by height which was included in 19 equations (61%).
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DISCUSSION

The aim of this study was to review the existing RV and to assess the methodological 
quality. Twenty-two eligible articles with a RV walked distance or RV prediction equations 
were evaluated on both methodological quality and testing procedures. It is impossible 
to determine a single best RV or RV prediction equation due to the heterogeneities in 
the study characteristics, testing procedures, reporting method and methodological 
quality. In contrast to Salbach et al., (47) no median per age group is presented because 
this method does not take into account the heterogeneity in sample characteristics and 
testing procedures.

The variety in RV is large with a range between 383m±41 (32) and 799m±54m. (33) 
Multiple explanations can be given for this wide range like methodological details, 
age, ethnical and cultural differences. The 6MWT was assessed in 13 different counties, 
representing the continents Asia, Europe, North America, South America, and Africa. Of 
the countries that are represented multiple times, the United States and Brazil are most 
frequently studied followed by Belgium, Thailand, and China. Two studies focused on 
a single racial groups (31,40) and four studies stated only including participants from a 
single nationality. (34,37,38,45) Ideally, studies report separate results for ethnic groups.

The wide range in RV can partly be explained by increasing age. (24,25,30,32,37,38,41-46) 
Nonetheless, also within an age group a large variety is shown. For example, in the study 
by Chen et al. (45) the mean distance of the sample of 7-year-olds scored 463m±62m in 
comparison to 625.4m±120.22m in the same age group in D’Silva et al. (38) Comparing 
within age groups is mainly limited by the diversity in reporting method, only nine studies 
gave age-by-age RV and six studies used age groups larger than two years.

However, the comparison of the RV within an age group in a single country show a smaller 
range compared to the range between countries. For example, within the United States 
the sample of Klepper et al. (36) and Roush et al. (29) both included females in the age 
group of 7 to 9-year-olds. Roush et al. (29) reports a RV of 532.2m±52.6m for the whole 
group while Klepper et al. (36) reports a RV of 519.64m±69.31m for 7–8-year-olds and 
542.54m±80.25m for 9 year olds. Rahman et al. (43) tested the same gender and age group 
in Saudi Arabia and reports a RV of 564.26m±51.30m in 7-year-olds, 586.03m±41.42m 
in 8-year-olds and 600.86m±57.12m in 9-year-olds. These differences underline the 
conclusion by Klepper et al. stating the belief that RV or RV prediction equations for 
the 6MWT developed for children living in one country may not be applicable to those 
in other countries. (36) Similar conclusions have been drawn in the adult population. 
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(54) The differences in reported RV emphasize the recommendations of the ATS/ACCP 
guidelines that each research department and/or country should have its own RV. It is 
recommended that these RV are updated regularly because population characteristics 
may change over time. (51) 

The variation in methodological details prior and during the performance of the 6MWT 
may also be a major factor that affects the results of the 6MWT. Most studies state using 
the ATS guideline (24-26,30,3-34,38,39,42-45) or comparable protocol. (40,41) nonetheless, 
these studies often refrained from or only partly describe the actual used method thereby 
making it impossible to verify the statement and reproduce the used methodology. 

Studies using the instruction “as fast as you can” (23-25,42) generally scored higher RV 
compared to the same gender and age group using the instruction “as far as possible”. 
(28,31,36,38,39,45,46) The RV in the study by Saad et al., (33) using no encouragement, 
is higher compared to the RV in the study by Goemans et al. which used constant 
encouragement. (40,41)  This is in conflict with the findings of Guyatt et al. which found a 
higher walked distance in groups with encouragement compared to no encouragements. 
(53) This might suggest there is no influence of encouragement during the 6MWT. 

Multiple studies aimed to construct a RV prediction equation in order to predict the 
6MWD. Of the studies aiming to do so, only the study by Kenan Kanburoglu et al. (44) was 
unable to compose a RV prediction equation due to a decreasing 6MWD between the 
ages of 12 and 14 years old. Ulrich et al. (25) also reported a trend reversal around this age 
and composed different prediction equations for males younger and older than 13-year-
old, and females younger and older than 12-year-old. The feasibility of several reported 
equations is debatable due to the use of variables which are difficult to obtain. Oliveira 
et al. (42) included the true leg length (TLL) in the equation. Because the measurement 
of the TLL is not included and the measurement of the pulse oximetry is optional in the 
ATS guideline, (1) it is not advised to include either in a RV prediction equation. 

The RV prediction equation presented by Chen et al. (45) provides a Z-score from which 
the predicted RV can be derived. In the clinical practice this method is cumbersome and 
therefore unlikely to be applied. To increase the feasibility of the usage of RV prediction 
equations it is advisable to present a walked distance as outcome.
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Strengths & limitations
This is the first systematic review to describe RV for the 6MWT in the healthy pediatric 
population. It provides a comprehensive overview of reported RV, methodical differences, 
and quality assessment.

In accordance with Bartels et al. (3) findings, this study is limited by the absence of an 
existing quality assessment tool. Consequently, a modified assessment tool is developed. 
Almost all studies, except one, lack the exclusion of smokers. This criterion might be too 
strict considering the submaximal nature of the test and age of the sample. However, in 
the authors opinion this is of importance to assure healthy participants. Furthermore, 
this criterion is consistent with the ATS cardiopulmonary exercise testing statement (ATS/
ACCP) guidelines. (51) 

The sample size in five of the included studies was small. A small sample size leads to 
a reduction of power and limit the ability to generalize the results to the reference 
population. (55) Salbach et al. (47) recommends a minimum of 15 participants per gender 
and age decade in order to make the study sufficiently precise. Because of the influence 
of age in the pediatric population, it is recommended that studies include 10 healthy 
males and 10 healthy females of similar age. (55)

The youngest group of participants is aged 3-year-old. In this study the 3-year-old 
participants were allowed to walk or run and jog. Although the study (31) states that 
reported RV is not affected much by this methodological adjustment, it does disturb 
the submaximal nature of the 6MWT. Also, it is questionable whether children of this 
age are able to concentrate and perform the required task during 6-minutes in order to 
create comparable values. Therefore, it is inadvisable to conduct the 6MWT in participants 
younger than 5-years-old.

Relevance for clinical practice
This review might help the clinician in choosing the best suited RV in order to make a 
comparative basis for answering questions concerning the normality of the 6MWD and 
exercise responses if obtaining own RV is not an option. For this purpose, we present a 
flow-chart in figure 2 aimed to aid the process of choosing a suitable RV. The flow-chart 
is a modified version of the flow-chart presented by Paap et al. for cardiopulmonary 
exercise tests. (50) Modifications were made to suit the 6MWT and to emphasize the 
influence of age in the pediatric population. The study that best characterizes the sample 
of healthy volunteers tested should be selected by choosing matching age, gender, and 
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geographical representation. Hereafter the best suited protocol should be chosen and 
if possible, methodological quality should be taken into account.

Figure 2. Flow-chart for the selection of ‘6-minute walk test’ reference value in the pediatric population

Recommendation for future research
To increase usability of the 6MWT RV in the pediatric population a stricter appliance 
of the 6MWT protocol is advised. Furthermore, both a uniform age-by-age reporting 
method and a more thorough description of used method is needed. The application of 
the 6MWT in the age group below 5-years is not recommended because it is questionable 
whether children of this age are able to concentrate and perform the required task during 
6-minutes.

Conclusion
The large variation in sample characteristics, applied methodology and quality assessment 
makes it impossible to present a single best RV for the 6MWT. Further research is needed 
to obtain RV for every world region and ethnicity. Until then, RV can be selected by using 
the flow-chart presented in figure 2. The flow-chart can aid the process of selecting RV 
for a research department and clinical practices if obtaining own RV is no possibility. 
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Supplementary material A
Pubmed: 202 hits
Hits 7784
(((((((SMWT[Title/Abstract]) OR SMW[Title/Abstract]) OR SMWD[Title/Abstract]) OR 
6MWT[Title/Abstract]) OR 6MWD[Title/Abstract]) OR 6MW[Title/Abstract]) OR 6 min* 
Walk*[Title/Abstract]) OR Six Min* Walk*[Title/Abstract]
AND 
Hits 3680188
(((((((((((((((((((((((((((((((((((((((((Highschool*[Title/Abstract]) OR High school*[Title/Abstract]) 
OR Elementary school*[Title/Abstract]) OR Secondary school*[Title/Abstract]) OR Primary 
school*[Title/Abstract]) OR Schools[MeSH Terms]) OR Nursery school*[Title/Abstract]) OR 
Kindergar*[Title/Abstract]) OR Paediatric[Title/Abstract]) OR Paediatrics[MeSH Terms]) OR 
Prepubescen*[Title/Abstract]) OR Pubescen*[Title/Abstract]) OR Pubert*[Title/Abstract]) 
OR Puberty[MeSH Terms]) OR Minors*[Title/Abstract]) OR Minors[MeSH Terms]) OR 
Girl*[Title/Abstract]) OR Boy*[Title/Abstract]) OR Teen[Title/Abstract]) OR Adoles*[Title/
Abstract]) OR Adolescent[MeSH Terms]) OR Toddle*[Title/Abstract]) OR kids[Title/
Abstract]) OR Kid[Title/Abstract]) OR Preschoo*[Title/Abstract]) OR Schoolchil*[Title/
Abstract]) OR School ag*[Title/Abstract]) OR Schoolchild*[Title/Abstract]) OR Child*[Title/
Abstract]) OR Child[MeSH Terms]) OR Postmatur*[Title/Abstract]) OR Prematur*[Title/
Abstract]) OR Preterm*[Title/Abstract]) OR Neonat*[Title/Abstract]) OR Newbor*[Title/
Abstract]) OR Baby*[Title/Abstract]) OR Newborn*[Title/Abstract]) OR infancy[Title/
Abstract]) OR Infant*[Title/Abstract]) OR Infant[MeSH Terms]))
AND 
Hits 2369762
((((((((((((Standard[Title/Abstract]) OR Criterion[Title/Abstract]) OR reference ranges[Title/
Abstract]) OR Reference range[Title/Abstract]) OR Normal values[Title/Abstract]) OR 
Normal value[Title/Abstract]) OR Normative value[Title/Abstract]) OR Norma*[Title/
Abstract]) OR Normal ranges[Title/Abstract]) OR reference values[MeSH Terms]) OR 
Reference values[Title/Abstract]) OR (Normal ranges))
--------------------------------------------------------
Embase: 429 hits
Hits 15158
SMWT:ab,ti OR SMW:ab,ti OR SMWD:ab,ti OR 6MWT:ab,ti OR 6MWD:ab,ti OR 6MW:ab,ti 
OR ‘6 min* Walk*’:ab,ti OR ‘Six Min* Walk*’:ab,ti 
AND
Hits 4114688
'highschool*':ab,ti OR 'high school*':ab,ti OR 'elementary school*':ab,ti OR 'secondary 
school*':ab,ti OR 'primary school*':ab,ti OR 'schools'/exp OR 'nursery school*':ab,ti 
OR 'kindergar*':ab,ti OR 'paediatric':ab,ti OR 'paediatric' OR 'prepubescen*':ab,ti OR 
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'pubescen*':ab,ti OR 'pubert*':ab,ti OR 'puberty'/exp OR 'minors*':ab,ti OR 'minors'/exp 
OR 'girl*':ab,ti OR 'boy':ab,ti OR 'teen':ab,ti OR 'adoles*':ab,ti OR 'adolescent’/exp OR 
'toddle*':ab,ti OR 'kids':ab,ti OR 'kid':ab,ti OR 'preschoo*':ab,ti OR 'schoolchil*':ab,ti OR 
'school ag*':ab,ti OR 'schoolchild*':ab,ti OR 'child*':ab,ti OR 'child’/exp OR 'postmatur*':ab,ti 
OR 'prematur*':ab,ti OR 'preterm*':ab,ti OR 'neonat*':ab,ti OR 'newbor*':ab,ti OR 
'baby*':ab,ti OR 'newborn*':ab,ti OR 'infancy':ab,ti OR 'infant*':ab,ti OR 'infant’/exp
AND
Hits 2944199
'standard':ab,ti OR 'criterion':ab,ti OR 'reference ranges':ab,ti OR 'reference range':ab,ti OR 
'normal values':ab,ti OR 'normal value':ab,ti OR 'normative value':ab,ti OR 'norma*':ab,ti 
OR 'reference values'/exp OR 'reference values':ab,ti OR 'normal ranges':ab,ti
--------------------------------------------------------
Cinahl: 54 hits
Hits 251557
(Standard OR Criterion OR (reference ranges) OR (Reference range) OR (Normal values) 
OR (Normal value) OR (Normative value) OR (Norma*) OR (Normal ranges) OR (Reference 
values) OR (Normal ranges))
AND 
Hits 616312
(Highschool* OR (High school*) OR (Elementary school*) OR (Secondary school*) OR 
(Primary school*) OR Schools OR (Nursery school*) OR Kindergar* OR Paediatric OR 
Paediatrics OR Prepubescen* OR Pubescen* OR Pubert* OR Puberty OR Minors* OR 
Minors OR Girl* OR Boy* OR Teen OR Adoles* OR Adolescent OR Toddle* OR kids OR Kid 
OR Preschoo* OR Schoolchil* OR (School ag*) OR Schoolchild* OR Child* OR Child OR 
Postmatur* OR Prematur* OR Preterm* OR Neonat* OR Newbor* OR Baby* OR Newborn* 
OR infancy OR Infant* OR Infant)
AND
Hits 2257
(SMWT OR SMWD OR SMW OR 6MWT OR 6MWD OR 6MW OR (6 min* Walk*) 
OR (Six Min* Walk*))
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Supplementary material B
Modified methodological quality list according the ATS/ERS guidelines.
Population characteristics:
Subjects are community based. (The subjects studied preferably be community bases rather 
than hospital based).
Level of physical activity are reported. 
Exclusion of different racial groups. 
Exclusion criteria for unhealthy subjects is described. 
If relevant (≥12y), exclusion of smokers in the sample studied. (If the participants were 11 
years or younger, a 1 was given) 
Specified characteristics are sub categorized by age group. (Include gender, and 
anthropomorphic considerations. Grouped in maximum of 2year). 
Sample size:
The number of subjects tested is sufficiently equal or larger than the appropriately 
powered sample size, with a uniform distribution of subjects for sex and groups. (20 per 
age year, equally distributed amongst gender (min 10))
Randomization: 
Subjects are randomly selected from a larger population (The study design include a 
randomized selection process to avoid the potential bias seen when more or less physically 
active subjects volunteer for the study).
Design:
A prospective study design
Quality assurance of equipment and methodologies:
There is no lack of quality control. (Quality was achieved using recommendations contained 
in the ATS guidelines and the 6MWT protocol in accordance with recommendations specified 
in the ERS/ATS guidelines).
Testing protocol and procedures are described. (Including track length, instructions and 
encouragements given prior to test)
Validation:
Reference equations are cross-validated in population other than those used to generate 
the existing data. 
Statistical validation:
The function that most accurately describes the distribution of the data are used. For 
example, curvilinear (power) functions may more accurately describe the distribution of 
the data. Furthermore, the precision of the individual and population predicted values 
are reported.
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ABSTRACT

Peak oxygen uptake (VO2peak) is recognized as the best expression of aerobic fitness. 
Therefore, it is essential that VO2peak reference values are accurate for interpreting a 
cardiopulmonary exercise test. These values are country specific and influenced by 
underlying biological aging processes. They are normally stratified per pediatric and 
adult population resulting in discontinuity at the transition point between prediction 
equations. There are currently no age-related reference values available for the lifespan of 
individuals in the Dutch population. The aim of this study is to determine the best fitting 
regression model for the VO2peak in the healthy Dutch pediatric and adult population in 
relationship to age.

In this retrospective study, cardiopulmonary exercise test cycle ergometry results of 
4477 subjects without reported somatic diseases were included (907 female, 8-78 years). 
Generalized Additive Models were employed to determine the best fitting regression 
model. Cross-validation was performed against an independent dataset consisting of 
3518 subjects. (170 female, 7-59 years).

An additive model was the best fitting with the largest predictive accuracy in both the 
primary (adj. R2=0.57, SEE=556.50) and cross-validation (adj. R2=0.57, SEE=473.15) dataset.

This study provides a robust additive regression model for peak oxygen uptake in the 
Dutch population. 

Keywords: Cardiopulmonary exercise test – CPET – oxygen uptake – exercise capacity 
– reference value
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INTRODUCTION

Peak oxygen uptake (VO2peak) represents the functional limit of the body’s ability to deliver 
and extract oxygen in muscles in order to satisfy the metabolic demands of vigorous 
exercise; it is recognized as the best expression of aerobic fitness. (1) VO2peak is increasingly 
utilized to optimize risk stratification and to facilitate clinical decision-making because 
it reflects therapeutic response and predicts adverse events such as postoperative 
complications and mortality after abdominal and thoracic surgery. (2–4) 

For the interpretation of a cardiopulmonary exercise test (CPET) using cycle ergometry, 
it is essential to have accurate VO2peak reference values. (4–7). These values are region or 
country specific and change over time due to cultural differences and evolving population 
characteristics. (6,7) Therefore, each country must have specific updated VO2peak reference 
values that optimally reflect the characteristics of the current population  tested, the 
equipment, and the methodology utilized. (6–8). Although multiple countries provided 
up to date VO2peak reference values derived from large cohorts, (9–11) 30-year-old VO2peak 

reference values are the most commonly used in clinical settings in the Netherlands as 
there are none available derived for the Dutch adult population. (12). Thereby, these 
commonly used VO2peak reference value prediction equations are obtained from a 
relatively small sample from the North American population. (7,12)

The VO2peak is highly influenced by underlying biological aging processes such as physical 
development, pubertal status, age induced neuromuscular deterioration, sarcopenia, 
and cardiopulmonary decline. (5,13,14) It has been hypothesized in both the pediatric 
and adult population that VO2paek develops in a non-linear and inter-related manner with 
the progression of age. (5,15–18) Linear regression models are predominantly used to 
determine VO2peak reference value prediction equations depending upon gender, age, 
height, and weight. (7,12,14,19)

The frequently used age stratification between the pediatric and adult population is 
somewhat arbitrary and it introduces a discontinuity at the transition point between 
the two equations, which leads to a reference value shift from the pediatric to the adult 
population. Additionally, such a age stratification implies more prediction uncertainty 
since accuracy is lowest at the boundary of the sample age scale. Estimation of an up-
to-date general prediction model across the pediatric as well as the adult population 
would facilitate a smooth transition into adult care. Therefore, the aim of this study is to 
determine the best fitting regression model for the VO2peak in the healthy Dutch pediatric 
and adult population in relationship to age.
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METHODS

This retrospective multi-center study is conducted using the Low-lands Fitness Registry, a 
primary dataset of 8900 subjects from 11 healthcare centers in the Netherlands that was 
aggregated with the aim of establishing CPET reference values for the Dutch population. 
Additionally, to determine the external and predictive validity of the reference value 
prediction model, a cross-validation procedure was performed on an independent 
sample as recommended by the American Thoracic Society/ American College of Chest 
Physicians (ATS/ACCP). (6) Specifically, the cross-validation in this study was performed 
against an additional dataset obtained from the Diving Medical Center from Den Helder, 
the Netherlands, and the Wilhelmina Children’s Hospital from Utrecht, the Netherlands. 
The cross-validation dataset contained 4536 subjects that were not included in the 
primary dataset. Both datasets contain incremental CPET measurements collected 
between January 2010 and December 2016. Institutes that were included satisfied 
the following criteria: 1) To meet the ATS/ACCP-statement equipment requirements to 
perform an incremental CPET using an electromagnetically braked cycle ergometry test 
utilizing gas exchange analysis by bag collection, mixing chamber, or breath by breath 
analysis based upon averaging the values measured during last 30 to 60 seconds of the 
test (6); and 2) to perform equipment quality control in accordance with the ATS/ACCP-
statement. (6)

Subjects included in both of the datasets underwent an individualized incremental CPET 
cycle ergometry test for multiple reasons including initiated by a healthcare professional; 
work and sports related (mandatory) annual health checks; participation in scientific 
studies; or based on personal motivation such as an exercise response evaluation for 
the aid of a trainings scheme. Every institute provided anonymized, coded patient 
information to the data coordinator at the University Medical Center Utrecht, the 
Netherlands. All records were previously screened for measurement failures. If there 
were any uncertainties, the testing institute was contacted to ensure the communication 
of correct data. It has been confirmed by the medical ethical research committee of the 
University Medical Center Utrecht that the WMO act does not apply to the current study.

STUDY SAMPLE

All of the subjects included in the study were habitants from the Dutch country, aged 65 
years or less. The status “healthy” was defined as the absence of any reported somatic 
signs of disease and the exclusion of registrated available risk factors. (20) Therefore, 
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subjects were excluded if (s)he; [1] reported somatic diseases at the time of testing or; 
[2] showed irregularities on the electrocardiogram (ECG) prior to testing. Additionally, 
subjects were excluded from further analysis if the subject; [3] included a missing 
predictor or outcome values. To ensure subjects reached their maximal VO2 measurement, 
subjects were excluded if (s)he did [4] not reach a respiratory exchange peak ratio (RERpeak) 
of at least 1.0 (21) or did not reach a minimum of 85% of the age-predicted maximum heart 
rate (HRpeak) determined as 208-(0.7 * age). (22) Furthermore, due to the abnormal working 
capacity and cardiovascular responses to exercise in patients affected by underweight 
and the recognition of obesity as a disease by the World Health Organization, subjects 
who [5] had a body mass index (BMI) value ≥30 (23) or, in adult subjects, ≤18.5 (24) were 
excluded. Due to the decrease in VO2peak associated with smoking, [6] subjects who actively 
smoked at the time of the test were excluded (25); and [7] lastly, professional athletes 
are excluded because they were considered not representative for the average Dutch 
population due to the positive effects of exercise training on VO2peak. (26) The exclusion 
criteria were applied in both the primary and cross-validation datasets.

Statistical analyses
Statistical analyses were performed using R version 3.4.4, released in 2018. (27) Throughout, 
a p-value ≤.05 was considered significant. Continuous data were summarized as mean 
(SD) and categorical data as frequencies (percentage). The variables gender, age, weight, 
and height were included in the analyses as these are commonly used as a basis for VO2peak 

reference value prediction equations. (7)

Generalized Additive Models (GAM) were utilized to semi-parametrically find the most 
appropriate fitting regression model. (28–30) To determine the model best fitting the 
data, criteria such as the adjusted R2, Akaike Information Criterion (AIC), and Bayesian 
Information Criterion (BIC) were used. (31,32) A higher adjusted R2 and a lower AIC and 
BIC was considered as improving the fit. In cases of inconsistency between these, the 
BIC criterion was taken as the most decisive. The interpretation of the BIC score was 0 
to 2 as “minimal” improvement, 2 to 6 as “positive” improvement, 6 to 10 as “strong” 
improvement, and a >10 score as a “very strong” improvement. (33)

All models fitted to the data included an interaction age by gender term to account for 
the different VO2peak levels between male and female subjects. (10) In order to compare 
with a best performing polynomial regression model, each predictive variable was 
modeled using linear, quadratic, and cubic effects by stepwise minimum BIC procedures. 
(34) The resulting model was employed to represent the polynomial model type in the 
model fitting procedures. Additionally, based upon the hypothesized non-linear age 
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dynamics for VO2peak, an additive model with a smooth spline type of transformation of 
age was included. (15–18,29)

To determine the fit of the models in the separated pediatric and adult population, 
the predictive accuracy of the models was measured using stratified age groups by 
comparing the residual standard error of the estimate (SEE). The groups were stratified 
by ≤20 and >20 years of age. The better the predictive fit of either of the three types of 
models, the less variability there is and the smaller the SEE. (35)

Models are of little clinical value unless these have predictive accuracy for independent 
samples. A cross-validation procedure was performed using each identified model per 
type (linear, polynomial, GAM) against a cross-validation dataset. Similar to criteria for 
the primary analysis, the model performance was evaluated by a larger adjusted R2 and 
a smaller SEE.

For purpose of illustration, examples of VO2peak predictions are reported using the best 
performing regression model. For these examples, cases with an increase of 5 years per 
pediatric case and 10 age years per adult case is used, corresponding average height and 
weight is used determined by data provided by the Statistics Netherlands (CBS). The 2.5th, 
5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th prediction intervals are reported.

RESULTS

The complete registry consisted of 8900 cases (1641 female), after applying the exclusion 
criteria for missing values (N=2674), non-maximal tests (N=480), a BMI exceeding 30 or 
below 18.5 in adults (N=324), smokers (N=881) and, professional athletes (N=64), a sample 
of 4477 cases labelled as healthy remained (907 female) with age ranging from 7.9 to 65.0 
years. The cross-validation sample contained 4536 subjects, after applying the exclusion 
criteria for missing values (N=0), non-maximal tests (N=64), a BMI exceeding 30 or below 
18.5 in adults (N=260), smoking (N=694) and, professional athletes (N=0) 3518 subjects 
(170 female) with an age range from 6.8 to 59.0 years remained. Table 1 summarizes the 
samples characteristics of both samples. Figure 1 displays the age distribution of the 
primary sample.



65

3

Peak oxygen uptake reference values for cycle ergometry for the healthy Dutch population

Table 1. Sample characteristics

Primary sample Cross-validation sample

Gender Subjects Age Weight Height BMI Subjects Age Weight Height BMI 

Female 907 
(20.4%)

32.24 
±12.76

64.32  
±11.78

168.61 
±9.33

22.46  
±3.04

170 
(4.8%)

23.00  
±9.81

61.50  
±14.49

166.62 
±12.49

21.77  
±3.38

Male 3.570 
(79.6%)

34.61 
±11.46

81.63  
±11.64

181.75  
±8.11

24.62  
±2.64

3.348  
(95.2%)

33.89  
±9.98

84.30  
±11.56

182.75  
±8.19

25.13  
±2.45

All 4.477 
(100%)

34.13 
±11.77

78.13 
±13.59

179.09 
±9.90

24.18 
±2.86

3.518 
(100%)

33.36 
±10.24

83.20 
±12.72

181.97 
±9.13

24.97 
±2.60

Data are presented as n (%) or mean ±sd; Subject: total per gender, Age: years per decimal, Height: centimeters, 
Weight: kilograms, Body mass index (BMI): kilogram/meter2.

Figure 1. Sample age distribution

The best performing polynomial regression model that was found via stepwise minimum 
BIC was: VO2peak (mL * min-1) = -1469 + (673.00 * gender) + (16.87 * age) + (-0.47 * age2) + 
(0.07 * height2) + (39.70 * weight) + (-0.16 * weight2). (adj. R2= 0.56, AIC= 69480.15, BIC= 
69531.40). The male gender is labelled as 1 and female as 0, age is presented in years, 
height in centimeters, and weight in kilograms. 

Table 2 summarizes various estimated models and their fit measures. The best fitting 
model to the dataset was the additive model that includes a smooth spline transformation 
for age and an interaction term between age and gender plus linear terms for weight 
and height. The fit of the model yields an adjusted R2= 0.57, AIC= 69342.81 and, BIC= 
69449.50. This additive model demonstrate “very strong” improvements (33) compared 
to both the linear model (BIC diff. = 170.34) and the polynomial model (BIC diff. = 
81.9). The age depended transformations of VO2peak are displayed in figure 2 including 

pointwise 95%-confidence intervals shown by the shaded bands. Additionally, the linear 
dependencies of weight and length are displayed in figure 3 and 4.
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Table 2. Regression model type fitting comparison.

Estimate Std. error T-value P-value Adj. R2 AIC BIC

Linear model
Intercept
Gender
Age
Height
Weight

-3039.01
634.32
-16.50
29.22
16.17

206.02
25.75
0.79
1.46
1.11

-14.75
24.63
-20.66
19.95
14.48

<0.001
<0.001
<0.001
<0.001
<0.001

0.55 69581.40 69619.84

Polynomial model
Intercept
Gender
Age 
Age2

Height2

Weight
Weight2 

-1469.00
673.00
16.87
-0.47
0.07

39.70
-0.16

158.80
25.89
4.81
0.06

<0.01
5.17
0.03

-9.25
25.99
3.50
-7.31
16.52
7.67
-5.05

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.56 69480.15 69531.40

Additive model
Intercept
Gender
Height
Weight
S(age): male
S(age): female

-2537.29
743.35
24.30
12.57
edf*: 
4.263
7.391

224.98
26.30
1.52
1.12

Ref.df**: 
5.260
8.288

-11.28
28.26
15.91
11.21

F-value: 
22.59
70.38

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.57 69342.81 69449.50

Gender: 0= female, 1= male, Age= years, height= centimeters, weight= kilograms, * edf= effective degrees of 
freedom, ** Ref.df= reference number of degrees of freedom

The fit of the models compared to the separate pediatric and adult population are 
displayed in table 3. The additive model provides the largest predictive accuracy overall 
with an adjusted R2= 0.57 and a SEE= 556.50 in the entire primary sample; the polynomial 
and the additive model performed equal against the cross-validation sample, specifically, 
R2=0.57 compared to the linear model with R2=0.55. Additionally, the additive model also 
provided the smallest SEE in the stratified age groups in both samples, namely, SEE= 
495.18 and 420.72 in ≤20-years-old and SEE= 563.82 and 476.92 in the >20 years old. The 
largest improvement between models in both samples occurred in the ≤20-years-old 
age group. In this age group, the additive model has a better fit than both the linear and 
polynomial model with an equal adjusted R2 difference of 0.05. Similar improvements are 
discerned in the SEE value between the additive and the linear and polynomial model 
of 65.47 and 53.62 (mL * min-1) in the primary sample, and 108.14 and 35.81 (mL * min-1) 
in the cross-validation sample, respectively.
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Figure 2. Age depended on transformation of 
VO2peak. Shaded bands represent pointwise 
95%-confidence interval. Red = female, Blue 
= male

Figure 3. Relation between VO2peak and Weight. Including pointwise 95%-confidence interval. Red = 
female, Blue = male

Figure 4. Relation between VO2peak and 
Height. Including pointwise 95%-confidence 
interval. Red = female, Blue = male
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Table 3. Fit of model type per age group and sample set.

Primary sample Cross-validation sample

Age group Adj. R2 SEE Adj. R2 SEE

Linear 
model

All
≤ 20 y

0.55
0.71

572.89
560.65

0.54
0.81

487.84
528.86

> 20 y 0.50 574.43 0.37 484.56

Polynomial 
model

All
≤ 20 y

0.56
0.71

566.20
548.80

0.57
0.82

476.72
456.03

> 20 y 0.51 568.37 0.38 478.26

Additive 
model

All
≤ 20 y

0.57
0.76

556.50
495.18

0.57
0.84

473.15
420.72

> 20 y 0.52 563.82 0.38 476.92

Reference values with corresponding prediction intervals are constructed using average 
weight and height per gender and age provided by the CBS. Table 4 shows predictions 
for the female cases, table 5 shows the predictions for the male cases. In both genders, 
the 2.5th and 97.5th prediction interval in the 60-year-old cases is largest with 213 mL * 
min-1 for the female case and 352 mL * min-1 for the male case. The prediction interval of 
the 20-year-old cases are smallest with 78- and 131-mL * min-1 respectively. Both genders 
have increasing VO2peak prediction until the age of 20 followed by a decline.

Table 4. Additive model VO2peak (mL * min-1) predictions percentiles per female case

Age Height Weight 2.5% 5% 10% 25% Prediction 75% 90% 95% 97.5%

10 143.0 33.5 1581 1601 1624 1662 1704 1746 1784 1807 1826

15 164.0 52.0 2345 2359 2375 2401 2429 2458 2484 2500 2513

20 168.8 63.2 2543 2556 2570 2593 2619 2645 2668 2682 2694

30 169.3 68.5 2415 2426 2438 2458 2481 2503 2523 2536 2546

40 169.3 70.3 2298 2309 2322 2343 2367 2391 2412 2425 2436

50 167.7 70.5 2089 2104 2120 2148 2180 2211 2239 2255 2270

60 166.6 71.6 1793 1821 1854 1908 1969 2029 2084 2117 2145

Abbreviation: Age= years, Height= centimeters, Weight= kilograms
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Table 5. Additive model VO2peak (mL * min-1) predictions percentiles per male case

Age
(year)

Height
(cm)

Weight
(kg)

2.5% 5% 10% 25% Prediction 75% 90% 95% 97.5%

10 143.0 34.0 1329 1351 1377 1421 1469 1518 1561 1587 1610

15 168.0 53.0 2775 2788 2804 2831 2860 2889 2916 2932 2945

20 183.5 78.1 3808 3816 3825 3841 3858 3875 3891 3900 3908

30 183.7 83.3 3818 3825 3832 3844 3857 3870 3882 3889 3896

40 182.4 85.1 3718 3725 3733 3747 3763 3778 3792 3800 3808

50 181.3 86.4 3292 3301 3311 3327 3346 3364 3381 3391 3399

60 179.2 84.4 2969 2986 3006 3039 3076 3112 3145 3165 3182

Abbreviation: Age= years, Height= centimeters, Weight= kilograms

DISCUSSION

The aim of this study was to determine reference values for VO2peak based upon an optimal 
regression model in healthy Dutch pediatric and adult population. Based on adjusted 
R2, AIC, BIC, and SEE, the additive model was the best fitting with the largest predictive 
accuracy. From the model, it can be concluded that the VO2peak is gender-specific and 
depends non-linearly on years of age. 

We determined that the additive model results in smaller SEE especially in the ≤20-year-
old subjects because, in contrast to the linear model, the additive model is able to 
adjust for the age-related transformations like the increase in VO2peak associated with the 
growth-related weight and height gain during childhood and adolescence. The increase 
in skeletal muscle mass during this life phase accounts for the majority of gained weight. 
(36) Because skeletal muscle mass is responsible for the majority of utilized oxygen during 
exercise, the increase in skeletal muscle mass associated with increasing age in ≤20-year-
old subjects partially explains the increase in VO2peak during this life phase. (37) During 
adulthood, the increase in skeletal muscle mass and height are limited. VO2peak decreases 
during adulthood because of a decrease in muscle mass and a loss of chronotropic 
competence. (22,38)

Our additive regression model differs from previously utilized linear and polynomial 
regression models. (7,9,39) The use of the advanced statistical analysis method, GAM, in 
the current study makes it possible to determine the best fitting regression model for the 
combined pediatric and adult population. This method fits the data through cubic type of 
splines with the degree of smoothness determined by generalized cross-validation which 
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facilitates combining the previously hypothesized nonlinear and inter-related fashion 
of more than one independent variable in the pediatric and adolescent population and 
the curvilinear decline with age in the adult population. (5,15–18) This method results 
in an improved fit across the entire population. (15,16,18) Therefore, using the additive 
model prediction of VO2peak in the transition group between adolescents and adulthood 
is more precise.

In comparison with the prediction models currently utilized in the Dutch clinical settings, 
the additive model improves the fit in both the adult and pediatric population. The 
linear prediction model for adults provided by Jones et al. (12) yields a R2=0.41 to the 
primary sample and R2=0.33 to the cross-validation sample compared to respectively 
R2=0.52 and R2=0.38 in the additive model. The linear prediction equation provided 
by Ten Harkel et al. (39) is most frequently used in the Dutch pediatric population, this 
equation yields a R2= 0.58, and R2=0.73 compared to R2=0.76 and R2=0.84 in the primary 
and cross-validation sample, respectively. These improved fits make the additive model 
provided by the current study a more adequate reference prediction equation to utilize 
in both the pediatric and adult population.

Primary sample analysis and cross-validation showed consistent results, specifically, a 
stronger predictive accuracy in subjects aged ≤20-years-old and accuracy improvement 
in >20-year-old subjects and the entire sample. This consistent increase in predictive 
accuracy indicates a good generalizability to the Dutch population. This is underlined 
by the fit of R2=0.54 (SEE=556.55) of the additive model to the whole sample including 
smokers, all BMI values, and athletes. The somewhat lower obtained adjusted R2 of the 
additive model in the cross-validation subgroup >20-year-olds suggests a difference from 
the primary sample analysis. This is possibly caused using a variety of more institutions 
providing >20-year-old subjects in the cross-validation sample. Every >20-year-old in this 
sample was tested at a single institute aimed at test indications such as sports and work-
related (mandatory) annual health checks. The underrepresentation of tests initiated by 
a healthcare professionals result in a cross-validation sample with higher aerobic fitness 
compared to the more heterogeneous primary sample (healthy workers effect).

The strength of our study is the wide age range of 7.9 to 65 years. The Low-lands Fitness 
Registry that we used in our study is a reasonable representation of the Dutch population. 
Additionally, the utilization of a diverse variety of healthcare centers including hospitals, 
sports medicine clinics, and occupational medicine clinics ensure representation of every 
conditioning status. The familiarity of the Dutch population with cycling and the low-risk 
of injury during testing ensures this method of measurement is fitting for the population 
and participants of all ages. (6)
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Study results are limited by the retrospective and institution-based nature of the study. 
Preferably, VO2peak reference value research should be performed in a prospective 
community based method (6) as a retrospective study design has potential data quality 
issues. (40) Although every utilized institution used measurement methods and equipment 
described by the ACCP/ATS-statement, the exclusion of 4364 subjects emphasizes the 
variety of data quality in the primary sample. (6) The majority of excluded subjects are due 
to missing values accounting for 2674 excluded subjects. It is of primary importance that 
CPET instructors increase skills and knowledge and stringently apply the test guidelines 
provided by ATS/ACCP-statement in order to facilitate data harmonization. (6)

Representative reference VO2peak values are genuinely needed because of the current 
lack of reference data in the Dutch population. The currently employed North American 
reference values from 1985 may plausibly underestimate the aerobic fitness for the 
Dutch population, hence, subjects are misclassified as having normal aerobic fitness. 
The additive regression equation presented in the current study can be used to determine 
a reference value for the Dutch population. In future research aimed at determining 
reference value prediction equations, the type of regression model fitted to the data 
may conveniently be modeled by semi-parametric regression. This research can best be 
performed in a prospective, community-based setting with emphasis on the inclusion 
of sufficient numbers of female participants. 

CONCLUSION

In conclusion, this study has provided a robust additive regression model for peak 
oxygen uptake in the Dutch population. Peak oxygen uptake is gender-specific and has 
a non-linear relationship with age. Publicly usable reference values can conveniently be 
obtained by suitable software implementation. 
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ABSTRACT

Introduction: Reference values for cardiopulmonary exercise testing (CPET) parameters 
provide the comparative basis for answering important questions concerning the 
normalcy of exercise responses in patients, and significantly impacts the clinical decision-
making process. 

Areas covered: The aim of this study was to provide an updated systematic review of the 
literature on reference values for CPET parameters in healthy subjects across the life span. 

A systematic search in MEDLINE, Embase, and PEDro databases was performed for articles 
describing reference values for CPET published between March 2014 and February 2019. 

Expert Opinion/Commentary: Compared to the review published in 2014, more data 
have been published in the last five years compared to the 35 years before. However, 
there is still a lot of progress to be made. Quality can be further improved by performing 
a power analysis, a good quality assurance of equipment and methodologies, and 
by validating the developed reference equation in an independent (sub)sample. 
Methodological quality of future studies can be further improved by measuring and 
reporting the level of physical activity, by reporting values for different racial groups 
within a cohort as well as by the exclusion of smokers in the sample studied. Normal 
reference ranges should be well-defined in consensus statements.

Keywords: Cardiopulmonary exercise testing; Healthy adults; Healthy children; Exercise 
physiology; Reference values; Maximal oxygen uptake; Aerobic capacity; VO2max.
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INTRODUCTION

Cardiopulmonary exercise testing (CPET) is an important diagnostic tool for assessing 
aerobic fitness of individuals. (1) Although many different exercise testing protocols are 
employed to estimate aerobic fitness, (2) the gold standard for objectively assessing 
aerobic fitness remains cardiopulmonary exercise testing (CPET) during which respiratory 
gas exchange, ventilatory, and heart rhythm measurements are continuously performed 
throughout an incremental exercise intensity until voluntary exhaustion. (3) As such, 
CPET provides an evaluation of the integrative exercise response of the cardiovascular, 
respiratory, and metabolic systems to an incremental work rate. (4) This relatively non-
invasive, dynamic physiologic test permits the evaluation of resting, submaximal, and 
peak exercise responses, as well as recovery responses, providing the clinician relevant 
information for clinical decision-making. (4) Examples concerning the usefulness of CPET 
for clinical decisions are the evaluation of exercise intolerance, (4) eligibility for organ 
transplantation, and preoperative risk stratification. (5)

Adequate reference values provide the comparative basis for answering important 
questions concerning the normality of exercise responses, and can significantly impact 
the clinical decision-making process. (6,7) As recommended by the American Thoracic 
Society/American College of Chest Physicians (ATS/ACCP) guideline, each exercise 
laboratory must select an appropriate set of reference values that best reflects the 
characteristics of the population tested, and the equipment, protocol, and methodology 
utilized to collect the reference values. (4) Many reference values for different CPET 
parameters obtained in different populations are available in the literature. We have 
previously published a systematic review of reference values for CPET parameters 
published up to 2014. (8) The current article is an update of our previous publication, 
including recent papers, as well as an extension towards the pediatric population. 
Reference values for pediatric CPET published up to 2014 were previously reviewed by 
Blais et al. (9) The aim of this study was to provide an updated systematic review of the 
literature on reference values for CPET parameters in healthy subjects across the life span.

METHODS

This systematic review of the literature followed the guidelines of the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. (10)
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2.1 Data sources and search strategy
A search strategy was created and critically reviewed and approved by experienced 
exercise physiologists with the support of a medical librarian. After approval, published 
articles in the electronic databases MEDLINE, Embase, and PEDro were searched up 
to February 2019 (articles published from March 2014). We used the systematic search 
strategy as described in Appendix A. The search strategy did not have any limitations 
on ethnicity and language. Relevant reference lists were hand-searched as a method to 
supplement electronic searching.

2.2 Selection of studies
Results of the searches in different electronic databases were combined, where after 
duplicates were removed by two reviewers (CM and DP). The same two reviewers 
screened all unique records for potential relevance using the title, abstract or descriptors, 
or both. Hereafter, remaining articles were screened by the two reviewers on compliance 
with the eligibility criteria based on the full text of the articles. Reasons for possible article 
exclusion based on its full text were recorded. 

2.3 Eligibility criteria
Studies with the objective to evaluate reference values for maximal CPET were included. 
Furthermore, inclusion criteria were: studies that included healthy subjects (no age 
restriction), studies using cycle or treadmill ergometry for CPET, cross-sectional studies 
or cohort studies, and studies that reported CPET parameters. Exclusion criteria were: 
studies published before March 2014, studies of which the full-text was not available, 
intervention studies, studies in which no maximal exercise protocol was used, and studies 
that exclusively included elite athletes.

2.4 Data extraction
All authors extracted data using a standard data extraction form. Data extraction was 
performed in pairs of reviewers (TT and MB, CM and DP, EH and WB), and discrepancies 
in extracted data were discussed with an independent reviewer (BB) till consensus was 
reached. If data were missing or further information was required, serious attempts were 
made to contact the corresponding authors to request for further information.
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2.5 Methodological quality
Methodological quality of the selected studies was assessed using a quality list as 
provided in the ATS/ACCP guideline (see appendix B) 4. This list is a combination of 
study requirements to obtain an optimal set of reference values as described in the ATS/
ACCP guideline and the code number scheme of shortcomings and limitations. Each 
criterion was scored as ‘yes’, ‘no’, or ‘don’t know’, with one point for each ‘yes’. A study 
was considered to be of high quality when it scored ≥10 points (≥75% of the maximum 
score of 14), of moderate quality when it scored 7 to 9 points, and of low quality when it 
scored ≤6 points. Quality assessment of all studies was performed in pairs of reviewers 
as well, and discrepancies in the scoring of criterions were discussed till consensus was 
reached. There was no blinding on authors or journal.

RESULTS

3.1. Selected studies
We identified 578 potential studies published between March 2014 and February 2019. 
After initial screening, 125 studies were regarded potentially eligible. After reading the full-
text, 29 studies were considered eligible for inclusion. A flowchart displaying exact details 
of the selection process, including the reasons for exclusion, is presented in Figure 1.
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Figure 1. The PRISMA flow diagram displaying the selection of studies and reasons for exclusion.
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3.2 Study characteristics
Table 1 depicts overall study characteristics. The 29 included studies assessed 87.256 
subjects in total, of which were 54.214 males and 33.042 females. Age of included subjects 
ranged between 6 and 90 years. CPET was performed using a cycle ergometer in fourteen 
studies (48.3%) and using a treadmill in fourteen studies (48.3%), whereas one study 
(3.4%) used both modalities. There was a wide variety in the used CPET protocols, in which 
all studies used a continuous stepwise or ramp incremental protocol. Included studies 
included data from three different continents, of which most represented countries 
were European (n=16), North-American (n=9), and South-American (n=5). Sample size 
ranged from 38 to 18.189 subjects. Sixteen studies (55.2%) were performed in adults, 
eight studies (27.6%) in children, and five studies (17.2%) in a combined sample. Some of 
the publications included CPET data from the same core database (e.g., FRIEND database, 
LowLands Fitness Registry).

3.3 Methodological quality assessment
Quality of the included studies varied, and none of the studies fulfilled all 14 quality 
criteria. A ‘quality score’ ≥10 was seen in four studies, fifteen studies received a score of 
7 to 9, and eleven studies received a score of ≤6. Frequently observed weaknesses were a 
lack of power analysis, quality assurance of equipment and methodologies, and reference 
equation validation. Table 2 provides a detailed overview of the methodological score 
of the included studies on the ATS/ACCP quality list. (4)

3.4 Meta-analysis
Each of the included studies has various numbers of shortcomings and limitations, 
which are noted in Table 2. Meta-analysis of the data was not meaningful, as a large 
heterogeneity of methods and subjects (including sampling bias, uneven quality of 
primary data, and inadequate statistical treatment of the data) was observed. 
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Table 2. Methodological quality of the included studies list based on the ATS/ACCP guideline

Reference A/P 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Total score

Aadland, 2016 A 0 1 0 0 1 0 0 0 1 1 1 1 1 1 9

Abella, 2016 P 0 0 0 0 1 0 0 0 0 1 1 0 0 0 3

Agostini, 2017 A 1 0 0 0 1 0 0 1 0 1 1 1 0 1 7

Almeida, 2014 A+P 0 1 0 0 1 1 0 0 0 1 1 0 1 0 6

Blanchard, 2018 P 1 1 0 1 1 0 0 1 0 1 1 1 0 1 9

Bongers, 2016 P 1 0 0 0 1 0 0 1 1 1 1 1 0 1 8

Buys, 2014 A 1 0 1 0 1 1 0 1 1 1 1 1 1 1 11

Dilber, 2015 P 0 0 0 0 1 0 0 ? 0 1 1 0 0 0 3

Duff, 2017 P 1 0 0 0 0 1 0 1 1 1 1 0 0 0 6

Genberg, 2016 A 1 1 0 0 1 1 1 1 1 1 1 0 0 0 9

Herdy, 2016 A+P 1 1 0 1 1 1 0 1 0 1 1 0 1 1 10

Hossri, 2018 A+P 0 0 0 0 1 1 0 0 0 0 1 1 0 1 5

Kaafarani, 2017 P 1 0 0 1 1 0 0 0 1 1 1 1 0 1 8

Kaminsky, 2015 A 1 0 0 0 1 1 1 0 1 0 1 1 0 1 8

Kaminsky, 2017 A 1 0 0 0 1 1 1 0 1 0 1 1 0 1 8

Kaminsky, 2018 A 1 0 0 0 1 1 1 0 1 0 1 1 1 1 9

Kokkinos, 2018 A 1 0 0 0 1 1 1 0 1 1 0 1 1 1 9

Lintu, 2015 P 0 0 0 1 1 1 0 0 0 1 1 0 0 1 6

Loe, 2014 A 1 0 0 0 1 1 1 1 1 1 1 0 0 1 9

Myers, 2017 A 1 0 0 0 1 1 0 0 1 1 1 1 1 1 9

Mylius, 2019 A+P 1 0 0 1 1 1 0 0 1 1 1 1 1 1 10

Neto, 2019 A+P 1 0 0 0 1 1 0 0 1 1 1 1 0 1 8

Ozemek, 2017 A 1 0 0 0 1 1 0 0 0 1 1 0 0 1 6

Pistea, 2016 A 0 1 0 0 1 0 0 1 0 1 1 0 0 0 5

Rapp, 2018 A 1 0 0 1 1 1 0 0 1 1 1 1 0 1 9

Sabbahi, 2017 A 1 0 0 0 1 1 0 0 1 1 1 1 0 0 7

Stensvold, 2017 A 1 1 0 0 1 1 0 1 1 1 1 1 0 1 10

Tompuri, 2017 P 1 1 0 1 1 0 0 1 0 1 1 0 0 1 8

van de Poppe, 2018 A 1 0 0 1 1 1 0 0 1 1 1 1 1 1 10

Abbreviations: A=adult subjects; P=pediatric subjects, 0= criterion is not met, 1= criterion is not met. 

3.5 Results of individual studies
Table 3 shows reference values for cardiovascular, ventilatory, and ventilatory efficiency 
parameters. Studies differed in the way of reporting reference values. Studies that did 
report reference values using regression equations are included in Table 3. Several 
studies reported their reference values in tables. We refer to these specific tables of the 
respective study for further details.
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3.6 Cardiovascular parameters

3.6.1 Oxygen uptake at peak exercise

Twenty-six studies reported oxygen uptake at peak exercise (VO2peak) in L/min, mL/min, 
or in mL/kg/min, (11-28), but not all studies provided reference values. Several different 
parameters were used to predict VO2peak. Body height, body mass, age, and sex were 
often included in prediction equations. VO2peak (absolute values) increased with body 
height and body mass, was lower in females, decreased with age during adulthood, but 
increased with age during childhood. 

3.6.2 Ventilatory anaerobic threshold

Only one study in children reported ventilatory anaerobic threshold (VAT) values 29, no 
study reported VAT values in adult subjects. Reference values for VAT (mL/min) increased 
with body height and body mass in children and were provided for male and female 
subjects separately.

3.6.3 Heart rate at peak exercise

One study in children 29 and one study performed in adults 30 provided prediction 
equations for heart rate at peak exercise (HRpeak). The pediatric study reported four 
different equations, two for males, and two for females. Body height, body mass, and age 
were predictors of HRpeak. (29) Six prediction equations for HRpeak in adults were reported 
using both cross-sectional and longitudinal data. Males had a higher HRpeak during young 
adulthood compared to females; however, males showed a somewhat faster decline in 
HRpeak values with age compared to females. (30) 

3.6.4 Oxygen pulse

One study 29 performed in children provided four different equations for peak oxygen 
pulse (O2-pulse), two for males, and two for females. No study reported O2-pulse reference 
values in adults.

3.6.5 Blood pressure

One study (31) performed in children provided two prediction equations for systolic 
blood pressure at peak exercise. Systolic blood pressure increased with attained work rate 
at peak exercise (WRpeak), and the increment in systolic blood pressure was independent 
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of age and sex. There was no study that provided reference values in adults for systolic 
blood pressure at peak exercise.

3.6.6 Work rate at peak exercise

Two studies 29,32 reported equations for the attained WRpeak during CPET. These studies 
reported 18 different equations for the prediction of WRpeak. In adults, WRpeak increased 
with body height, body mass, and was significantly higher in male subjects. In children, 
WRpeak increased with the development of body height and body mass (Table 3). 

3.7 Ventilatory parameters

3.7.1 Minute ventilation at peak exercise

Ten studies (29,33-41) reported data for minute ventilation at peak exercise (VEpeak). 
Almost all studies reported VEpeak data using tabulated data. Two sex-specific prediction 
equations were provided for children. (29) One prediction equation was provided for 
adults, (37) in which VEpeak values were lower in females and declined with age throughout 
adulthood.

3.7.2 Tidal volume at peak exercise

Four studies 29,35,39,41 reported reference values for tidal volume at peak exercise 
(TVpeak). Two studies were performed in children [29,35] and two in adults [39,41]. One 
study [29], performed in children, provided a prediction equation for TV, the other studies 
provided tabulated data.

3.7.4 Breathing frequency at peak exercise

Two studies 35,41 reported breathing frequency at peak exercise (BFpeak). One study 35 
was performed in children and one in older adults (70-77 years of age) 35. Results were 
only provided in tabulated data.

3.8 Ventilatory efficiency parameters

3.8.1. Oxygen uptake efficiency plateau and oxygen uptake efficiency slope

One study (34) in children reported a reference equation for oxygen uptake efficiency 
plateau (OUEP). No results in adults were found. Five studies reported oxygen uptake 
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efficiency slope (OUES) values, two in adults, (42,43) two in a pediatric population, (29,34) 
and one study reporting up to young adulthood (21 years of age). (44) Results were 
reported for males and females separately. Other commonly used predictors were age, 
body height, body mass, or body surface area. OUES values were determined using data 
from 10 to 100% of the exercise test and normalized for body surface area or body mass. 

3.8.2. Minute ventilation to carbon dioxide production

Minute ventilation (VE) to carbon dioxide production (VCO2) coupling was reported in 
eight studies, of which four studies were performed in children (29,35,38,45) and four 
studies in adults. (39-41,46) VE to VCO2 coupling was expressed in many different ways: 
VE/VCO2-slope, VE/VCO2 ratio at the VAT, the lowest VE/VCO2 ratio during the test, or VE/
VCO2 ratio at peak exercise (see Table 3).
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DISCUSSION

The aim of our study was to review recently published studies in the last five years on 
reference values for CPET parameters in healthy children and adults. In this update of the 
literature, 29 studies with reference values for CPET parameters were included, in which 
data of 87.256 subjects (54.214 males and 33.042 females) were reported. This number is 
more than three times the number of subjects included in our original systematic review 
of the literature (25.826 subjects). (8) This increase in number shows that the sample 
size of the studies is increasing over time. For an adequate interpretation of CPET, the 
normal range of a variety of CPET parameters (e.g. VO2peak, VAT, HRpeak, VE/VCO2-slope) is 
essential. In many studies however, only the mean or median value for the population is 
provided. We recommend that studies should also report the lower and upper limit of 
normal. As shown in the study of Blanchard et al., (29) the use of the 80% of predicted 
as lower limit of normal should be abandoned. Instead a Z-score should be used with a 
lower and upper limit of normal of -1.96 SD and +1.96 SD, respectively. Moreover, authors 
should try to statistically model their data instead of merely providing tabulated data. In 
addition, authors are encouraged to publish multiple different CPET parameters in one 
publication, such as for example in Bongers et al. (47) This will help clinicians to select the 
optimal set of reference values for their tests. The use of reference values from different 
sources to interpretation one CPET will provide additional noise in its interpretation.

4.1 Comparison with previous review
Compared to our original review, more data from South-America are available. In the 
original protocol, one study in 120 adult subjects from Brazil was available. In the last five 
years, four new studies from Brazil and one from Argentina were added to the literature, 
including the study by Neto et al. (48) among 18.189 healthy subjects between 13 and 
69 years of age. These studies significantly added to the available reference values for 
CPET in this geographic region.

Cycle ergometry was still more commonly employed as CPET method compared to 
treadmill ergometry. The large variety in CPET protocols, equipment, study methodology, 
and parameters reported indicates the need for standardization of CPET as a clinical 
outcome tool. Without a robust standardization of the CPET methodology, data pooling 
and multi-center studies are very hard to perform.
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4.2 Conclusion
In the last five years, 29 studies with CPET reference values of 87.256 subjects were 
published. We found no single set of ideal reference values, as characteristics of each 
population are too diverse to pool data in a single equation for each CPET parameter. 
Harmonization of CPET data is still urgently needed to facilitate pooling of data from 
difference sources.

4.3 Expert commentary
Strength of this updated review is the inclusion of many studies from around the world 
with large databases. However, harmonization for CPET data is still urgently needed. 
Without harmonization, pooling of CPET data from difference sources is hardly possible. 
This is well illustrated by the various parameters used for the coupling of VE and VCO2. 
Many different metrics such as the ratio of the two at the VAT, at peak, or the slope are 
used to describe this relationship. These different metrics give all different values and 
thus cannot be used interchangeably

Another limitation identified in the current review is that only a limited amount of CPET 
parameters are reported in the literature. An international database like the FRIEND 
database (49) with raw breath-by-breath data will help to report reference values for a 
large number of CPET parameters in a standardized manner. Using novel big data analytic 
methods, this database enables the continuous generation of up-to-date reference values. 

The reporting of CPET reference values is still in its infancy. For instance, we recommend 
that in the future researchers are not only reporting the mean or median value of a 
population or tabulated data, but obtained data should be modeled and reference ranges 
including upper and lower limits of normal should be provided. 

Compared to the review published in 2014, more data have been published in the last five 
years compared to the 35 years before. However, there is still a lot of progress to be made. 
Quality can be further improved by performing a power analysis, a good quality assurance 
of equipment and methodologies, and by validating the developed reference equation 
in an independent (sub)sample. Methodological quality of future studies can be further 
improved by measuring and reporting the level of physical activity, by reporting values for 
different racial groups within a cohort as well as by the exclusion of smokers in the sample 
studied. Normal reference ranges should be well-defined in consensus statements. For 
example, should we use the 5th to 95th percentile or the 2.5th to 97.5th percentile as normative 
range? Moreover, advanced data modeling techniques should be used. Tabulated data 
and simple linear regression techniques should be abandoned, since they have quite 
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large prediction errors. For example Z-scores will provide a more qualitative analysis of 
the performance of a CPET parameter instead of a binary normal/abnormal. 

We expect that in the near future more CPET data harmonization initiatives are undertaken 
to establish robust reference values for CPET. Researchers, end-users, and industry should 
collaborate to establish a continuous development and update of adequate reference 
values using an open-source database technology. This database should also include 
longitudinal data. Using big data techniques such as curve matching, a prediction for 
the future development of CPET outcomes in a subject can be made. Furthermore, we 
expect that open-source platforms for the interpretation and reporting of CPET data are 
developed for the harmonization of interpretation and reporting of CPET results.

4.4 Key issues
• There is no single set of ideal reference values; population characteristics of each 

population are too diverse to pool data in a single equation.
• Each exercise laboratory must select an appropriate set of reference values that 

best reflect the characteristics of the (patient) population tested, and equipment 
and methodology utilized.

• Adequate reference values provide the comparative basis for answering important 
questions concerning the normalcy of exercise responses in patients, and can 
significantly impact the clinical decision-making process.

• Researchers, end-users, and industry should collaborate to establish a continuous 
development and update of reference values for CPET parameters using an open 
source database technology. There is a growing number of geographic regions 
in which reference values are established: Europe, Japan, South-America, and 
Scandinavia were most frequently studied regions. Data from other regions such as 
other Asian countries, Middle East, and Africa are needed. 

• Reference values for CPET parameters may change over time and should be regularly 
updated and/or validated. 

• Standardization of the methodology to generate reference values, reporting of CPET 
parameters, reporting on specific software and hardware settings of the equipment, 
and data harmonization are necessary to facilitate interpretation and to optimize the 
clinical applications of CPET.
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APPENDIX A

Search strategy
MEDLINE: (((((((((exercise test[MeSH Terms]) OR exercise test[Title/Abstract]) OR ergometry 
test[Title/Abstract]) OR ergometry tests[Title/Abstract]) OR Treadmill test[Title/Abstract]) 
OR Treadmill tests[Title/Abstract]) OR bicycle test[Title/Abstract]) OR bicycle tests[Title/
Abstract])) AND ((((((((((reference values[MeSH Terms]) OR reference values[Title/Abstract]) 
OR normal range[Title/Abstract]) OR normal ranges[Title/Abstract]) OR norms[Title/
Abstract]) OR normative value[Title/Abstract]) OR normal value[Title/Abstract]) OR normal 
values[Title/Abstract]) OR reference ranges[Title/Abstract]) OR reference range[Title/
Abstract]).
Embase: ('exercise test':ab,ti OR 'ergometry':ab,ti OR 'exercise tests':ab,ti OR 
'cardiopulmonary exercise test':ab,ti OR 'cardiopulmonary exercise tests':ab,ti OR 
'cardiopulmonary exercise testing':ab,ti OR 'cycle ergometry':ab,ti OR 'incremental 
exercise':ab,ti) AND ('values, reference':ab,ti OR 'normal range':ab,ti OR 'normal ranges':ab,ti 
OR 'reference values':ab,ti OR 'reference ranges':ab,ti OR 'reference range':ab,ti OR 'normal 
responses':ab,ti). 
PEDro: “cardiopulmonary exercise test” AND “reference values”.  
Appendix B
Modified methodological quality list according the ATS/ACCP guidelines
Population characteristics:
Subjects are community based. (The subjects studied preferably be community bases rather 
than hospital based).
Level of physical activity are reported. 
Exclusion of different racial groups. 
Exclusion of smokers in the sample studied. 
No lack of definition of de confidence limits for individual or specified characteristics. 
(Include age, sex, and anthropomorphic considerations). 
Sample size:
The number of subjects tested is sufficiently equal or larger than the appropriately 
powered sample size, with a uniform distribution of subjects for sex and groups. 
(Specific attention is given to include women and older individuals, given the changing 
demographics and paucity of reliable population- based CPET data for these groups).
Randomization: 
Randomization was applied.
(The study design includes a randomization process to avoid the potential bias seen when 
more physically active subjects volunteer for the study).
Design:
A prospective study design 
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Quality assurance of equipment and methodologies:
Quality control was applied.
(Quality was achieved using recommendations contained in the ATS/ACCP guidelines and the 
CPET protocols in accordance with recommendations specified in the ATS/ACCP guidelines).
Exercise testing protocol and procedures are described.
Results are obtained by either breath- by – breath analysis or mixing chamber treated in 
accordance with recommendation contained in the ATS/ACCP guidelines.
Treatment of data:
CPET result in interval averaged, preferably every 30-60 seconds (to avoid the noise of 
shorter interval), and the peak value reported represent the mean of the last completed 
stage or of all the data collected during the final stage, but preferably for no less than 
30 seconds.
Validation:
Reference equations are validated in population other than those used to generate the 
existing data. 
Statistical treatment of data:
The function that most accurately describes the distribution of the data are used. For 
example, curvilinear (power) functions may more accurately describe the distribution of 
the data. Furthermore, the precision of the individual and population predicted values 
are reported.
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ABSTRACT

Surgical resection is currently the cornerstone of hepato-pancreato-biliary (HPB) cancer 
treatment. A low preoperative aerobic fitness level has been identified as a modifiable 
risk factor associated with complications after major abdominal surgery. A person’s 
aerobic fitness is influenced by performing moderate to vigorous physical activity (MVPA). 
This study aims to determine the activity monitor measured levels of MVPA performed 
among patients on the waiting list for HPB cancer surgery and their association with 
postoperative outcomes.

Methods: A prospective, observational multi-center cohort pilot study was conducted. 
Patients enlisted for resection surgery on suspicion of HPB (pre)malignancy were enrolled. 
Performed MVPA was measured by an Actigraph wGT3X-BT. Additionally, aerobic fitness 
was measured via the Incremental Shuttle Walk Test, and (post)operative variables were 
collected from the electronic patient files. The association between MVPA and the pre 
and postoperative variables was determined by univariate and multivariable (logistic) 
robust regression. 

Results: A total of 38 participants, median age 66.0 (IQR 58.25 – 74.75) years, were 
enrolled. The median daily MVPA was 10.7 (IQR 6.9 – 18.0) minutes, only 8 participants 
met Dutch MVPA guidelines. Participant’s age and aerobic fitness were associated with 
MVPA by multivariable statistical analysis. Time to functional recovery was 8 (IQR 5 - 12) 
days and was associated with MVPA and type of surgery (major/minor) in multivariable 
analysis.

Conclusion: 76% of patients enlisted for resection of HPB (pre)malignancy performed 
insufficient MVPA. A higher level of MVPA was associated with a shorter time to functional 
recovery. 

Keywords: Hepato-pancreato-biliary cancer, perioperative, preoperative, physical 
activity, time to functional recovery
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INTRODUCTION 

Hepato-Pancreato-Biliary (HPB) cancer is a frequently diagnosed disease with an 
incidence of 248.800 patients diagnosed with HPB cancer in Europe in 2018, of which 
pancreatic cancer constituted the majority with 132.600 diagnoses. (1) Since advancing 
age of the population is the most important factor contributing to the incidence of 
pancreatic cancer, the incidence, and the average age of HPB cancer patients is set to 
increase in the coming years due to increasing life expectancy. (2,3) Surgical resection and 
adjuvant therapy are currently the cornerstone of treatment for HPB cancer. (4) Currently, 
approximately 20-30% of patients develop major postoperative complications which 
lead to increased length of hospital stay (LOS), decreased postoperative quality of life 
and delay to chemotherapy. (5–7) Since complications and mortality rates following 
pancreatic and liver surgery increase with advancing age, (8) identifying modifiable risk 
factors in HPB cancer patients may help to reduce postoperative complications, LOS, 
and hospital costs. (9)

Preoperative aerobic fitness level has been identified as a modifiable risk factor in a 
variety of patients who need surgery. (10–12) A person’s aerobic fitness reflects the 
physiological reserve available to endure the physical stress of surgery and postoperative 
recovery. (13) Low preoperative aerobic fitness is associated with negative postoperative 
outcomes such as prolonged LOS and increase in incidence of unplanned readmissions, 
morbidity, and mortality after major intraabdominal surgery. (14,15) A person’s aerobic 
fitness is influenced by his or her physical activity (PA) level. (16,17) Consequently, current 
(inter)national guidelines for PA advocate to spend at least 150 minutes per week in 
activities with a moderate to vigorous intensity (MVPA). (18,19)

Multiple studies investigated the relation between preoperative (self) reported PA 
levels and outcome after surgery concluding that a higher preoperative level of PA is 
not significantly associated with the presence of postoperative complications (OR=2.60; 
95%CI=0.59 to 11.37). However, it has been previously reported that PA is significantly 
associated with shorter LOS following abdominal surgery (OR=3.66; 95%CI= 1.38 to 9.6). 
(20) Nevertheless, correlations between self reported PA and actual PA are generally 
low-to-moderate and ranging from R= 0.2 to 0.96. (21,22) Furthermore, previous studies 
have demonstrated that cancer patients overestimate their self-reported PA level when 
compared to objective measures. (23)

Therefore, insight into the level of actual, objectively measured, PA and subsequent 
postoperative outcomes in patients scheduled for HPB cancer surgery is needed. This 
study aims to determine the activity monitor measured levels of MVPA performed among 
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patients on the waiting list for HPB cancer surgery. Additionally, the secondary aim of the 
study is to determine the association between preoperative MVPA and the association 
with postoperative outcomes. 

METHODS

Study design and study population
This prospective, observational multi-center cohort pilot study was performed at the 
University Medical Centre Groningen (UMCG), the Medical Center Leeuwarden (MCL), and 
the Medical Spectrum Twente (MST) in the Netherlands. All centers are connected via a 
Managed Clinical Network HPB surgery. Ethical approval was obtained from the Central 
Ethics Review Committee of the UMCG under registration number 201800539, and all 
participants provided written informed consent. The primary objective of the study was 
the total of activity monitor measured MVPA performed by subjects in one week whilst 
awaiting HPB cancer surgery. The secondary objective was 1) the association between 
the subject characteristics and the performed MVPA, and 2) the associations between 
these parameters and the surgery outcome.

The research population consisted of adult (18 years and older) patients scheduled for 
resection of HPB (pre)malignancy between October 2018 and September 2019. Exclusion 
criteria were 1) receiving an intervention aimed at influencing PA in the pre-operative 
period. Performing health enhancing physical activity (e.g., fitness, jogging) on own 
initiative was allowed since this is part of the participants normal PA behavior; 2) receiving 
neo-adjuvant chemo(radio)therapy during the measurement period.

Potential participants who met the inclusion criteria were identified by the responsible 
surgeon directly after surgery enlistment and were invited to participate immediately 
after being informed about their pending surgical procedure. If eligible, potential 
participants received instructions on the purpose of the study and were provided an 
information letter. After giving informed consent, participants were visited at home to 
perform measurements and provide the activity monitor. After surgery, participants were 
treated by the Enhanced Recovery After Surgery protocol as part of the care as usual.

Data collection
The primary outcome of the study was the total of activity monitor measured MVPA 
performed by subjects in one week whilst awaiting HPB cancer surgery. The secondary 
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outcomes were 1) subject characteristics, 2) Aerobic fitness, and 3) the Functional 
recovery.

After informed consent baseline characteristics were collected: age, height and weight, 
BMI (formula: weight / height2), smoking behavior- (yes/no), occupation (work/volunteer, 
yes/no), living- (alone/together), education- (lower/ higher), and alcohol consumption 
status. Alcohol consumption was coded as above the norm or equal to/ below norm of 
a maximum of one consumption per day as defined by the Dutch health council. (24) 
Lower education was defined as (preparatory) vocational or primary education and higher 
education as (preparatory) academic or higher education.

Aerobic fitness was measured directly after providing informed consent. This was 
measured using the Incremental Shuttle Walk Test (ISWT) to determine the influence 
of aerobic fitness on the PA level. As an externally paced walk test, the ISWT yields 
greater physiological responses in comparison with self-paced walk tests. (31) The 
test was performed once, in accordance with the Singh protocol. (31) The maximum 
walking distance expressed in meters and the percentage of the predicted distance 
based on Probst et al., was used to determine a participant’s aerobic fitness level. (32) 
Conventionally, the variability between healthy subjects is taken to be a standard 
deviation of 10%, the normal predicted range would be from 80% to 120%. Therefore, 
participants reaching a distance below 80% of the predicted distance, were labelled 
unfit. (33)

MVPA level was measured using a hip worn activity monitor, the Actigraph wGT3X- BT+ 
(Actigraph, Pensacola, FL, USA) was provided. (25–27) The measuring period started 
the day after baseline characteristics were collected and lasted 7 consecutive days. 
Instructions for use included performing regular PA as they were used to and wearing 
the device during waking hours to minimize influencing sleep quality. The used cut-off 
counts per activity intensity level were sedentary time (<100 counts/min), moderate- 
(2020–5999 counts/min) and vigorous intensity PA (≥5999 counts/min) with 100 Hz 
measurement epoch. (28) The total amount of MVPA is determined both as the daily 
median of total accumulated minutes and as the daily median minutes accumulated in 
at least 10-minute bouts, (19) where the latter is generally defined as a 10-minute period 
with an interruption of no more than 2 minutes below the threshold of 2020 counts 
per minute. (28) MVPA measured in 10-minute bouts was used for further analyses. To 
identify non-wear time, the algorithm of Choi et al. (2011) was used. (29) This algorithm 
defines non-wear times as periods of consecutive 0-counts for the duration of 90 minutes. 
A minimum of 6 measurement days or more had to be completed to be included in 
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the analysis. Participants who wore the activity monitor for less than 6 days or did not 
undergo resection were excluded from analysis.

After completion of the activity tracker measurement week, the symptom burden of the 
past 24 hours was determined by completing a translated version of the “MD Anderson 
Symptom Inventory” (MDASI) questionnaire. The MDASI median scores, and the sub-
domain “symptom burden” and “activity interference” scores were used to determine 
the participants symptom burden. (30) Median scores are used per sub-domain. 

After surgery characteristics data of the surgery and outcome were collected from the 
electronic patient files. These included the surgery type (target organ, major/minor 
surgery, open/laparoscopic surgery). Major surgery was defined as any pancreatic, or 
liver resection of at least three liver segments. (33) Mortality was defined as in-hospital 
all-cause mortality or within 30 days after discharge. Overall complications consisted of 
all surgical and non-surgical complications within 30 days of surgery. Major complication 
was defined as any Clavien–Dindo grade ≥III complication. (34)

In the post-surgery phase Functional recovery was determined as the number of days 
between surgery and the day that adequate pain control requiring oral analgesia only 
was reached without signs of active (wound)infection, tolerance of solid foods and 
independent mobility sufficient to perform activities of daily living at the preoperative 
level. (35) LOS was determined at discharge and expressed in days between surgery and 
hospital discharge. 

Statistical analyses
Statistical analyses were performed using R software version 3.6.1. (36) A p-value ≤ 
0.05 was considered significant. Continuous data were summarized by median and 
interquartile range (IQR), categorical data by frequency and percentage. Range was 
reported if deemed relevant. 

MVPA data are frequently non-normally distributed due to outlying observations for 
a few persons having PA levels away from the bulk of the data. Therefore, a robust 
regression approach was undertaken throughout this study. Robust regression is a 
regression method suitable for non-normally distributed data with outliers, this method 
prevents a large influence on the association coefficients by outlying observations. 
(37–39) All enlisted patients, recording 6 or more measurement days, were used in the 
MVPA analyses, participants only receiving an exploratory laparotomy or laparoscopy 
without resection and those who were eventually not operated upon were excluded 
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from the complication’s analyses. Furthermore, all participants that reached discharge 
from hospital were included in the time to FR analysis. 

The association between the level of MVPA in 10-minute bouts and the preoperative 
variables, and time to FR and pre- and peri-operative variables was determined by 
univariate and multivariable robust regression. (40) Furthermore, univariate, and 
multivariable robust logistic regression was used to determine the Odds Ratio (OR) of 
the occurrence of complications based on the preoperative and per- operative variables. 
(38–40) All multivariable analyses were performed using the measured independent 
explanatory variables identified to potentially have a significant association with the 
dependent variable from univariate regression analysis. Lastly, a subset analysis was 
performed to determine the association between MVPA in 10-minute bouts and time to 
FR within the major complications group via univariate robust regression. LOS analysis 
is reported in the supplementary material.

RESULTS

A total of 154 patients who met the inclusion criteria were approached for participation, 
40 patients (26%) consented to participate in the study. Two participants were excluded 
from PA analysis due to not meeting wear-time criteria, the measurements from the 
remaining 38 participants were used for further analysis. Five participants had either 
no surgery procedure (one participant) or received a procedure without resection 
(exploratory laparotomy only, four participants). These patients were excluded from 
complications analyses. Furthermore, two participants were excluded from the time to 
FR analyses due to postoperative mortality. Figure 1 displays the flowchart of participant 
inclusion. Median time between placement on surgery awaiting list until baseline 
measurements and between baseline measurements, including the start of the activity 
monitor period, until surgery day was 0 days (IQR 0 – 0.75, range 0 - 14) and 31.5 days 
(IQR 22.25 - 45, range 9 -171) respectively.

Characteristics
Of the 38 participants, 22 participants were male, and the mean age of participants in 
both the PA and surgery outcome group were 65.8 years (±9.4) and 65.5 years (±9.8), 
respectively. The label unfit was given to 22 participants, with a median 69% (±31%) 
distance covered of the predicted ISWT distance in the PA group and 65% (±28%) in the 
surgery outcome group. Of the 33 participants that underwent the surgery procedure, 
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10 developed major complications. Participant characteristics and perioperative data 
are presented in Table 1.

Figure 1. Inclusion flowchart

Physical activity
The participants median level of MVPA was 10.7 minutes per day, wearing the activity 
monitor 66% (±29%) of waking hours per day. The MVPA variability between participants 
was large, ranging from zero to 60.1 minutes per day. Eight participants (21%) met the PA 
guideline of 150 minutes MVPA per week. The level of MVPA reduced with 0.52 minutes 
per advancing age year, (R2= .31, p=.001), and increased by .02 minutes per meter covered 
during the ISWT (R2 = .35, p = .008), and subjects labeled as fit (7.90 minutes more in fit 
subjects, R2= .20, p=.023) were identified as correlating with MVPA via univariate robust 
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regression. Since the aerobic fitness level was derived from the ISWT distance covered, 
this variable was omitted from multivariable regression. The multivariable regression 
model for performed MVPA determined by multivariable robust regression was 29.05 + 
(ISWT (meters) * 0.01) + (Age (years) * -0.35) (adj. R2= .41). The association between MVPA and 
preoperative variables via univariate and multivariable robust regression is displayed in 
Table 2.

Table 1 Patient characteristics

Variable

Physical activity sample 
(N=38)
N (%) or Median (IQR) 

Surgery outcome sample 
(N=33)
N (%) or Median (IQR)

Gender 
Female 
Male

16 (42%)
22 (58%)

14 (42%)
19 (58%)

Age (years) 66 (58.25 – 74.75) 66 (56 – 74)

Height (cm) 173 (167.8 – 182.8) 173 (167 – 182)

Weight (kg) 77 (70.1 – 87.6) 77 (70.5 - 88)

BMI (kg / cm2) 24.9 (22.8 – 28.2) 24.8 (22.7 – 28.3)

Living situation
Living alone 
Living together

8 (21%)
30 (79%)

7 (21%)
26 (79%)

Education level
Lower education
Higher education

23 (61%)
15 (39%)

19 (58%)
14 (42%)

Work
Employed
Unemployed

14 (37%)
24 (63%)

12 (36%)
21 (64%)

Alcohol consumption
Above norm
Equal to or below norm 

10 (26%)
28 (74%)

9 (27%)
24 (73%)

Smoker 
Non smoker

5 (13%)
33 (87%)

5 (15%)
28 (85%)

MDASI total (sum score)
Symptoms
Activity

1.87 (±1.75) (N=32)
1.81 (±1.68) (N=32)
1.91 (±2.29) (N=32)

1.86 (±1.85) (N=28)
1.84 (±1.81) (N=28)
1.92 (±2.30) (N=28)

ISWT (meters)
Percentage of predicted (%)
Labelled fit / unfit

430 (310 – 473.1)
69 (±31)
16 / 22 (42% / 58%)

430 (280 - 620)
65 (±28)
14 / 19 (42% / 58%)
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Variable

Physical activity sample 
(N=38)
N (%) or Median (IQR) 

Surgery outcome sample 
(N=33)
N (%) or Median (IQR)

Physical activity (minutes)
Time spend sedentary (per day)
Time spend sedentary (per week)
MVPA (total accumulated per day) 
MVPA (total accumulated per week)
Adherence to guideline (yes / no) *
MVPA (total 10-minute bouts per day)
MVPA (total 10-minute bouts per week)
Adherence to guideline (yes / no) **
Wear time in percentage 

564.4.5 (310.4 – 662.4)
3951.1 (2172.8 – 4636.6)
26.4 (16.8 – 43.8)
184.8 (117.7 – 306.9)
21 / 17 (55% / 45%)
10.7 (6.9 – 18.0)
74.7 (48.3 – 125.94)
8 / 30 (21% / 79%)
66.6% (±27.6)

580.4 (417.0 – 668.3)
4062.8 (2918.9 – 4678.5)
24.4 (16.6 – 34.5)
170.6 (116.1 – 241.2)
17 / 16 (48% / 52%)
11.6 (7.5 – 21.3)
81 (52.6 – 148.9)
8 / 25 (24% / 76%)
69.2% (±26.7)

Highest Clavien-Dindo rating
No complication
Minor / Major
Grade I
Grade II
Grade IIIa
Grade IIIb
Grade IV
Grade V

16 (49%)
7/10 (21%/30%)
2 (6%)
5 (15%)
3 (9%)
5 (15%)
0 (0%)
2 (6%)

Target organ
Pancreas
Liver

13 (39%)
20 (61%)

Open procedure
Laparoscopic procedure

24 (72%)
9 (28%)

Major procedure
Minor procedure

18 (54%)
15 (46%)

Length of hospital stay (days) 9 (7 - 15)

Time to functional recovery (days) 8 (5 - 12)

Mortality 2 (6%)

Abbreviations: BMI = Body Mass Index, MDASI = MD Anderson Symptom Inventory, ISWT = Incremental Shuttle 
Walk Test, PA = Physical Activity, MVPA = Moderate to Vigorous Physical Activity, avg. = average, * = 150 minutes 
per week accumulated total bouts, ** = 150 minutes per week accumulated 10-minute bouts 

Complications
Seventeen participants (51%) had complications of which ten (30%) were major. The 
association found between MVPA and the presence of major complications (OR = 0.99, 
95%CI= 0.95 – 1.04, p= .703) was not statistically significant. A statistically significant 
association was found between the presence of major complications and BMI (OR = .71, 
95%CI= 0.52 – 0.98, p= .036), % of predicted ISWT (OR= .98, 95%CI .97 – .99, p=.008) and 
surgery type (OR = .24, 95%CI = 0.06 – 0.95, p= .043). The odds of major complications 
decrease with increasing BMI, more distance covered on the ISWT compared to the 
predicated distance and a minor surgery procedure. The OR from multivariable robust 
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logistic regression including surgery type and ISWT (% of predicted) was found to be: (surgery 
type (minor) * 0.144) + (ISWT (% of predicted) * 0.948). The OR from robust univariate and 
multivariable logistic regression for the occurrence of major complications are displayed 
in Table 3.

Table 2. Uni- and multivariable robust regression association between preoperative variables and 
moderate to vigorous physical activity (10-minute bouts)

Variable Estimate Std. error R2 t-value p-value Adj. R2

Gender (female) -2.140 2.867 0.016 -0.746 .460

Age (years) -0.521 0.146 0.309 -3.565 .001*

BMI (kg/cm2) 0.358 0.642 0.0332 0.557 .581

Living situation (together) -0.999 4.335 0.002 -0.230 .819

Work status (employed) 5.491 3.686 0.092 1.490 .145

Education (high) 5.045 3.153 0.083 1.600 .118

Smoking status (no) 1.263 2.771 0.002 0.456 .651

Alcohol norm (above) 5.935 3.415 0.101 1.738 .091

MDASI total (avg, n=32) -1.058 0.848 0.045 -1.247 .222

MDASI symptoms (avg, n=32) -0.884 0.823 0.031 -1.074 .291

MDASI activities (avg, n=32) -0.865 0.579 0.050 -1.496 .145

ISWT (meters) 0.020 0.007 0.346 2.796 .008*

ISWT (% of predicted) 0.091 0.050 0.112 1.811 .078

Aerobic fitness (labelled fit) 7.905 3.325 0.204 2.378 .023*

Multivariable 

Constant 29.048 11.107 2.615 .013* .414

Age (years) -0.348 0.135 -2.576 .014*

ISWT (meters) 0.013 0.006 2.238 .031*

Abbreviations: BMI = Body Mass Index, ISWT = Incremental Shuttle Walk Test, MDASI = MD Anderson Symptom 
Inventory, * = P ≤.05, avg. = average
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Table 3. Uni- and multivariable logistic robust regression association between pre- and per- operative 
variables and complications Clavien-dindo grade ≥III

Variable OR 95% CI p-value

Gender (female) 0.952 0.226 – 4.006 .947

Age (years) 1.017 0.944 – 1.096 .650

BMI (kg/cm2) 0.714 0.521 – 0.979 .036*

Living situation (living together) 0.706 0.129 – 3.868 .688

Working status (works) 1.250 0.507 – 3.081 .627

Education level (high) 1.900 0.759 – 4.759 .171

Alcohol consumption (above norm) 0.533 0.142 – 1.996 .351

Smoking status (no) 0.893 0.273 – 2.914 .851

MDASI total (avg, n=28) 0.980 0.728 – 1.319 .893

MDASI symptom (avg, n=28) 0.937 0.680 – 1.290 .688

MDASI activity (avg, n=28) 1.016 0.827 – 1.249 .879

ISWT (meters) 0.998 0.996 – 1.001 .066

ISWT (% of predicted) 0.981 0.967 – 0.995 .008*

Aerobic fitness norm (labelled fit) 0.875 0.332 – 2.304 .787

Time spend sedentary (minutes) 0.999 0.997 – 1.001 .321

Daily MVPA - total accumulated (minutes) 0.996 0.976 – 1.017 .745

Daily MVPA - 10-minute bouts (minutes) 0.991 0.949 – 1.036 .703

Laparoscopic / closed surgery (Laparoscopic) 0.242 0.034 – 1.720 .156

Major / minor surgery (minor) 0.240 0.060 – 0.953 .043*

Multivariate

Major / minor surgery (minor) 0.144 0.024 – 0.858 .033*

ISWT (% of predicted) 0.984 0.954 – 1.015 .309

Abbreviations: OR = Odds Ratio, 95%CI = 95% Confidence Interval, BMI = Body Mass Index, avg. = average, 
ISWT= Incremental Shuttle Walk Test, MDASI = MD Anderson Symptom Inventory, MVPA = Moderate to Vigorous 
Physical Activity, * = P≤.05

Time to functional recovery
The median time to FR was 8 (IQR 5 - 12) days, ranging from 2 till 56 days. Higher MVPA in 
both total accumulated bouts (-0.07 less days per minute increase, p= .009), and 10-minute 
bouts (-0.14 less days per minute increase, p=.007), a minor surgery procedure (-6.39 less 
days, p=<.001), and a higher BMI (-0.46 less days per kg/cm2 increase, p=.006) resulted in 
less time to FR. The multivariable model yields an adj. R2 .43, the model is as follows 12.54 
+ (MVPA (minutes) * -.08) + (surgery size (1 if minor, 0 if major) * -5.64). The association between MVPA 
in 10-minute bouts and time to FR in the subset where major complications occurred 
was -0.352 less days to FR per minute increase (R2=.460, p=.023). Time to FR analysis is 
displayed in Table 4.
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Table 4 Uni- and multivariable robust Cox proportional hazard association with time to functional recovery 

Variable Estimate Std. 
error

R2 t-value p-value Adj. 
R2

Gender (female) 0.754 2.206 0.006 0.342 .735

Age (years) 0.140 0.097 0.097 1.449 .158

BMI (kg/cm2) -0.463 0.156 0.206 -2.974 .006*

Living situation (together) 0.902 1.979 0.005 0.456 .652

Working status (employed) -0.655 1.903 0.004 -0.344 .733

Education level (high) 0.365 2.343 0.001 0.156 .877

Alcohol norm (above) -1.255 2.061 0.014 -0.609 .547

Smoking status (no) 2.942 2.882 0.044 1.021 .316

MDASI total (avg., n=27) 0.269 0.390 0.011 0.691 .496

MDASI symptoms (avg, n=27) 0.166 0.399 0.004 0.417 .680

MDASI activities (avg, n=27) 0.425 0.379 0.031 1.124 .272

ISWT (meters) -0.007 0.004 0.098 -1.679 .104

ISWT (% of predicted) -0.054 0.036 0.076 -1.508 .142

Aerobic fitness norm (labelled fit) -2,172 1.862 0.044 -1.167 .253

Time spend sedentary (minutes) -0.006 0.004 0.056 -1.345 .189

Daily MVPA - total accumulated (minutes) -0.068 0.024 0.157 -2.793 .009*

Daily MVPA - 10-minute bouts (minutes) -0.145 0.050 0.174 -2.905 .007*

Laparoscopic / open surgery (Laparoscopic) -1.555 2.045 0.021 -0.761 .453

Major / minor surgery (minor) -6.392 1.638 0.426 -3.902 <.001*

Multivariate

Constant 12.545 2.062 6.083 <.001* .432

Major / minor surgery (minor) -5.643 1.803 -3.130 .004*

Daily MVPA - 10-minute bouts (minutes) -0.079 0.031 -2.573 .016*

Major complications subset analysis 

Daily MVPA – 10-minute bouts (minutes) -0.352 0.126 0.460 -2.798 .023*

Abbreviations: BMI = Body Mass Index, ISWT = Incremental Shuttle Walk Test, MDASI = MD Anderson Symptom 
Inventory, MVPA = Moderate to Vigorous Physical Activity, * = P≤.05
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DISCUSSION

To our knowledge, this is the first study investigating device measured MVPA levels in 
HPB resection candidates not receiving PA interventions. Patients scheduled for HPB 
surgery engage in low daily MVPA at baseline whilst waiting for surgery. Furthermore, a 
relation was found between the level of MVPA and time to FR after HPB surgery for (pre)
malignancy; patients with higher levels of PA require less time to FR. The current findings 
suggest that increasing a patient's pre-operative MVPA level might be an intervention to 
improve the postsurgical outcome.

Physical activity
The median MVPA level measured in the current study was low but comparable to 
other preoperative activity monitor measured MVPA studies, e.g., gastric bypass and 
lumbar fusion surgery. (41,42) However, this comparison is somewhat arbitrary due to 
the influence of age, and the variety in symptom burden experienced amongst different 
pathologies. Furthermore, the variety in activity monitor device configuration like MVPA 
cut-off point and wear-time validation highly influences the results. (43) Nevertheless, this 
study demonstrates that the majority (79%) of the patients, enlisted for HPB surgery did 
not perform sufficient MVPA to meet the guideline of 150 minutes MVPA per week. (18,19)

These findings might be explained by the psychological impact of being enlisted for 
surgery because of malignancy. Namely, being informed about the presence of a tumor 
can result in changes in PA behavior. (44) Participants were recruited directly after being 
enlisted and measurements were performed during the first week after enlistment. Due 
to the design of the study, it remains unclear whether this effect is temporarily, the 
minutes of MVPA, and the performed distance covered on the ISWT might reach higher 
levels over time. Previous studies have reported an increase in PA during the waiting 
period. (45) The observed increase might have been caused by an increased awareness 
or social desirability of the participant, as they had to fill out PA questionnaires, wore a 
PA monitor, or had to perform physical fitness measures during this study. Furthermore, 
it seems likely that patients perform less MVPA due to the interference of tumor related 
symptoms. However, there was no evidence for an association between the experienced 
symptom burden like pain and fatigue, measured with the MDASI, and the level of 
performed MVPA. Notably, participants experienced fairly low symptom interference 
in our study, 1.87 points on mean out of 10. It therefore seems probable that subjects 
with high symptom interference were more likely to reject study participation. Due to 
the small sample size, no subcategory analysis with subjects experiencing high levels of 
symptom burden could be performed.
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Post-operative outcomes
A significant association was found between MVPA and time to FR (R2= 0.17, p= .006) but 
no significant association was found between MVPA and the occurrence of postoperative 
complications (OR = 0.99, 95%CI= 0.95 – 1.03, p= .67). These findings are in accordance 
with the systematic review and meta-analysis in preoperative cancer patients by 
Steffens et al., who found an association between higher levels of preoperative MVPA 
and a shorter absolute LOS (OR=3.66; 95%CI= 1.38 to 9.6), but not with postoperative 
complications (OR=2.60; 95%CI=0.59 to 11.37). The majority of studies in this meta-
analysis used self-reported MVPA and participants undergoing neo-adjuvant (physical)
therapy. (20) However, the meta-analysis as well as the current study consistently 
indicate that higher levels of MVPA positively influences a patient’s capacity to endure 
the demands of surgery. (20)

A subject’s level of preoperative MVPA was associated with reduced time to FR, 43% of 
the time variance to FR could be explained via multivariable robust regression including 
surgery size and MVPA levels. This reduction might be explained by the lower relative 
capacity needed to perform activities in daily living by patients with higher levels of 
aerobic fitness. FR is determined by both functional and physiological criteria, that 
is, higher levels of aerobic fitness increase a patient’s functional capacity to perform 
activities of daily living. (46) However, caution is needed when interpreting these results 
since we did not directly measure aerobic reserves at the moment of FR. 

Furthermore, a higher percentage of predicted distance covered on the ISWT was 
associated with reduced OR for the occurrence of major postoperative complications 
found by univariate robust regression. Similar reductions have been reported in multiple 
studies amongst a large variety of surgical procedures. (7,10–13) These reductions might 
be explained by the higher aerobic reserves enhancing the bodies capacity to cope 
with the responses to the surgical procedure. Nevertheless, a higher percentage of 
predicted distance covered on the ISWT was not found to have a significant association 
in multivariable robust regression including surgery size. Notably, the current study found 
lower OR for the occurrence of major complications in subjects with a higher BMI. This 
result is inconsistent to previous studies showing increased OR for the development of 
major complications in obese and overweight subjects undergoing pancreatectomy 
procedures. (47) This difference might be explained by the overrepresentation of 
subjects with high BMI scores undergoing a major surgery procedure in the present 
study (Wilcoxon rank sum test, W = 74, p= .02). Major surgery has a higher risk of resulting 
in major complications. Therefore, BMI was removed from multivariable regression 
analysis in the current study. Additionally, we found a reduction in time to FR after major 
complications in subjects performing higher levels of PA. Therefore, it could be concluded 
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that because subjects with a higher level of MVPA have more capacity to cope with the 
demands endured by complications, the impact of complications is less. Nevertheless, 
these results should be interpreted with some caution since only nine subjects reached 
FR after major complications.

Treatment opportunity
This study identifies preoperative MVPA as a modifiable patient factor to reduce time 
to FR. Multiple associations between performed MVPA and preoperative variables were 
found, namely MVPA decreased with advancing age with 0.52 minutes per age year 
(p=<.001), and increased in participants with higher aerobic fitness, covering more 
distance during the ISWT (0.02 minutes per meter, p=.008). Since both PA and aerobic 
fitness declines with age, (48) these findings underpin the hypothesis that unfit and 
older patients could benefit most from interventions aimed to improve aerobic fitness 
and to increase MVPA levels, especially in the waiting time before surgery. Furthermore, 
although this study does not include a detailed cost analysis, increasing the level of 
preoperative MVPA via relative low-cost treatment modalities as education, wearables, 
and physiotherapy, may be of particular relevance for the reduction of hospital costs due 
to the shorter hospital stay (see supplementary data). (9)

Limitations
There are some limitations to this observational pilot study. The first is that no pre-trail 
sample-size calculation was performed. This can impact the results with a higher risk of 
type II errors. Since a limited number of HPB resections are yearly performed, participants 
were included via convenience sampling in a multi-center design. However, the final 
sample size obtained is comparable with several other studies aimed at measuring PA via 
activity monitor devices in major abdominal surgery. (49,50) Unfortunately, only 26% of 
the approached subjects provided consent to participate in the study. A reason for this 
low participation rate might have been the moment of inclusion, namely directly after 
being enlisted for surgery. Frequently mentioned reasons for declining participation 
were the feeling of being emotionally overwhelmed and currently not having the energy 
to endorse participation. These reasons might have induced a sample slightly biased 
in the direction of somewhat fitter patients. Larger sample sizes and less strenuous PA 
measurements can be more easily acquired via questionnaires. Nevertheless, activity 
monitor measured PA is a feasible and more reliable method of determining PA and is 
therefore recommended. (20,41)
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Conclusion
This study demonstrates that 79% of the patients, enlisted for resection of HPB (pre) 
malignancy performed insufficient MVPA. A higher level of MVPA, objectively measured 
with an activity monitor was independently associated with a shorter time to FR. However, 
levels of MVPA were not associated with postoperative complications. Stimulating MVPA 
in the waiting time for surgery might help to reduce the LOS. These findings add to a 
growing body of evidence suggesting that higher levels of MVPA positively influence a 
patient’s capacity to endure the demands of surgery and improve the outcome of surgery.
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Supplementary table 

Uni- and multivariate robust regression association with absolute length of hospital stay

Variable Estimate Std. 
error

R2 t-value p-value Adj. R2

Gender (female) -0.464 2.146 0.002 -0.216 .830

Age (years) 0.146 0.114 0.070 1.288 .208

BMI (kg/cm2) -0.394 0.214 0.120 -1.845 .075

Living situation (together) 1.522 2.056 0.013 0.740 .465

Working status (employed) -1.158 2.087 0.011 -0.555 .583

Education level (high) 0.692 2.612 0.004 0.265 .793

Alcohol Norm (above) -1.473 2.273 0.017 -0.648 .522

Smoking status (no) 2.313 3.275 0.022 0.706 .486

ISWT (meters) -0.007 0.004 0.100 -1.709 .098

ISWT (% of predicted) -0.076 0.035 0.132 -2.177 .038*

MDASI total (avg., n=27) -0.047 0.455 0.000 -0.104 .918

MDASI symptoms (avg, n=27) -0.174 0.449 0.004 -0.388 .701

MDASI activities (avg, n=27) 0.118 0.368 0.025 0.321 .751

Time spend sedentary (minutes) -0.008 0.005 0.089 -1.760 .089

Daily MVPA - total accumulated 
(minutes)

-0.070 0.027 0.132 -2.561 .016*

Daily MVPA - 10-minute bouts (minutes) -0.150 0.058 0.149 -2.574 .015*

Laparoscopic / open surgery 
(Laparoscopic)

-2.426 2.086 0.043 -1.163 .254

Major / minor surgery (minor) -7.063 1.688 0.489 -4.185 <.001*

Multivariate

Constant 17.184 2.359 7.285 <.001* .533

ISWT (% of predicted) -0.051 0.024 -2.095 .045*

Major / minor surgery (minor) -6.609 1.349 -4.897 <.001*

Daily MVPA - 10-minute bouts (minutes) -0.035 0.031 -1.147 .261

Abbreviations: BMI = Body Mass Index, ISWT = Incremental Shuttle Walk Test, MDASI = MD Anderson Symptom 
Inventory, MVPA = Moderate to Vigorous Physical Activity, * = P ≤.05, avg. = average
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ABSTRACT

Objective: To determine the effect of interventions on physical activity levels of patients 
awaiting abdominal resection surgery using self-reported as well as device-measured 
outcome measures.

Data source: PubMed and EMBASE databases were searched on the 18th of april-2023 
up to April 2023 for studies on interventions to promote physical activity during the 
preoperative phase.

Review methods: Studies were included if pre- and post-intervention physical activity 
was measured between diagnosis and abdominal surgery. Risk of bias was assessed by 
the Physiotherapy Evidence Database (PEDro) assessment tool for trials. Meta-analyses 
were performed to assess the effect of the pre-surgery activity promoting interventions 
on self-reported and device-measured physical activity.

Results: Seventeen studies were included in the analysis with 452 subjects in the 
intervention groups. The random-effect meta-analysis showed a moderate improvement 
in intervention groups measures in pre-surgery physical activity levels compared to the 
baseline (SMD= 0.67, [CI= 0.30;1.03], I2= 79%). The self-reported subgroup meta-analysis 
showed the largest increase in performed physical activity, (SMD= 0.78, [CI= 0.4;1.15], I2= 
79%) whilst non-significant increase was shown in the device-measured subgroup (SMD= 
0.16, [CI= -0.64;0.97], I2 = 58%).

Conclusion: Increasing physical activity in the preoperative phase is feasible. Self-
reported physical activity outcome measures show larger effects compared to device-
measured outcome measures. More high-quality research should be performed utilizing 
objective measures.

Keywords: prehabilitation – physical activity – abdominal surgery
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INTRODUCTION

Abdominal resection surgery is indicated for the cure or palliation of numerous cancer 
types (1). The surgery itself represents a stress event with an increased risk for adverse 
effects unrelated to the treatment goals. These adverse effects have a profound negative 
impact on a person’s ability to perform daily activities and may negatively impact 
postoperative quality of life (2–6). To help cope with the stressors involved with surgery, 
surgeons recommend patients to avoid inactivity and progress towards reaching at least 
150 minutes of moderate to vigorous intensity physical activity and 2 to 3 moderate 
intensity resistance exercise sessions per week (7).

The role of physical activity for health is well recognized, with recent publications by 
the World Cancer Research Fund/American Institute for Cancer Research and the 2020 
guidelines by the World Health Organization (8). These guidelines indicate that more 
physical activity contributes to optimal health outcomes in both the general population 
and specific subgroups like elderly and subjects suffering from chronic diseases (8). Due 
to its positive effect, there is a high interest in the role of preoperative physical activity 
to improve postoperative recovery. Evidence shows that a patient’s physical activity level 
during the preoperative phase influences surgery outcomes by altering a person’s ability 
to cope with the stressors of surgery (9). Namely, lower levels of preoperative physical 
activity compromise postoperative recovery, leading to an increase in postoperative 
complication rates (10–13) and length of hospital stay (9,14,15), and a decrease in health-
related quality of life (16).

Although there are many different methods used to assess physical activity, namely self-
monitored physical activity by questionnaire or diary log, or via device measured by 
motion sensors, reliability of the measurement instruments remains an important field 
of research (17). Because of low concurrent validity between the self-reported and the 
device measured methods, determining the best method is of importance (18,19). The 
cheapest way of measuring physical activity is the administration of physical activity 
questionnaires, which can assess all types of physical activity. However, very few physical 
activity questionnaires show acceptable reliability and validity across age groups (20,21), 
partly because answers may be distorted due to social desirability or recall bias (22). 
Motion sensors, such as pedometers or accelerometers are increasingly implemented 
as a measure of physical activity in a free-living environment. Accelerometers are small 
electronic devices that record acceleration associated with bodily movement and provide 
an objective estimate of duration and intensity of locomotion (23).
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An increasing number of preoperative intervention studies, also known as prehabilitation, 
are performed aiming to increase the physical activity level of patients awaiting an 
abdominal operation amongst others (24–26). A wide variety of interventions are used, 
ranging from behavioral strategies to prescribed exercise interventions to increase 
physical activity. Nevertheless, most studies lack the sample size and homogeneity to 
establish whether physical activity interventions findings are consistent and can be 
generalized across patient groups, and treatment variations, or whether findings vary 
significantly. Therefore, the current meta-analysis aims to determine the effect of physical 
activity interventions in patients awaiting abdominal resection surgery. Furthermore, our 
secondary objective is to determine whether self-reported and device measured physical 
activity outcome measures result in similar outcomes.

METHODS

This systematic review is reported according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses statement (27).

The databases PubMed and EMBASE were searched for relevant studies (Supplementary 
material A). The search strategy used blocks of search terms related to preoperative 
physical activity amongst major abdominal surgery patients. Terms were added for 
intervention studies aimed at altering physical activity levels including pre and post 
intervention measurements. The search was conducted on April 18, 2023 ranging from 
January 2000 to April 2023. Reference lists of eligible studies were hand-searched as a 
method to supplement electronic searching.

Results of the searches were combined, whereafter duplicates were removed. All unique 
records were screened for potential relevance using the title, abstract or descriptors, 
or both. Hereafter, the corresponding studies were screened on compliance with the 
eligibility criteria based on the full text of the articles. If not compliant, studies were 
excluded and reasons for exclusion based on its full text were recorded. Study selection 
and risk of bias assessment were performed by two reviewers (J.K. and C.M.).

Studies that measured pre- and post-intervention physical activity during the period 
between diagnosis and abdominal resection surgery were included, all physical activity 
outcome measures were considered eligible. Furthermore, additional criteria were: written 
in the English language, clinical trial study designs, and case–control studies. Exclusion 
criteria were: physical activity requirements in sample selection, conference proceedings, 
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non-peer reviewed papers, opinion pieces, letters to the editor, commentaries, abstracts. 
Furthermore, studies including cosmetic-, bariatric surgery procedures or nonelective 
surgery were excluded.

A standardized form was used to extract data from eligible studies for assessment of 
the study quality and evidence synthesis. Information regarding the following was 
extracted: participant characteristics (age, gender, body mass index, surgery type or 
site, American Society of Anaesthesiologists classification, (neo)adjuvant therapy and 
baseline fitness), and study characteristics (sample size, design). All physical activity 
measurements were extracted. The method of measuring physical activity was extracted 
to determine the effect self-monitored versus device physical activity measures. 
Furthermore, measurements during the last week of an intervention were considered 
post-intervention measurement. To determine the effect of the interventions, pre- and 
post-intervention physical activity measurements, time between baseline measurement 
and post intervention measurement, and time until surgery was extracted. The extracted 
characteristics of the intervention were content, type, and duration. Since supervised 
interventions are reported to be more effective in persons with low habitual physical 
activity levels, interventions were categorized into supervised prescribed interventions 
and/or behavioral interventions aimed to increase daily living physical activity (28). 

The Physiotherapy Evidence Database scale was used to determine the risk of bias of all 
included studies (29). This tool is deemed a valid measure of the methodological quality 
of (randomized) clinical trials (30). Each study was graded using 11 criteria (a score of 
one was awarded if the response was ‘Yes’ and zero if the response was ‘No’. A total 
Physiotherapy Evidence Database scale score of 0-3 is considered ‘poor’, 4-5 ‘fair’, 6-8 
‘good’, and 9-10 ‘excellent’.

All included studies were summarized in tables. Normally distributed data were reported 
by mean and standard deviation (SD). Otherwise, the median and interquartile range 
or frequency and percentages were provided. Meta-analyses to determine the pooled 
effect of physical activity interventions were conducted using R-studio (31), package Meta 
for outcomes where mean and SD data were available (32). If multiple physical activity 
measures were available, total sum of physical activity was preferred over subcategories 
(e.g., time spend sedentary, moderate to vigorous physical activity or step count). To 
allow for the comparison between different measures across studies, within group pre-
post changes were calculated by standardized mean difference using Hedges’ adjusted 
g, which includes a correction for sample size bias (33). Furthermore, prescribed exercise 
versus behavioral interventions, and device versus self-monitored measured physical 
activity subset analyses were performed to increase homogeneity. To determine the 
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effect of methodological quality, similar assessment was performed including studies 
rated ‘fair’, ‘good’ or ‘excellent’. A Standardized mean difference = 0.0 to 0.2 is considered 
as a 'small' effect size, 0.2 to 0.8 represents a 'medium' effect size and >0.8 a 'large' effect 
size. Statistical heterogeneity was assessed by the I2 test (34), which is based upon the 
percentage of variability across studies beyond what would be expected by chance. 
I2 values of 25, 50 and 75 serve as limits for low, moderate, and high heterogeneity, 
respectively. 

Figure 3. The PRISMA flow diagram displaying the selection of studies and reasons for exclusion.
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RESULTS

Selected studies
We identified 861 potential unique studies published between January 2000 and April 
2023. After initial screening, 153 studies were regarded potentially eligible. After reading 
the full-text, 17 studies passed all inclusion criteria. The final selection consisted of two 
non-randomized controlled trials, seven randomized controlled trials and six single arm 
intervention trials. Furthermore, 12 studies were considered eligible for inclusion in the 
meta-analysis. A flowchart displaying details of the selection process, including the 
reasons for exclusion, is presented in Figure 1.

Table 1. Methodological quality of included studies based on PEDro scale.

Author, year Design 1 2 3 4 5 6 7 8 9 10 11 Total

Alejo, 2019 (36) CCT 1 0 0 0 0 0 0 0 1 0 1 3

Barberan-Garcia, 2017 (40) RCT 1 1 0 0 0 0 1 0 1 0 1 5

Bousquet-Dion, 2018 (37) RCT 1 1 0 1 0 0 1 1 1 1 1 8

Carli, 2010 (47) RCT 1 1 0 1 0 0 0 0 1 1 1 6

Chmelo, 2022 (44) CCT 1 0 0 0 0 0 0 1 0 0 1 3

Gillis, 2014 (42) RCT 1 1 0 1 0 0 1 0 1 1 1 7

Halliday, 2021 (35) CCT 1 0 0 0 0 0 0 0 1 0 1 3

Li, 2012 (50) CCT 1 0 0 1 0 0 0 1 1 1 1 6

Loughney, 2021 (49) RCT 1 1 0 0 0 0 1 1 1 1 1 7

Moug, 2019 (38) RCT 1 1 0 1 0 1 1 0 1 1 1 8

NGO-Huang, 2017 (51) CCT 1 0 0 0 0 0 0 0 1 0 1 3

Singh, 2017 (41) CCT 1 0 0 0 0 0 0 0 1 0 1 3

Steffens, 2021 (39) RCT 1 1 0 1 0 1 1 1 1 1 1 9

Suen, 2021 (45) CCT 1 0 0 0 0 0 0 0 1 0 1 3

Timmerman, 2011 (46) CCT 1 0 0 0 0 0 0 1 1 0 1 4

Waterland, 2022 (43) CCT 1 0 0 0 0 0 0 0 1 0 1 3

West, 2015 (48) CCT 1 0 0 1 0 0 0 1 1 1 1 6

1. Eligibility criteria were specified; 2. Subjects were randomly allocated to groups (in a crossover study, subjects 
were randomly allocated an order in which treatments were received); 3. Allocation was concealed; 4. The groups 
were similar at baseline regarding the most important prognostic indicators; 5. There was blinding of all subjects; 
6. There was blinding of all therapists who administered the therapy; 7. There was blinding of all assessors who 
measured at least one key outcome; 8. Measures of at least one key outcome were obtained from more than 85% 
of the subjects initially allocated to groups; 9. All subjects for whom outcome measures were available received 
the treatment or control condition as allocated or, where this was not the case, data for at least one key outcome 
was analyzed by “intention to treat”; 10. The results of between-group statistical comparisons are reported for 
at least one key outcome; 11. The study provides both point measures and measures of variability for at least 
one key outcome 
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Methodological quality assessment
Quality of the included studies varied, and none of the studies fulfilled all eleven quality 
criteria. An excellent quality score was observed in one study, seven studies received a 
‘good’ score, and four studies received a score ‘fair’, and five studies received a ‘poor’ 
score. On average, randomized controlled trials received higher scores compared to 
non-randomized trials with 7.1 and 4.4 points, respectively. Due to the nature of the 
intervention, no study included blinding of participants and allocation concealment for 
participants. Table 1 provides a detailed overview of the methodological quality of the 
included studies based on the Physiotherapy Evidence Database scale.

Study characteristics
Table 2 displays the overall study characteristics. The 17 included studies assessed 856, 
261 (30%) female and 513 (60%) male subjects in total, of which were 452 (164 females, 
302 males) in intervention and 315 (97 females, 211 males) in control groups. One study 
did not report the sex distribution (35). Mean and median age of included subjects ranged 
between 54.4 and 74 years. Subjects received neoadjuvant chemo- and/or radiotherapy 
during the intervention in ten studies (58.8%), before the intervention in two studies 
(11.8%) and no neoadjuvant therapy in five studies (29.4%).

Interventions
Characteristics of the interventions are reported in Table 3. Six studies used behavioral 
interventions aimed to increase physical activity (36–41). These interventions consist of 
a pedometer or a time goal to be physical active, a motivational interview to maintain 
and/or increase physical activity, or education on the importance of physical activity. All 
studies used a prescribed exercise scheme to be performed either in hospital-based or 
home-based intervention to increase physical activity (35–47). Four studies performed 
solely supervised hospital based exercise sessions (46,48–50), most studies combined 
home-based and hospital-based sessions or did not include a statement about the 
location. The frequency of the exercise sessions ranged from 0.5 to 5 sessions per week 
and lasted between 10 and 120 min per session. The duration of the interventions ranged 
from 2 to 16 weeks. 
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Changes in self-reported and device-measured physical activity before abdominal resection surgery: A meta-analysis 
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Table 3. Intervention description

Author Intervention

Alejo, 2019 (36) Six educational lectures, supervised hospital and community-based exercise sessions. 
45min avg prescribed weekly physical activity.

Barberan-
Garcia, 2017 
(40)

IG: 1) motivational interview: promote physical activity by increasing daily pedometer 
steps; optimization of walking intensity; 2) Patients with severely reduced aerobic 
capacity / physical activity: home-based functional resistance exercises; 3) triweekly 
supervised high intensity endurance exercise training. 47-141min avg prescribed weekly 
physical activity. CG: physical activity recommendation, nutritional counseling, advice on 
intoxications, intravenous iron.

Bousquet-
Dion, 2018 (37)

IG: 3-4 weekly 30min personalized homebased aerobic / resistance program. Pedometer 
to encourage walking and, weekly 60min supervised aerobic training and nutrition 
intervention. 90min avg prescribed weekly physical activity. CG: care as usual.

Carli, 2010 (47) IG: Triweekly 10-15min resistance sessions, daily 20-30min aerobic training. 170-255min 
avg prescribed weekly physical activity. CG: Encouraged to daily walk 30min, 5min 
breathing- and 5-10min circulation exercise.

Chmelo, 2022 
(44)

Homebased exercise consisting of targeted daily step-based aerobic exercise and daily 
strengthening exercise with motivational weekly phone call supervision.

Gillis, 2014 (42) IG: Trimodal program of triweekly 50min homebased personalized supervised exercise 
sessions alternating between aerobic and resistance training. No physical activity 
instructions. 150min avg prescribed physical activity weekly. CG: care as usual.

Halliday, 2021 
(35)

Personalized exercise program aimed at achieving 600 MET weekly. Supervised by weekly 
phone call from exercise therapist in addition to self-monitored and regulated exercise. 
Furthermore, motivational interview by clinical nurse specialist if needed. Interview 
aimed at reinforcing need and facilitators, removing potential barriers. 150-300min avg 
prescribed physical activity weekly.

Li, 2012 (50) Trimodal program: individualized exercise, nutrition, and anxiety reduction. Prescribed 
triweekly 30min aerobic and resistance exercise. No physical activity instructions.

Loughney, 
2021 (49)

IG: Triweekly sessions of aerobic exercise program ranging from 40-60min. Consisting 
of moderate to high intensity interval, high intensity interval and resistance training. No 
physical activity instruction. CG: care as usual.

Moug, 2019 
(38)

IG: Step target based on pre-NACRT pedometer step level. After achieving goal, increase 
until surgery up to 3000 steps. Weekly diary including target and motivational material. 
Supervised by biweekly motivational phone call. Achieving the goal accumulates to daily 
30min physical activity, performed 5 times weekly. 150min avg prescribed physical activity 
weekly. CG: care as usual.

NGO-Huang, 
2017 (51)

Moderate intensity program consisting of triweekly 20min walking and twice weekly 
30min resistance training. Advised to reach 120min of exercise weekly. Supervised by 
personal trainer, DVD- and dietician instructions. 240min avg prescribed physical activity 
weekly.

Singh, 2017 
(41)

Twice weekly supervised exercise session for 60min. Homebased physical activity log 
sheets aimed at 150min MVPA weekly. 150min avg prescribed physical activity weekly.

Steffens, 2021 
(39)

IG: 60min sessions 4 times weekly physiotherapist individualized homebased aerobic and 
resistance training and dairy to track exercise. Weekly progressive exercise supervised by 
physiotherapist for 60min and encouraged to walk 30min daily tracked by Fitbit. 510min 
avg prescribed physical activity weekly. CG: advised to maintain physically active.
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Author Intervention

Suen, 2021(45) Twice weekly 60min personalized supervised aerobic and resistance exercise sessions. 
Triweekly homebased aerobic exercise sessions and encouraged to engage in self-
monitoring. Twice weekly contact with supervisor, namely oncology exercise physiologist 
and written information on nutrition. 120min avg prescribed physical activity weekly.

Timmerman, 
2011 (46)

Twice weekly individualized endurance and resistance training for 120min. Supervised by 
physiotherapist and exercise assistant. 240min avg prescribed physical activity weekly.

Waterland, 
2022 (43)

Personalized homebased exercise prescription provided by therapist including strength 
and aerobic exercises, preoperative education. Avg 180min prescribed physical activity.

West, 2015 (48) Triweekly supervised in-hospital exercise sessions. 40min interval training including 5min 
warm-up and cooldown. 120min avg prescribed physical activity weekly.

Abbreviations: MVPA = moderate to vigorous physical activity, NARCT = Neoadjuvant chemoradiotherapy,  
MET = Metabolic equivalent of Task, IG = intervention group, CG = control group, avg = average 

Physical activity
Table 4 shows the baseline and pre-operative physical activity measures. Performed 
physical activity increased in ten out of the thirteen and four out of seven studies for the 
intervention and control groups, respectively. The random-effect meta-analysis, depicted 
in Figure 2., showed a moderate improvement in intervention groups compared to the 
baseline measures; however, high heterogeneity was detected (SMD = 0.67, [CI = 0.30; 
1.03], I2= 79%). Excluding studies of ‘poor’ quality showed no significant increase with 
an SMD of 0.56 ([CI = -0.11; 1.24] I2: 89%). When comparing baseline and pre-operative 
physical activity behavior in control groups, see Figure 2., no changes (SMD = 0.03  
[CI = -0.18; 0.24] I2 = 0%) were found without heterogeneity.
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Changes in self-reported and device-measured physical activity before abdominal resection surgery: A meta-analysis 

Figure 2. Meta-analysis of baseline and post-intervention physical activity in the intervention and control 
group- Meta-analysis and forest plot of random effect baseline and post-intervention physical activity in 
the intervention and control group

Outcomes
Physical activity performed during the last four weeks (37,42,47,50) or the last week of the 
intervention was used as the measurement period in the majority of the studies (35,36,39–
41,45,46,48,51). Twelve studies employed self-report measures of physical activity; the 
CHAMPS questionnaire was most frequently used (37,42,47,50). Outcomes were either 
a sum score (40), hours and/or minutes of physical activity per week (37,41,42,45,47) or 
metabolic equivalent of task (MET) per week (35,39,43,46,51). The intervention arms of 
the self-report measurement studies reported an increase in physical activity in ten 
studies (35,37,40–43,45–47,50,51), while three out of seven studies reported increase 
in physical activity in control groups (42,47,49). Five studies used device measures of 
physical activity, namely, one reporting on activity bouts, three reporting step counts, 
and two studies reporting both step counts and activity bouts. (36,38,44,48,49) The self-
reported intervention subgroup meta-analysis showed a large increase in performed 
physical activity, notably high statistical heterogeneity was found (SMD = 0.78, [CI = 
0.4; 1.15], I2 = 79%), while no significant changes were shown in the device-measured 
subgroup (SMD = 0.16, [CI = -0.64; 0.97], I2 = 58%) as seen in Figure 3.a. Analysis in ‘fair’ to 
excellent’ quality studies show a SMD 0.61 ([0.31; 0.91], I2: 0%) in self-reported, and a non-
significant SMD -0.2 ([-0.73; 0.32] I2: 0%) in device measured physical activity, respectively. 
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Although studies including behavioral interventions yielded a large improvement with a 
standardized effect of SMD 0.99 ([CI = -0.03; 2.01], I2 = 90%) compared to solely prescribed 
exercise, namely SMD 0.51 ([CI = 0.33; 0.69], I2= 1%), these differences in outcome are 
not statistically significant. Control groups solely receiving advice to maintain physical 
activity reported conflicting results (39,40,42). Analyses of intervention type are shown 
in Figure 3.b.

Figure 3.a meta-analysis of effect of measurement method on physical activity - Meta-analysis and forest plot 
of random effect baseline and post-intervention physical activity in the intervention group measured by self-
monitor and accelerometer instruments.
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Changes in self-reported and device-measured physical activity before abdominal resection surgery: A meta-analysis 

Figure 3.b meta-analysis of effect of intervention type on physical activity – Meta-analysis and forest plot of 
random effect baseline and post-intervention physical activity in the intervention group receiving behavioral 
intervention and a prescribed physical activity scheme and the group receiving solely a supervised and/or 
unsupervised prescribed physical activity scheme.
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DISCUSSION

The principal finding of this review was that interventions aimed to increase preoperative 
physical activity in major abdominal surgery appear to be effective. However, self-
reported outcome measures seem to report larger increases in physical activity levels 
compared to device measures. Nonetheless, too few high-quality studies utilized device 
measures to determine the effect of measurement instruments. Overall, interventions 
including a combination of prescribed exercise and behavioral strategies seem to be the 
most effective to increase physical activity.

Moderate-sized improvement in physical activity levels were found in intervention 
groups compared to the baseline measures. Similarly, interventions aimed at increasing 
physical activity in the healthy and chronically ill adults’ population have been proven 
to be moderately effective (52–54). In these populations, larger effects are reported 
when using individually adapted behavioral interventions (52,53). This method, aimed 
to have participants incorporate physical activity into their daily routines, are more cost-
effective when compared with prescribed physical activity interventions in the general 
population (55,56). However, the brief preoperative window of opportunity to increase 
physical activity behavior, and the effects of the stress involved with being enlisted 
for surgery favors an intensive collaboration between patient and healthcare provider 
(57). This assumption is supported in the current meta-analysis, which shows that the 
largest increase was achieved through intensive collaboration in the form of combined of 
prescribed exercise and behavioral intervention. However, behavioral changes are time 
consuming. Although patients are likely to be open for behavioral changes to increase 
their ability to cope with the stressors of surgery during the preoperative period, the 
available preoperative time is limited to achieve long lasting behavioral changes (58).

Our meta-analysis suggests that studies utilizing device measurement showed a lower 
or non-significant increase compared to self-monitored questionnaires. This difference 
may be due to overestimation in the self-monitored group resulting from recall bias 
(59,60). Thereby, owning an over optimistic version of performed physical activity, may 
represent a distorted version of reality. This effect might be enlarged by knowing the 
potential effect of inactivity on surgery outcomes. This knowledge likely increases when 
subjects participate in an intervention aimed at improving the patient’s ability to cope 
with the stressors of surgery via increased physical activity. Furthermore, participation 
in an intervention built around physical activity can result in an increased awareness 
on performed physical activity, duration neglect, and socially desirable answers to 
please researchers (61,62). However, device measurement instruments are subject to 
the researcher’s analysis and configuration choices, which can affect the reliability of the 
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data. Therefore, to gather reliable information into performed physical activity, device 
measures should be used, utilizing standardized configurations.

Since homogeneous results were found in the studies using device measurement 
instruments, the high heterogeneity between studies found in the analysis of the 
overall effect and in analysis of the different intervention types, might be caused by the 
application of different measurement instruments. However, the number of studies using 
device measurement instruments were low. Furthermore, in general, studies with a high 
therapeutic validity show homogeneous results towards better postoperative outcomes 
(63,64). Peer-reviewed studies on prehabilitation schemes for major abdominal elective 
surgery candidates show heterogeneous designs in terms of measurement instruments, 
duration, and modalities of the intervention. The design of these interventions depends 
in part on organizational aspects of healthcare providers, like the interval of time before 
surgical date, availability of healthcare providers and identifying eligible patients as well 
as by type of surgical intervention (63). In the current study, designs varied significantly 
between studies. Nevertheless, most studies showed an increase in physical activity. 
Notably, the biggest improvement was observed in the study conducted by Barberan-
Garcia et al., this trial performed a personalized program including a motivational 
interview aimed at increasing physical activity, home-based functional training, and 
supervised endurance training (40). However, more studies are needed to confirm the 
effect of this combined intervention.

PubMed and Embase were the chosen database resources for the current study, based 
on their well-established reputation for providing comprehensive, diverse, and high-
quality biomedical literature. Both databases offer broad coverage, unique content, 
and accessibility, with their use of different indexing systems providing complementary 
results. The decision to limit the study to these two databases was a deliberate one, made 
to ensure a rigorous and comprehensive literature review. However, our analyses are 
limited by the low number of studies included in the selected subgroups. Therefore, the 
effect of device versus self-reported measurement for each intervention type could not be 
determined since only a single study performed both a behavioral intervention combined 
with device measurement. Furthermore, the discrepancy between the device measured, 
and self-monitored physical activity outcomes limits the generalizability of the overall 
intervention effects. However, the current meta-analysis provides an up-to-date overview 
of the effect of prehabilitation literature incorporating interventions aimed to increase 
physical activity levels in patients awaiting major abdominal surgery. Prehabilitation is 
a broad term encompassing various interventions with different theoretical underlying 
mechanisms but have a common goal to improve a person’s ability to cope with the 
stressors of surgery. The ultimate goal is to improve outcomes after surgery, so this is just 
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the first step of the proof of concept that it is possible. Narrowing the focus to a specific 
area of prehabilitation, physical activity, provided meaningful analysis of the practicalities 
of the intervention and a clearer understanding of its effectiveness.

In conclusion, increasing physical activity in the preoperative phase is feasible. Self-
reported physical activity outcome measures show larger effects compared to device 
measured physical activity outcome measures. To gather reliable information into 
performed physical activity, device measures should be used, utilizing standardized 
configurations.
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SUPPLEMENTARY MATERIAL A

EMBASE
(((((exercise training program) OR (physical capacity/de)) OR (physical fitness)) OR (physical 
activities)) OR (physical activity/de))) 
AND (((((((((((Intestines) OR (Abdominal)) OR (Colorectal)) OR (Hepatic)) OR (Pancreatic)) 
OR (Liver)) OR (Gastric)) OR (Esophageal)) OR (Rectal)) OR (Colon)) OR (HIPEC)))
AND ((Surgery/de) OR (Operation))) 
AND ((Prehabilitation) OR (preoperative period))) 
NOT ((((Antibiotic agent) OR (Protein/de)) OR (anesthesia)) OR (breathing exercise))
AND (((((("2000"[Date - Publication] : "3000"[Date - Publication]))
PUBMED
(((((exercise training program) OR (physical capacity)) OR (physical fitness[MeSH Terms])) 
OR (physical activities[MeSH Terms])) OR (physical activity[MeSH Terms]))) 
AND (((((((((((Intestines[MeSH Terms]) OR (Abdominal)) OR (Colorectal)) OR (Hepatic)) OR 
(Pancreatic)) OR (Liver)) OR (Gastric)) OR (Esophageal)) OR (Rectal)) OR (Colon)) OR (HIPEC))) 
AND ((Surgery) OR (Operation))) 
AND ((Prehabilitation) OR (Preoperative))) 
NOT ((((Antibiotics) OR (Protein)) OR (Anaesthesia)) OR (Breathing therapy))
AND (((((("2000"[Date - Publication] : "3000"[Date - Publication])) 
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Summary & General Discussion



164

Chapter 7

This thesis determined the reference values for exercise capacity tests in the general 
population (Chapter 2, 3, and 4) and evaluated the effect of physical activity in patients 
awaiting major abdominal surgery (Chapter 5 and 6). An overview of the main findings 
per study and concluding remarks is provided below.

One specific objective of this thesis was to determine reference distance values for the 
six-minute walk test amongst the healthy pediatric and adolescent population. For 
this purpose, a systematic literature review was conducted in which the results of six-
minute walk tests were combined and evaluated (Chapter 2). A total of 22 studies were 
included in the systematic review, of which eight studies were performed in Asia, seven in 
Europe, three in north America, three south America and one study was situated in Africa. 
Reference values were reported as either absolute values or by reference equation. The 
systematic review could not provide a single set of reference values based on a meta-
analysis due to variations in applied procedures amongst studies (e.g., given instructions, 
encouragement, track lay-out and, preparations). The reference equation yielding the 
highest R2 was based on both male and female subjects between the age of 6 till 16 
years old. The equation was as followed: distance = (4.63 x height (in centimeters)) – 
(3.53 x weight (in kilograms)) + (10.42 x age (in years)) + 56.32. The systematic review 
highlighted that further research is needed to present a single set of reference values for 
the six-minute walk test amongst the pediatric and adolescent population. Furthermore, 
it presented a flow chart to aid the selection of reference values for the time being.

In Chapter 3 a reference value model for the peak oxygen uptake based upon a regression 
model in the healthy Dutch pediatric and adult population was determined. Furthermore, 
to determine the external and predictive validity of the reference value prediction 
model, a cross-validation procedure was performed. The database used consisted of 
cycle ergometry results from several test institutes across the Netherlands. All included 
institutes used the ATS/ACCP statement equipment requirements and procedures to 
perform an incremental cardiopulmonary exercise test using an electromagnetically 
braked cycle ergometry test. Oxygen uptake analyses were performed by utilizing gas 
exchange analysis by bag collection, mixing chamber or breath-by-breath analysis based 
upon averaging the values measured during the last 30–60 s of the test. The status 
healthy was defined as the absence of any reported somatic signs of disease and the 
exclusion of registered available risk factors. Generalized additive models were utilized 
to semi parametrically find the most appropriate fitting regression model. The additive 
model results in a smaller standard error of the estimate especially in the ⩽20-year-old 
subjects, in contrast to the linear model. This is because the additive model can adjust 
for age-related transformations such as the increase in peak oxygen uptake associated 
with the growth-related weight and height gain during childhood and adolescence. 
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In conclusion, the study provided a robust additive regression model for peak oxygen 
uptake in the Dutch population and concluded that peak oxygen uptake is sex specific 
and has a nonlinear relationship with age. 

Chapter 4 provides an updated systematic review originally published in 2014 on the 
cardiopulmonary exercise test reference values in healthy subjects. Compared to the 
original review, a large increase in published reference values is seen on the basis of 29 
eligible studies including 87256 subjects in total. As with the 6-minute walk test review, 
meta-analysis of the data was not meaningful, as a large heterogeneity of methods 
and subjects was observed. The review recommends abandoning the use of the 80% 
of predicted as lower limit of normal values. Instead, a Z-score should be used with a 
lower and upper limit of normal of −1.96 SD and +1.96 SD, respectively. Furthermore, the 
review concludes that future reference value study quality can be further improved by 
performing a power analysis, a good quality assurance of equipment and methodologies, 
and by validating the developed reference equation in an independent (sub)sample.

Preoperative aerobic fitness level has been identified as a modifiable risk factor in a variety 
of patients who need surgery. Aerobic fitness can be modified by habitual physical activity 
habits like performing moderate to vigorous physical activity. Therefore, a prospective 
multi-center study was done (Chapter 5). The study had the aim to get insight into the 
level of actual, objectively measured physical activity performed by patients awaiting 
hepato-pancreato-biliary cancer resection surgery. The secondary aim of the study is to 
determine the association between preoperative moderate to vigorous physical activity 
with postoperative outcomes. Physical activity level was measured using a hip-worn 
activity monitor; the Actigraph wGT3X- BT+. The median moderate to vigorous physical 
activity was 10.7 minutes per day; only eight participants met the Dutch moderate to 
vigorous physical activity guidelines. Furthermore, the study showed that a higher level 
of moderate to vigorous physical activity was strongly associated with a shorter time 
to functional recovery. Namely, a multivariable linear model including surgery size and 
physical activity level yields an adj. R2 .43; the model is as follows 12.54 + (moderate to 
vigorous physical activity (minutes) * −.08) + (surgery size (1 if minor, 0 if major) * −5.64).

Due to the relation between time to functional recovery and the amount of preoperative 
physical activity, Chapter 6 describes a meta-analysis of the effect of interventions 
to increase physical activity levels of patients awaiting abdominal resection surgery. 
Additionally, a comparison between self-reported and objectively measured outcome 
measures to determine if the used tools result in similar outcomes. The random-effect 
meta-analysis showed a moderate improvement in intervention groups compared to the 
baseline measures (SMD= 0.69, [CI= 0.29;1.09], I2= 80%). Therefore, it was concluded that 
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it is feasible to increase physical activity in the preoperative phase. Self-reported physical 
activity outcome measures show larger effects compared to objectively measured 
outcome measures. 

Reference values for activities of daily living
Peak oxygen uptake represents the functional limit of the body's ability to deliver and 
extract oxygen in muscles to satisfy the metabolic demands of vigorous exercise. The 
oxygen consumption above which aerobic energy production is supplemented by 
anaerobic mechanisms, causing a sustained increase in lactate and metabolic acidosis, 
is termed the anaerobic threshold. (1) Both the peak oxygen uptake, as described in 
chapter 3 & 4, and the ventilatory threshold(s) are currently the main parameters utilized 
in the clinical reasoning process when performing cardiopulmonary exercise testing to 
evaluate a subjects cardiopulmonary fitness level. (2) As described, these values reflect 
the functional limit of the body’s ability to deliver and extract oxygen in muscles to satisfy 
the metabolic demands of vigorous exercise at the maximal aerobic and peak intensity. 
Although it provides insight into a subject’s cardiopulmonary fitness, the clinical relevance 
to perform activities of daily living throughout the day may be limited. In people without 
cardiopulmonary or musculoskeletal impairments, the cardiopulmonary reserve capacity 
is thought to be barely tapped during activities of daily living. (3) However, in people with 
pathology, this reserve can be greatly reduced, and a greater than usual proportion of a 
person's capacity may be needed to perform these activities. (4) To determine if a subject 
has sufficient cardiopulmonary capacity to functionally perform activities of daily living, 
the evaluation of the submaximal exercise capacity compared to the relative physical 
requirements of these activities might potentially provide a more informative insight. 

To be able to functionally perform and maintain activities throughout the day, the 
majority of these activities should be performed at a relatively low intensity level or 
submaximal intensity level. A subject performs activities at a submaximal intensity if the 
intensity stays below the first ventilatory threshold (VT1). The VT1 represents a level of 
intensity at which blood lactate accumulates faster than it can be cleared, which causes 
the person to breath faster to blow off the extra CO2 produced by the buffering of acid 
metabolites. Prior to this threshold, only small amounts of lactate are being produced, 
within the capacity of the body to clear it, enabling it to maintain an activity for a 
prolonged period. Past the VT1 point, ventilation rates begin to increase exponentially as 
oxygen demands outpace the oxygen-delivery system and lactate begins to accumulate 
in the blood. This threshold can be determined by analyzing the breath-by-breath carbon 
dioxide production (VCO2) and ventilation during incremental exercise testing.
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The goal of submaximal exercise testing is to produce a sufficient level of exercise stress 
without physiologic or biomechanical strain resulting in an intensity higher than the 
VT1. This capacity is typically measured through performance-based testing, such as 
the 6 minute walk test, which has been examined in depth in Chapter 2. (5) Additional 
examples of these are, amongst others, the Shuttle Walk Test, the 12-Minute Walk Test or 
the Timed Up & Go test. These tests involve measuring the ability to perform standardized 
physical activities for a preset period or set of repetitions that are typically encountered 
in everyday life. (5) Although the results are influenced by many components like 
musculoskeletal-, or neuromuscular impairments, or the use of aids, submaximal exercise 
testing provides insight into the subject’s capacity to perform the specific task. Due to 
the reflection of daily activities, submaximal exercise testing appears to have greater 
applicability to physiotherapists in their role as clinical exercise specialists compared 
with maximal exercise testing. Nevertheless, the intensity of the performance is unclear 
since breath-by-breath analysis is not included in the protocol and thus not performed 
in the clinical setting. Therefore, it is possible that a participant performs at a lower or 
higher intensity than the VT1.

Physiotherapy is indicated when a subject lacks the capacity to perform activities 
of daily living at a submaximal level. To identify subjects that require physiotherapy 
treatment, adequate measurements should be performed. Although there are numerous 
submaximal tests proposed. These exercise tests and their applications have been less 
well developed compared to maximal exercise tests. Reports in the literature on the 
common submaximal tests, vary with respect to the adequacy of establishing validity, 
reliability, and sensitivity, limiting their interpretation with respect to decision making 
by the physiotherapist. Hence, physiotherapists should determine what information 
will be added by performing these tests and how that information will alter clinical 
decision making. In its recommended applications, (2) incremental cardiopulmonary 
exercise testing with breath-by-breath analysis consists of applying a gradually increasing 
intensity exercise from minimal effort until exhaustion or until the appearance of 
limiting symptoms and/or signs. Therefore, both the VT1, anaerobic threshold (VT2) and 
possibly the peak oxygen uptake can be determined by analyzing gas exchange. Given 
the availability of this measurement, it is recommended to communicate VT1 values to 
treating physiotherapists after completion of the test. These values provide reliable 
and valid information to determine if physiotherapy is indicated with a tailormade 
treatment scheme, and these can additionally be used as an evaluative tool to determine 
progression.

To increase the clinical value of cardiopulmonary exercise testing, the oxygen uptake 
at VT1 can be compared with reference values of activities of daily living. If the oxygen 
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consumption during a selected activity surpasses oxygen consumption at VT1 it is 
likely the test subject cannot perform the activity for a prolonged period. To make an 
estimation of a subject’s ability to perform prolonged activities, reference values of 
oxygen uptake during activities are required. An estimation for energy expenditure or 
intensity of activities of daily living are the “Metabolic equivalent of tasks” (METs). (6,7) 
The MET concept represents a simple and practical procedure to express the energy cost 
of physical activities as a multiple of the resting metabolic rate. One MET is defined as 
3.5 ml O2 per kg * min-1, the amount of oxygen consumed while sitting at rest. Therefore, 
energy cost of an activity can be determined by dividing the relative oxygen cost of the 
activity by 3.5. Multiple publications have attempted to quantify the requirements of 
physical activities, like household chores, providing a comparative basis to evaluate the 
submaximal capacity of a subject. (6–8) However, these values are rough estimations of 
activities that might have changed through the years and lack adaptions to a subject’s 
personal situation, e.g., the precents of pathologies, differences in body composition and 
the execution of the task highly influence oxygen consumption. Therefore, to increase the 
applicability of task specific reference values, research into population specific oxygen 
uptake measurements during task execution are required to aid clinical decision making 
to determine a patient’s ability to perform activities. 

In conclusion, to be able to functionally perform and maintain activities of daily living 
throughout the day, most of these activities should be performed at a submaximal 
intensity level. To determine if a subject has sufficient cardiopulmonary capacity to 
functionally perform these activities, the evaluation of the submaximal exercise capacity 
and the relative physical requirements of these activities should be compared. In patient 
categories, actual oxygen uptake measurements during task execution are required for 
a valuable comparison with oxygen uptake at VT1. Furthermore, additional research 
is needed to determine the value of VT1 reference values in relation to population 
participation rate.

Physical activity measurements
The impact of physical inactivity has been characterized as similar to that of smoking 
in relation to the burden of noncommunicable diseases. (9) Inactivity is associated with 
many of the most common chronic diseases and conditions, including heart disease, 
type 2 diabetes mellitus, hypertension, obesity, osteoporosis, depression, and breast 
and colorectal cancers. (10) In contrast, higher levels of physical activity have numerous 
health benefits, including reducing the time required for functional recovery after major 
surgeries such as hepato-pancreato-biliary resection surgery, as shown in Chapter 
5. Therefore, adequately identifying inactivity is desirable. At present, there is little 
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information available to guide the selection of a physical activity assessment method 
that is appropriate for the wide variety of potential applications. There are two broad 
categories of methods available to assess a person’s level of physical activity: subjective 
methods and objective methods. Subjective methodologies rely on the individuals either 
to record activities as they occur or to recall previous activities. Objective methodologies, 
as utilized in Chapter 5, include all wearable monitors that directly measure one or more 
bio signals, such as acceleration, heart rate, or some other indicator of physical activity 
or energy expenditure, as they occur.

Subjective methods that are commonly used include diaries, logs, interviews, and 
questionnaires. Participants are asked to keep track of or recall the physical activity 
they have or are performing. These methods are influenced by socioeconomic and 
sociodemographic factors, and measurement bias including misinterpretation or 
deliberate changes (e.g., social desirability) and recall bias. (11,12) Hence, the accuracy, 
volume, and duration of the memory may be influenced by subsequent events and 
experiences resulting in over- or underestimation due to interference of other constructs 
like the experienced effort. (13) Therefore, it is probable that subjects with less physical 
fitness overestimate performed physical activities. Nevertheless, subjective methods 
are highly feasible with low cost to use thus can therefore provide a gross estimation of 
physical activity levels in large groups and can provide immediate insight into activity 
levels of individuals.

Objective measures like motion sensors (e.g., accelerometers and pedometers), 
biomarkers and calorimetry are prone to similar pitfalls and benefits. Given the direct 
measurement of this method, no recall bias or distortion due to intensity or duration 
is involved. However, measurement accuracy is dependent on consistently wearing 
the device, the wearing location and the activity performed. For example, not all 
accelerometers are capable of measuring water-based activities, cycling is inaccurately 
measured with a hip or wrist worn pedometer, and activities involving upper extremity 
movements are inaccurately measured with lower extremity placed devices. Furthermore, 
since the measurement is prospective, it is time and cost intensive. Hence, participants 
must wear the device for a prolonged period and therefore this method is difficult to 
administer to a large-scale population. (14–16) Given these characteristics, both objective 
or subjective measurement methods can be preferred depending on the setting and 
goal. Since objective measures are more accurate and valid to determine physical activity 
levels, this method should be recommended to identify at risk patients due to inactivity 
or to evaluate treatment progression. (17,18) In contrast, to determine the physical 
activity levels of the general public, subjective methods should be preferred since it is 
an inexpensive, feasible method that provides a gross estimation.
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Objective measurements of performed physical activity do not provide information on 
the perceived intensity of the physical activity. Perceived exertion has been defined as 
the subjective rating of the intensity of physical work and can be quantified by Borgs 
'Rate of Perceived Exertion’ (RPE). (19) The processing of sensory cues related to physical 
performance enables an individual to perceive general feelings of exertion incorporating 
more than solely fatigue. The interference of multiple constructs when measuring RPE 
is apparent given the lower correlation between RPE measurements and biomarkers in 
individuals with lower physical fitness levels. (20) It has been suggested that the RPE is 
a merger of many feelings and sensations related to the physical fatigue and activity 
including effort and exertion. (21,22) The Borg RPE is an affordable, practical, and valid 
tool for monitoring and prescribing physical activity intensity, independent of gender, 
age, exercise modality, and physical activity level. (23) Monitoring RPE can be valuable 
addition to identify changes in patients’ perceived effort to perform physical activity. (21) 
Therefore, given the importance of early detection of complicated care paths, screening 
of mental wellbeing and minimizing perceived fatigue to maintain physical activity (24), 
the Borg RPE tool might proof valuable when added to a point of care diagnostic device 
designed to objectively measure physical activity levels. (25)

In conclusion, adequately identifying inactivity and drops in activity levels is desirable 
to provide timely interventions. Objective measures are recommended to identify at 
risk subjects due to timely measurement and lack of recall bias. The addition of RPE 
measurements provide healthcare providers with insight into the perceived effort and 
exertion of a patient. 

Preoperative physical activity
Performing physical activities can optimize physical fitness, (26) which is beneficial in 
major (abdominal) surgery patients. Especially in high-risk patients, optimizing physical 
fitness contributes to post surgery recovery. (27) Increases in, or maintaining sufficient 
levels of, physical activity should be identified as pursuable treatment outcomes if 
performed physical activity levels are low or decreasing. Therefore, preoperative 
physiotherapeutic care should include education on the importance of, address limiting 
factors to perform, and provide guidance to achieve desired levels of physical activity in 
high-risk patients. Furthermore, the reported correlation between performed moderate 
to vigorous physical activity and the duration of time to functional recovery, provides 
arguments to incorporate remote monitoring of performed physical activity via point 
of care devices in the care path of patients awaiting major abdominal surgery. (25) 
Moreover, increased adherence to a prehabilitation program is reported by the utilization 
of point of care devices in colorectal surgery. (28) Additionally, the integration of RPE 
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measurements via these devices provide an easily accessible and informative addition to 
physical activity measurements. (21) Therefore, regular physical activity monitoring and 
RPE measurements should be integrated in the preoperative care-path to early identify 
at risk patients experiencing problems to perform activities and/or monitor therapy 
adherence. (28)

Although this dissertation focusses on prehabilitation and physical activity levels in major 
abdominal surgery patients, similar protective mechanisms are likely to be present in 
other major surgery patients. Therefore, implementing monitoring of physical activity 
and perceived exertion levels will probably provide valuable information in high-
risk patients scheduled for other major surgery types. Furthermore, this study found 
moderate improvements in physical activity levels during the preoperative phase are 
feasibly. However, evidence that improving physical activity levels consequently reduces 
postoperative complications are inconclusive. Therefore, research into the incidence 
and impact of postoperative complications, length of hospitalization and quality of life 
after the completion of a prehabilitation scheme aimed at increasing physical activity 
will contribute to understanding the influence of physical activity on surgery outcomes.

To summarize, interventions aimed at improving physical fitness and physical activity 
levels are indicated when a subject does not have the capacity to perform activities of 
daily living. Moreover, preoperative physical inactivity should be addressed to potentially 
reduce length of hospital stay in major (abdominal) surgery. 
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Voldoende fysieke fitheid is belangrijk omdat dit bepaalt of een persoon dagelijks 
activiteiten kan uitvoeren en omdat het ziektes en beperkingen kan voorkomen. Fysieke 
fitheid bestaat uit cardiorespiratoire uithoudingsvermogen, vaardigheden zoals balans 
en coördinatie evenals gezondheid gerelateerde factoren zoals, lichaamssamenstelling, 
spierkracht en spieruithoudingsvermogen. Om te bepalen wat de mate van fysieke fitheid 
van de algehele Nederlandse populatie is, werden in dit proefschrift de referentiewaarden 
voor inspanningstesten in de algemene gezonde bevolking bepaald. Ook is het effect van 
fysieke activiteit bij patiënten die wachten op een grote buikoperatie onderzocht om te 
evalueren wat het effect van bewegen op de operatie uitkomsten zijn. 

Fysiotherapeuten gebruiken frequent de zes minuten wandeltest als meetinstrument om 
de fysieke fitheid te bepalen. In het eerste deel van dit proefschrift, hoofdstuk twee, is 
een literatuuronderzoek beschreven waarin referentiewaarden voor deze zes minuten 
wandeltest bij kinderen en adolescenten zijn geëvalueerd. In dit literatuuronderzoek 
werden 22 studies geïncludeerd. De beste referentievergelijking voor zowel jongens als 
meisjes tussen de 6 en 16 jaar oud was als volgt: afstand = (4,63 * hoogte (in centimeters)) 
- (3,53 * gewicht (in kilogram)) + (10,42 * leeftijd (in jaren)) + 56,32. 

Een andere veel gebruikte maat van fysieke fitheid is het maximale vermogen van 
mensen om zuurstof te op te nemen tijdens inspanning. Dit is een test waarbij wordt 
gekeken hoe goed het hart en de longen functioneren tijdens lichamelijke inspanning. In 
het derde hoofdstuk is er een referentiemodel gemaakt voor de maximale hoeveelheid 
zuurstof te voorspellen die mensen kunnen opnemen tijdens een cardiopulmonaire 
inspanningstest. Voor de test moesten mensen met behulp van een ergometer fiets zich 
maximaal inspannen en werd er gemeten hoeveel zuurstof ze opnamen. Op basis van 
een dataset van 4477 test uitslagen van gezonde Nederlandse kinderen en volwassenen 
is een model bepaald welke het beste aansluit bij de dataset. Voor de bepaling van 
gezonde deelnemers, zijn er geen mensen met gediagnostiseerde ziekte of mensen 
met vooraf bepaalde risicofactoren meegenomen in de test. Om representativiteit van 
het model te verbeteren, zijn data gebruikt vanuit verschillende testcentra in Nederland. 
Het model welke het beste bij de data paste was een additief model. Uit de studie bleek 
dat de maximale zuurstofopname afhankelijk is van geslacht en dat de relatie tussen 
zuurstofopname en leeftijd niet lineair is.

In aanvulling op het bepalen van referentiemodel in het derde hoofdstuk is in hoofdstuk 
vier een geactualiseerde review gepresenteerd over referentiewaarden voor gezonde 
mensen tijdens dezelfde cardiopulmonaire inspanningstest. In vergelijking met de 
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oorspronkelijke review uit 2014 zijn er meer studies beschikbaar waaruit referentiewaarden 
zijn afgeleid. In totaal zijn er 29 studies met 87.256 proefpersonen beoordeeld. Helaas was 
het ook hier niet mogelijk om de gegevens van deze studies te combineren in een meta-
analyse vanwege de grote verschillen in de methoden en de proefpersonen die werden 
gebruikt. Op basis van de uitkomst van het review wordt geadviseerd om een Z-score te 
gebruiken om de normale waarden te bepalen. Dit is een statistische maat die aangeeft 
hoeveel standaarddeviaties een bepaalde waarde afwijkt van het gemiddelde. De review 
concludeert dat toekomstige studies die referentiewaarden bepalen, verbeterd kunnen 
worden door onder meer een power-analyse te gebruiken, goede kwaliteitsborging van 
de apparatuur en methodologieën en door de ontwikkelde referentievergelijking te 
valideren in een onafhankelijke groep proefpersonen.

Het tweede deel van het proefschrift richt zich op de toepassing van fysieke 
fitheidsmaten bij mensen die een grote buikoperatie moeten ondergaan. De mate 
van lichamelijke fitheid die iemand heeft voor de operatie is een factor die mogelijk 
het risico op complicaties kan beïnvloeden. Algemeen wordt aangenomen dat fitheid 
kan worden verbeterd door regelmatig fysieke actief te zijn, waardoor dit kansen kan 
bieden om het risico op postoperatieve complicaties te beïnvloeden. Hoofdstuk vijf 
beschrijft een onderzoek welke is uitgevoerd om te begrijpen hoeveel lichaamsbeweging 
patiënten uitvoeren voordat ze een resectieoperatie ondergaan voor kanker van de lever, 
alvleesklier of galblaas. Het secundaire doel van dit onderzoek was om te kijken of er 
een verband was tussen de hoeveelheid matige tot intensieve lichaamsbeweging die 
patiënten uitvoerden en de resultaten na de operatie. Het niveau van lichaamsbeweging 
werd gemeten met een activiteitenmonitor die aan de heup werd gedragen. Het bleek 
dat het mediane niveau van matige tot intensieve lichaamsbeweging slechts 10,7 minuten 
per dag was, en slechts acht deelnemers voldeden aan de Nederlandse richtlijnen voor 
lichaamsbeweging. De studie liet ook zien dat een hoger niveau van matige tot intensieve 
lichaamsbeweging sterk geassocieerd was met een kortere tijd tot functioneel herstel 
na de operatie. Dit betekent dat patiënten die voor de operatie meer lichaamsbeweging 
uitvoerden, over het algemeen sneller herstelden na de operatie.

Aansluitend op deze bevindingen beschrijft het zesde hoofdstuk een systematische 
literatuur review welke gericht was op de vraag of het mogelijk is de hoeveelheid fysieke 
activiteit van patiënten die een buikoperatie ondergaan, te verhogen. De studie bevat ook 
een vergelijking tussen zelf-gerapporteerde en objectief gemeten uitkomstmaten om 
te bepalen of de gebruikte methoden tot vergelijkbare resultaten leiden. De resultaten 
van de studie laten zien dat interventies om fysieke activiteit te verhogen een matige 
verbetering in het niveau laten zien in vergelijking met de meting voorafgaande aan de 
interventie. Het is dus mogelijk om fysieke activiteit in de preoperatieve fase te verhogen. 
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Het review laat ook zien dat bij zelf gerapporteerde uitkomstmaten voor fysieke activiteit 
de effecten groter zijn dan bij objectief gemeten uitkomstmaten.

In conclusie, de studies in dit proefschrift bevestigen het belang van fysiek fitheid 
en het onderhouden van fysieke activiteit. De vastgestelde referentiewaarden 
en modellen bieden een basis voor het beoordelen van de fysieke fitheid van de 
Nederlandse bevolking, terwijl het onderzoek naar het effect van fysieke activiteit op 
operatieresultaten inzichten verschaft om het herstel na een operatie te bevorderen.
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Het is nu dan toch echt klaar! Terwijl ik deze woorden op papier zet, realiseer ik me 
dat niet alleen ikzelf, maar ook velen met mij opgelucht zullen ademhalen dat deze 
dissertatie nu eindelijk af is. Mijn oprechte dank gaat uit naar degenen die gedurende 
de afgelopen jaren betrokken zijn geweest bij dit promotietraject. De lijst met mensen 
die mij in welke vorm dan ook hebben geholpen is lang, maar er zijn een aantal mensen 
die ik graag specifiek wil bedanken. 

In de eerste plaats, en bovenal, wil ik mijn diepe waardering uitspreken voor de 
deelnemers aan de onderzoeken. Het vertrouwen en de bereidheid om deel te nemen 
hebben dit werk mogelijk gemaakt. Evenzeer wil ik de toegewijde medewerkers van 
het Medisch Spectrum Twente, het Medisch Centrum Leeuwarden en het Universitair 
Medisch Centrum Groningen bedanken voor de onvermoeibare inzet, flexibiliteit en 
toewijding.

Mijn dank gaat ook uit naar mijn promotieteam, bestaande uit Dr. Tim Takken, Dr. 
Wim Krijnen, Prof. Dr. Joost Klaase en Prof. Dr. Cees van der Schans. De samenwerking 
gedurende deze jaren heeft mijn traject zowel inhoudelijk als persoonlijk verrijkt. De 
begeleiding heeft mij de ruimte gegeven om te groeien en te leren. Zonder deze steun 
was het niet mogelijk om dit proefschrift tot stand te brengen.

Tim, vanaf het begin van de studie Klinische Gezondheidswetenschappen heeft u mij 
bijgestaan in de wereld van onderzoek. Ik ben dankbaar voor uw begeleiding en uw 
doelgerichte, pragmatische inzichten die u altijd bereid was te delen.

Wim, uw intensieve begeleiding, toewijding en betrokkenheid hebben indruk op mij 
gemaakt. Elke ontmoeting met u bracht nieuwe inzichten en stof tot nadenken. U 
informeerde altijd belangstellend naar mijn voortgang en gemoedstoestand, en stond 
klaar om te helpen wanneer ik vastliep.

Joost, uw bevlogenheid en passie om de patiëntenzorg te verbeteren werkt aanstekelijk. 
Het hielp mij niet alleen om het grotere doel voor ogen te houden, maar heeft mij ook 
door moeilijke momenten geholpen. U was altijd genegen mij te helpen, uw constructieve 
feedback en waardevolle adviezen zijn van onschatbare waarde geweest. 

Cees, hartelijk dank voor alle ruimte die u mij heeft gegeven om mijn weg te vinden. U 
had veel vertrouwen in mij, veel geduld en altijd bereid een luisterend oor te bieden. 
Ook was u, waar nodig altijd bereid mij een subtiel zetje in de goede richting te geven 
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zodat we op de juiste route bleven. Het heeft mij geholpen grond onder mijn voeten te 
houden. Ook wil ik u bedanken voor uw openheid de afgelopen jaren. Vooraf hadden we 
nooit kunnen bedenken dat u een Case-studie over uw eigen situatie zou gaan schrijven. 
Bedankt dat u mij heeft betrokken in dit proces.

Leden van de beoordelingscommissie, Prof. dr. Dekker, Prof. dr. Olde Damink en prof. Dr 
Zwerver hartelijk dank voor uw bereidheid om plaats te nemen in de leescommissie en 
voor de tijd die u heeft genomen om dit manuscript te beoordelen. Ik kijk ernaar uit om 
met u van gedachten te kunnen wisselen.

Mijn collega's bij de Hanzehogeschool en Expertisecentrum Eerstelijnszorg Groningen, 
hoewel het ondoenlijk is om iedereen bij naam te noemen, wil ik mijn dank uitspreken 
voor jullie steun en welkome afleiding gedurende dit traject. Ik voel mij gelukkig met 
collega's die altijd klaarstaan om te ondersteunen.

Mijn paranimfen en goede vrienden, Dr. Mathijs van Ark en Harm Brugge, ik kijk ernaar 
uit om samen met jullie van de verdediging een geweldige dag te maken. Ik sterk mij 
met de gedachte dat jullie, waar nodig, een kopbeurt kunnen doen.

Pap en mam, jullie hebben me voortdurend aangemoedigd en ondersteund om mijn 
educatieve pad voort te zetten. Jullie hebben me altijd de vrijheid gegeven om mijn 
eigen weg te verkennen en mijn eigen tempo te bepalen. Ik ben jullie zeer erkentelijk 
voor het sterke fundament dat jullie hebben gelegd. Dit proefschrift is niet alleen mijn 
prestatie, maar zeker ook van jullie.

Lieve Amarins, als laatste wil ik graag van de gelegenheid gebruik maken om mijn 
waardering voor jou uit te spreken. Jouw relativeringsvermogen, bemoedigende 
woorden en onophoudelijke steun hebben mij door de moeilijke momenten geholpen; 
zonder jou was dit project al meerdere keren gestrand. Wat hebben we het goed en wat 
zijn we gelukkig samen! Nu kunnen we uitkijken naar nieuwe avonturen, en met jou aan 
mijn zijde kan het niet anders dan een prachtige reis worden.
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