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LAY ABSTRACT
Multiple Sclerosis (MS) is an autoimmune disorder 
which affects 2.3 million people worldwide. People with 
MS often have impaired physical fitness, which may 
induce fatigue. In this pilot study we evaluated a new 
and high-intensive training program. Patients trained for 
12 weeks, three days a week, three hours a day. We 
explored whether the training program is feasible in MS, 
and whether patients improve their physical fitness. 
Seven patients completed the study, and attended on 
average 93% of the training sessions. Patients scored 
an overall grade of 8.9 on a scale of 1 to 10 regar-
ding satisfaction with the training program. Physical 
fitness seemed to be improved, but improvements 
did not always preserve eight weeks after the train-
ing program.  We concluded that the training program 
appears to be feasible in patients with MS, and may 
improve their physical fitness. However, a large con-
trolled study is necessary to confirm these findings.

Objective: To evaluate the feasibility of a high-volume 
and high-intensity functional training programme in 
patients with multiple sclerosis (MS), and to explore  
whether functional capacity improves. A further  
objective was to explore changes in muscle strength 
and aerobic capacity.
Methods: This pilot study comprised a 12-week 
intervention, with an 8-week follow-up period. The 
intervention consisted of 3 weekly 3-h  training 
sessions, comprising functional resistance-, endu-
rance-, and skills training. Feasibility (ques-
tionnaire), functional capacity (Timed Up and 
Go Test, 10-Meter Walk Test, and 6-Minute Walk 
Test),  aerobic capacity (cardiopulmonary exercise 
test) and muscle strength (1 repetition maximum 
(RM) leg press) were evaluated.
Results: Seven patients completed the study.  
Patients attended a mean of 93% of the training  
sessions. One adverse event was reported, which 
was not related to the training programme.  
Patients scored positive or very positive on 86% of 
the feasibility aspects and scored an overall grade  
of 8.9 on a scale of 1–10 regarding satisfaction 
with the training programme. Functional capacity, 
aerobic capacity, and muscle strength seemed to 
be improved after the training programme, but 
the improvements were not always sustained. 
Conclusion: This new high-volume and high-intensity  
functional training programme appeared to be  
feasible in patients with MS, and may improve 
their functional capacity, aerobic capacity and  
muscle strength. A large-scale controlled trial over a  
longer period of time is required to evaluate the  
added value of the training programme. 
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2.3 million people worldwide (1). In the Netherlands, the 
prevalence of MS is 60–100 per 100,000 inhabitants (1).  
Patients with MS have 20% lower aerobic capacity (2) 
and 30–70% lower muscle strength (3) compared with 
healthy controls. These deficits may induce fatigue, 
which is highly prevalent in this population (4). Overall, 
this may result in hampering or loss of activities in daily 
life, which may initiate a cycle of deconditioning and 
worsening of symptoms (5).

Increasing evidence favours physical exercise therapy 
as a method for overall symptom management in MS (6). 
Low- and moderate-intensity endurance- and resistance-
training in MS have been shown to be safe (i.e. they do 
not precipitate additional relapses or more rapid disease 
progression (2, 4, 7–10)) and effective in terms of main-
taining aerobic capacity and muscle strength (7, 8, 11). 
Regarding high-intensity exercise training in MS, studies 
suggest larger improvements in aerobic capacity and mus-
cle strength (increases of 25–60%) compared with mode-
rate-intensity training (increases of 10–15%) (9, 12), 
which is in agreement with studies in healthy controls and 
several other patient groups (13, 14). These high-intensity 
regimes, whether or not combined with resistance train-
ing, have also been found to be safe and well-tolerated in 
patients with MS (9, 12, 15–17). Regarding fatigue, the 
effects of physical exercise therapy are not consistent in 
MS, but fatigue does not seem to be exacerbated (4, 7).

As a result of low aerobic capacity and decreased 
muscle strength, patients with MS experience limitations 
in functional capacity. Patients with MS are known to 
have reduced mobility, walking speed, and walking endu-
rance (6). To additionally address this impaired functional 
capacity, we hypothesized that a functional approach in 
exercise programmes may be beneficial for this patient 
group. Therefore, we developed a comprehensive fun-
ctional training programme including functional resis-
tance training, endurance training, and skills training. 
This high-volume (high number of weekly training hours) 
training programme combines high-intensity training 
(functional resistance training) with low-intensity training 
(endurance- and skills training). 

This pilot study evaluated the feasibility of this new 
training programme in patients with MS and explored 
changes in their functional capacity. Secondarily, the 
study explored changes in aerobic capacity and muscle 
strength. It was hypothesized that, although persons with 
MS are a vulnerable patient group, the high-intensity and 
high-volume functional training programme would be 
feasible, would not worsen fatigue, and would improve 
functional capacity. 

METHODS

Experimental design
This was a pilot study in which patients completed 
12 weeks of training, and an 8-week follow-up period. 

The numbers of patients who were eligible and included 
in the study, as well as demographic characteristics were 
collected at baseline. The feasibility of the training pro-
gramme was measured directly after completion of the 
training programme. Pre- and post-training and at 8 weeks 
of follow-up, several physical measurements were perfor-
med, and fatigue was evaluated. The study was approved 
by the Medical Ethics Committee of Erasmus Medical 
Centre, Rotterdam, the Netherlands (NL64522.078.18).

Patients
Between April and December 2018, patients with MS who 
had a consultation with their Rehabilitation Specialist 
at Libra Rehabilitation & Audiology (Eindhoven, the 
Netherlands) and who were eligible, were asked to par-
ticipate. Inclusion criteria were: age > 18 years, and able 
to walk at least 20 m, possibly with support (Expanded 
Disability Status Scale (EDSS) ≤ 6.5) (18). Participants 
with EDSS scores > 6.5 were not included, because of 
severe lower extremity functional limitations, which limit 
their ability to perform the training programme exercises. 
Exclusion criteria were: contra-indications to perform a 
progressive cardiopulmonary exercise test (CPET) (19), 
essential changes in disease-modifying drugs in the past 
2 months, and an MS relapse in the past 3 months. All 
patients gave their written informed consent to participate 
in the study. In order to obtain good insight into feasibility 
and to explore the effects of the training programme, this 
pilot study aimed to include 15 patients. 

Training programme 
The training programme consisted of functional resistance 
training, endurance training, and skills training, 1 h each 
with sufficient rest in between, at a frequency of 3 times 
a week, for 12 weeks. In addition to these training ses-
sions, patients had a 30-min individual physiotherapy ses-
sion once a week to explain the training schemes, monitor 
possible (physical) inconveniencies related to the training 
programme, and prepare exercises for the skills training. 
All training sessions took place in small groups (n = 2–6) 
and were supervised by experienced physiotherapists and/
or sports-therapists. 

Functional resistance training. Functional resistance 
training consisted of 4 weeks of basic resistance train-
ing, 4 weeks of power training, and 4 weeks of capacity 
training. The aim of basic resistance training is to increase 
muscle strength. This phase is required for the subsequent 
training phases. The basic resistance training consisted of 
4 lower-body exercises (squat, lunge, step-up, leg-press), 
3 upper body exercises (bench press, fly, pull-over), and 
1 core stability exercise (barbell rotation). Patients per-
formed these exercises at 8 repetition maximum (RM), 
4 sets, composed of 6–8 repetitions per set. Patients were 
instructed to have 90 s of rest between each exercise set. 
Load was increased by 10% (minimum of 1 kg) when 
4 sets of 8 repetitions were completed (20).
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The aim of power training is to increase speed during 

movements. The power training started with 5 cyclic exer-
cises performed as rapidly as possible (squat, bench-press, 
pull-over, barbell-rotation, and explosive leg-press). After 
2 weeks, these exercises were changed to acyclic and bal-
listic exercises (wall-ball, push-up, slam ball, Russian 
twist, and (box)jump). Patients performed exercises as 
rapidly as possible, at 12–16 RM, 4 sets, composed of 
10 repetitions per set. Patients were instructed to take 
3 min rest between each exercise set (20).

The aim of capacity training is to perform activities 
at high(er) speed and long(er) duration. Capacity train-
ing is an innovative and variable high-intensity training 
approach, based on principles of CrossFit, California, 
U.S. translated to rehabilitation purposes. CrossFit is a 
fitness programme that is constantly varied (exercises, 
duration, weights), at high-intensity, including only fun-
ctional movements (21). Training sessions included com-
binations of power exercises, free weights, body-weight, 
weightlifting, gymnastics, walking/running, and rowing. 

Endurance training. Endurance training consisted 
of low-intensity interval training (LIT) on a cycle ergo-
meter and treadmill. Cycle ergometer intensity was based 
on the load (Watt), heart rate (HR), and Borg Category 
Ratio Scale (6–20) (22) at the anaerobic threshold (AT) 
determined during CPET (Appendix I) (23). Walk inten-
sity started at comfortable walking speed, based on HR 
and Borg Scale (22). The training protocol began with 
walking and cycling in 4 blocks of 5 min, alternated with 
passive rest periods of 2 min. This increased progressively 
to 1 block of 25 min each, and the intensity increased by 
10%. Patients were free to choose to start with walking 
or cycling. 

Skills training. The purpose of skills training is to 
automate techniques and skills to facilitate performing 
tasks during daily life. Exercises were selected based 
on individual goals during the individual physiotherapy. 
Intensity was based on each patient’s rating of exhaustion 
using the Borg Category Ratio Scale (6–20) (22). The 
intensity of each activity and rest periods were adjusted 
in order to maintain a maximum of 11 (“light”) on the 
Borg Scale. During the skills training, patients repeated 
different daily life activities, such as transfers, pick-up 
techniques, walking, and static and dynamic balance. 

Primary outcomes
Feasibility. The feasibility of the programme was asses-
sed with a questionnaire developed for the study (availa-
ble on request) on the following aspects: time investment, 
time schedule, intensity, and injury risk. Patients’ percep-
tions of these aspects were assessed using a 5-point Likert 
scale: “strongly disagree”, “disagree”, “neutral”, “agree”, 
and “strongly agree”. Scores more favourable than neu-
tral were considered as “satisfied”. In addition, an overall 
satisfaction grade was scored (0–10), with higher scores 
indicating higher satisfaction with the programme. The 

numbers of patients eligible, attendance, dropouts and 
adverse events were recorded. Finally, fatigue was mea-
sured using the Fatigue Severity Scale (FSS) (24).

Functional capacity. To evaluate functional capa-
city, tests on mobility (Timed Up and Go (TUG)) (25), 
walking speed (10-Meter Walk Test (10MWT)) (26), and 
walking endurance (6-Minute Walk Test (6MWT)) (25) 
were included. 

Secondary outcomes
As secondary outcome parameters, aerobic capacity was 
assessed using CPET on a cycle ergometer (Appendix I) 
(27), and muscle strength using a 1 RM leg-press (28). 
Furthermore, patient and demographic characteristics, 
including age, sex, body mass index (BMI), EDSS score, 
disease course, disease duration and years since diagno-
sis, were recorded at baseline. 

Data analysis
Descriptive statistics were used to analyse the feasibility 
of the training programme. Changes in fatigue, functio-
nal capacity, aerobic capacity, and muscle strength were 
analysed using Friedman’s analysis of variance (ANOVA) 
and a Wilcoxon signed-rank test as post hoc, using the 
statistical analysis software package SPSS (V23.0, SPSS 
Inc., Chicago, IL, USA), with alpha < 0.05. Because of 
the small sample size and pilot character of the study, this 
study focusses on trends rather than significance, descri-
bing and graphically presenting changes after the training 
programme. 

RESULTS

Patients and feasibility 
During the study period, 16 patients with MS were asses-
sed by their rehabilitation specialist regarding functional 
capacity. Ten of these (63%) were eligible for the study. 
Nine patients were included in the study and began train-
ing (Fig. 1). Over the course of the training programme, 
2 patients withdrew from the study. One patient withdrew 
in week 2 due to exacerbation of a previous pelvic injury 
(which had been considered to be recovered) as a result 
of the CPET. The second patient withdrew in the eighth 
training week due to weight loss and becoming under-
weight. Due to psychological factors and an unstable 
home environment, the patient was unable to counteract 
the weight loss. One further patient (MS_05) was exclu-
ded from the analyses on physical outcomes and fatigue, 
because of essential changes in disease-modifying drugs 
during the intervention period. Nevertheless, this patient 
was included in the analysis of feasibility. Table I shows 
the patient and demographic characteristics. 

The results regarding feasibility are shown in Table II. 
Overall, patients were satisfied with the training 
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programme (overall score 8.9 out of 10). In general, 
patients were satisfied with the feasibility aspects, except 
the time investment was considered to be high. The mean 
attendance was 94% (range 86–100%).

One adverse event occurred during the training pro-
gramme. This patient (MS_04) had an epileptic seizure 
at home after the second training day in week 12. The 
neurologist concluded that this was a side-effect of 

medication and was probably not related to the training 
programme. The patient immediately stopped taking this 
medication.

At the group level, there was no change in fatigue 
(p = 0.513) (Table III). At the individual level (Fig. 2), 
fatigue decreased in 4 of 6 patients, whereas 2 patients 
experienced more fatigue after the training programme. 
One of these 2 patients was the patient who had the 
epileptic seizure. Four patients experienced less 
fatigue at follow-up compared with before the training 
programme. 

Functional capacity
At the individual level, each patient seemed to have 
improved his/her performance in the functional capacity 
tests after the training programme, with the exception of 
patient MS_04 (Fig. 3). Trends in mobility at the group 
level were found between pre-training and follow-up 
(19%; p = 0.028), in walking speed between pre- training 
and post-training (14%; p = 0.075) and between pre-train-
ing and follow-up (32%; p = 0.043) (Table III). 

Aerobic capacity and muscle strength 
At the individual level, all patients seemed to have 
improved their performance in aerobic capacity and 
muscle strength, with the exception of patient MS_01, 
who did not improve in muscle strength (Fig. 3). Trends 
at the group level were found in aerobic capacity bet-
ween pre-training and post-training (16%; p = 0.027), 
and in muscle strength between pre-training and post-
training (10%; p = 0.080) and between pre-training and 
follow-up (17%; p = 0.068) (Table III).

DISCUSSION
The results suggest that the high-intensity and high-
volume functional training programme is feasible in 
patients with MS, does not appear to worsen fatigue, and 
may improve functional capacity, aerobic capacity and 
muscle strength. These results are in line with the study 
hypothesis. However, at follow-up, improvements were 
not always sustained. 

The training programme appears to be feasible in 
several respects. Adherence was high (93%) and patients 
were very satisfied with the training programme. These 
favourable responses may, in part, reflect the small-group 

Eligible
n = 10

Included / observation tests
n = 9

Start tranining
n = 9

Training completed /
start follow-up n = 7

Completed full protocol
n = 7

Lost in follow-up (n = 0)

• Exacerbation injury (pelvic) (n =1)
(week 2)

• Weight decrease becoming
underweight (n =1) (week 8)

Drop-outs (n = 2)

Exclusion after tests (n = 0)

Not included (n = 1)
• No interest to participate (n = 1)

Fig. 1. Study flowchart.

Table I. Patients’ and demographic characteristics (n = 7)

Age (years; mean ± SD) 54.6 ± 5.3
Sex (male:female) 4:3
Body mass index (BMI; mean ± SD) 24.7 ± 3.9
EDSS (mean ± SD) 4.6 ± 1.5
Individual EDSS scores
 MS_01 6.5
 MS_03 2.5
 MS_04 6.5
 MS_05 4.0
 MS_06 5.0
 MS_07 4.0
 MS_08 3.5
Disease course
 Primary progressive n = 4
 Secondary progressive n = 2
 Relapsing-remitting n = 1
Disease duration (years; mean ± SD) 8.4 ± 9.0
Time since diagnosis, years
 0–1 n = 2
 2–5 n = 3
 ≥ 6 n = 2

EDSS: Expanded Disability Status Scale; SD: standard deviation; BMI: body 
mass index.

Table II. Results of feasibility questionnaire (n = 7)

Feasibility aspects %

Time investment 57
Time schedule 100
Intensity 86
Injury-risk 71
Frequency 100
Duration 100
Overall grade (score 0–10) 8.9
Presence (%, range) 93 (86–100)

Percentage of patients who rated the item “satisfied”.
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character of the training sessions, which makes exercising 
a more social activity (11). There were some dropouts and 
1 adverse event, but these were not directly related to the 
training programme. These attrition rates are compara-
ble to those of other studies involving participants with 
MS (10, 15–17). Finally, fatigue did not seem to worsen, 
which is an important finding given the high training 
volume and intensity. 

Regarding time investment, the programme might 
benefit from optimization. Patients rated the commit-
ment of 3 days per week in the rehabilitation centre, with 
3 h training per day, as high. Performing the endurance 
training at home might be a solution, but such adaptation 
may decrease compliance. Shortening of the rest periods 
between the different training components may also be 
considered, but its appropriateness should be assessed on 
a case-by-case basis. 

Due to the pilot character of the study, the sample size 
was small, there was no control group, and no corrections 
were made for multiple comparisons; however, the results 
show some promising changes in patients following the 
training programme. Overall, the functional capacity 

(mobility, walking speed, walking endurance) seemed 
to be improved after the training programme, with the 
exception of 1 patient, who had an epileptic seizure. 

Regarding mobility (TUG), 3 patients improved > 20%, 
which is considered a clinically relevant effect (29). The 2 
patients who showed no improvements from pre- to post-
treatment had low EDSS scores, and most likely did not 
improve because they were not limited in this task. The 
mean improvement of 19% in the current study is compa-
rable or larger than improvements described in other stu-
dies (range 7–17%) (15, 30–33). Those studies included a 
wide variety of training methods, including high-intensity 
interval training (15), resistance training (31), or a combi-
nation of endurance- and resistance training (30, 32, 33). 
The larger improvements in the current study are most 
likely due to the high-intensity component and the high 
volume of training hours, whereas patients in other stu-
dies trained for only approximately 2 h per week (30–32). 

All but 1 of the study participants walked faster after 
the training programme, as measured with the 10MWT, 
and 3 of them showed clinically relevant improvements 
(> 20%) (26). The degree of change found in the cur-

rent study (14%) is within the range 
of changes found in other studies 
(3–24%) (28, 32–35). Other studies 
mainly conducted resistance training 
(28), and in some this was combined 
with endurance exercises (32, 33).

Regarding walking endurance 
(6MWT), the training programme 
seemed favourable in most patients. 
Mean improvement was 23%, which 
is comparable to or larger than 
improvements found in other train-
ing studies (3–21%) (15, 28, 30, 
33, 36, 37), with the exception of 
the study of Learmonth et al. (31), 
who reported an overall increase of 
37% after 12 weeks of circuit train-
ing, including mobility, balance and 

MS_01

MS_03

MS_04

MS_06

MS_07

MS_08

Pre

0,0

1,0

2,0

F
S

S
-S
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re

3,0

4,0

5,0

6,0

7,0

Post Follow-up

Fig. 2. Fatigue (Fatigue Severity Scale; FSS) in individual patients with multiple sclerosis (MS).  

Table III. Results primary and secondary parameters (n = 6)

Parameter Pre Post Follow-up
Friedman’s 
ANOVA

Wilcoxon post hoc

pre-post pre-FU post-FU

Fatigue 
(FSS)

Mean ± SD 4.7 ± 1.1 4.5 ± 1.0 4.3 ± 0.6 p = 0.513 –0.2 –0.4 –0.2
Median (min–max) 5.5 (1.9–6.2) 4.2 (3.4–6.1) 4.5 (3.4–5.0)

Mobility
(TUG; s)

Mean ± SD 17.1 ± 12.9 13.8 ± 10.7 13.9 ± 10.2 p = 0.069 –3.3 –3.2** 0.1
Median (min–max) 15.1 (6.3–41.5) 10.3 (6.5–34.7) 10.7 (6.2–33.0)

Walking speed 
(10MWT; km/h)

Mean ± SD 3.9 ± 2.5 4.4 ± 2.7 5.1 ± 2.3 p = 0.022 0.5 1.2* 0.7
Median (min–max) 3.6 (1.9–7.4) 4.4 (2.5–7.5) 6.3 (2.4–7.5)

Walking endurance 
(6MWT; m)

Mean ± SD 315.0 ± 218.7 386.8 ± 242.7 368.8 ± 242.5 p = 0.115 71.8** 53.8** –18.0
Median (min–max) 279.5 (91.0–605.0) 389.0 (81.0–665.0) 377.5 (87.0–628.0)

Aerobic capacity 
(CPET; ml/min/kg)

Mean ± SD 23.5 ± 7.9 27.2 ± 9.6 25.3 ± 10.0 p = 0.016 3.7* 1.8 –1.9
Median (min–max) 22.8 (12.3–34.3) 26.6 (14.3–38.3) 23.0 (13.6–42.2)

Muscle strength 
(1 RM leg press; kg)

Mean ± SD 88.8 ± 25.4 97.7 ± 28.7 103.8 ± 33.8 p = 0.091 8.9 15.0 6.1
Median (min–max) 98.0 (46.0–111.0) 109.0 (43.0–123.0) 109.0 (46.0–132.0)

FU: follow-Up; CPET: cardiopulmonary exercise test; SD: standard deviation; ANOVA: analysis of variance; FSS: Fatigue Severity Scale; TUG: Timed Up and Go 
Test; 10MWT: 10-Meter Walk Test; 6MWT: 6-Minute Walk Test; RM: repetition maximum.
*Friedman’s ANOVA and Wilcoxon post hoc both revealed significant results: p < 0.05. 
**Wilcoxon post hoc revealed a significant result: p < 0.05. 
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resistance training components. Other studies conducted 
mainly resistance training (28, 33, 36, 37), some combined 
with endurance training (33, 36). Walking was included in 
the training programme during the endurance training and 
capacity training, which may explain why walking endu-
rance showed large improvements. 

In addition to changes in functional outcomes, aerobic 
capacity seemed to improve (16%), and in 4 patients chan-
ges were clinically relevant (> 10%) (27). The findings of 
the current study are comparable to, or exceed, the impro-
vements reported in other studies (range 4–15%) (15, 17, 
38, 39), whereas 2 studies reported larger gains compared 
with ours (17–22%) (11, 40). Compared with Wens et al. 
(40), who performed 8 weeks of High-intensity Interval 
Training (HIT) , a HIT component was performed only in 
the last 4 weeks of the training programme. In addition, 
there may be a learning effect for the test used by Petajan 
et al. (11), whose study participants performed the test 4 
times in 15 weeks. 

Muscle strength seemed to improve in the current 
patients (10%), but most other studies reported larger 
gains in patients with MS (19–44%) (9, 28, 34). This 
could be explained by different measurement techniques 
(1 RM leg press vs maximal voluntary isometric cont-
raction (MVIC)), but is most likely due to differences in 
training programmes. The current training programme 
aimed to improve muscle strength only during the first 
4 weeks, as a prerequisite to the power- and capacity 
training, whereas other studies aimed to improve muscle 
strength for 8 weeks or longer. 

Study limitations
This pilot study has some limitations. Only 9 patients 
were eligible in the study period, and only 7 completed 
the intervention. Furthermore, the study population was 
a mixed population of patients with varying levels of 
impairment, various types of MS, and varying times since 

Fig. 3. Functional capacity: (a) mobility (Timed Up and Go Test; 
TUG), (b) walking speed (10-Meter Walk Test; 10MWT), (c) walking 
endurance (6-Minute Walk Test; 6MWT). Other: (d) aerobic capacity 
(cardiopulmonary exercise test; CPET), (e) muscle strength (1 repetition 
maximum (RM) leg press) in individual patients. 
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diagnosis. The small and heterogeneous study population 
confirms the challenge to recruit and include patients in a 
high-volume intervention study. Finally, the study did not 
contain a control group with patients who did not receive 
the high-intensity and high-volume functional training 
programme. A large-scale controlled trial over a longer 
period of time is required to evaluate the added value of 
the training programme. 

Clinical messages
• This high-volume and high-intensity functional train-

ing programme appears to be feasible in patients with 
MS (EDSS ≤ 6.5).

• Functional capacity, aerobic capacity and muscle 
strength all seem to improve with this training pro-
gramme. A large-scale controlled trial over a longer 
period of time is required to evaluate the added value 
of the training programme. 
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Appendix I.

Details of the cardiopulmonary exercise test (CPET)
Prior to the cardiopulmonary exercise test (CPET), 
patients were screened by the Lausanne Protocol (cardio-
vascular screening questionnaire), by electrocardiography 
(ECG) at rest, and by blood pressure measurement at rest, 
and their results were reviewed by their rehabilitation spe-
cialist. The CPET was administered on an electronically 
braked cycle ergometer (Corival V2, Lode, Groningen, 
The Netherlands) using a progressive ramp protocol. The 
test started with a 3-min rest period followed by a 3-min 
warm-up without resistance. The target pedal rate during 
the test was 60–70 revolutions/min, but not less than 50 
revolutions/min. The magnitude of the increase in load 
during the CPET was calculated with the SHIP equation 
using data from healthy adults (age, sex, body weight), 
selecting a protocol with a 5–25 Watt increase per min 
(23). Based on the impact of the disease and professio-
nal experience, the predicted peak load was adjusted if 

necessary, to ensure that the total exercise time ranged bet-
ween 8 and 12 min. The load of the selected protocol was 
equally divided over 60 s. Strong verbal encouragement 
was given throughout the test. During testing, pulmonary 
gas exchange (Master Screan CPX, Jaeger, CareFusion, 
San Diego, California, U.S. ) and heart rate (12-lead ECG, 
Jaeger Vyntus ECG, CareFusion, San Diego, California, 
U.S. ) were measured continuously. Blood pressure was 
measured once every two min (Bosotron 2, Bosch & 
Sohn, Jungingen, Germany). The test was ended when the 
patient voluntarily stopped due to exhaustion, the partici-
pant was unable to maintain the minimum pedal rate (> 50 
revolutions/min), or ECG or blood pressure abnormalities 
were detected. Oxygen uptake (VO2) values were col-
lected breath-by-breath and averaged every 10 s. VO2peak 
was reported as the highest value averaged over the 10-s 
blocks, or at the end of the test of a block of at least 5 s. 
The oxygen system was calibrated before each test using 
reference gases.


