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RESEARCH ARTICLE

Replacing sitting with light-intensity physical activity throughout the day versus 1 
bout of vigorous-intensity exercise: similar cardiometabolic health effects in 
multiple sclerosis. A randomised cross-over study 

Ine Niestea,b,c , Wouter M. A. Franssena,b,d , Bernard M. F. M. Duviviere , Jan Spaasa,c,f ,  
Hans H. C. M. Savelbergb and Bert O. Eijndea,c 

aFaculty of Medicine and Life Sciences, Sports Medicine Research Center, SMRC, BIOMED, Biomedical Research Institute, Hasselt University, 
Hasselt, Belgium; bDepartment of Nutrition and Movement Sciences, Faculty of Health, Medicine and Life Sciences, NUTRIM, School for 
Nutrition and Translation Research Maastricht, Maastricht University, Maastricht, Netherlands; cUniversity MS Center (UMSC) Hasselt–Pelt, 
Hasselt, Belgium; dFaculty of Rehabilitation Sciences, REVAL-Rehabilitation Research Center, Hasselt University, Hasselt, Belgium; eDepartment 
of Public Health and Primary Care, KU Leuven, Leuven, Belgium; fDepartment of Movement and Sports Sciences, Faculty of Medicine and 
Health Sciences, Ghent University, Ghent, Belgium    

ABSTRACT  
Purpose: Persons with Multiple Sclerosis (PwMS) are physically inactive and spend more time in seden
tary behaviours than healthy persons, which increases the risk of developing cardiometabolic diseases. In 
this randomised crossover study, the cardiometabolic health effects of replacing sitting with light-intensity 
physical activity (LIPA) and exercise (EX) were investigated. 
Materials and methods: Twenty-eight mildly disabled PwMS performed four 4-day activity regimens in 
free-living conditions; CONTROL (habitual activity), SIT, LIPA, and EX. Plasma glucose and insulin (oral glu
cose tolerance test), plasma lipids, inflammation, resting heart rate, blood pressure, body weight, and per
ceived exertion were measured (clinical-trials.gov: NCT03919058). 
Results: CONTROL: 9.7 h sitting/day, SIT: 13.3 h sitting/day, LIPA: 8.3 h sitting, 4.7 h standing, and 2.7 h 
light-intensity walking/day, and EX: 11.6 h sitting/day with 1.3 h vigorous-intensity cycling. Compared to 
SIT, improvements (p< 0.001) after LIPA and EX were found for insulin total area under the curve 
(� 17 019 ± 5708 and � 23 303 ± 7953 pmol/L�min), insulin sensitivity (Matsuda index þ1.8 ± 0.3 and 
þ1.9 ± 0.4) and blood lipids (triglycerides: � 0.4 ± 0.1 and � 0.5 ± 0.1 mmol/L; non-high-density lipoprotein 
cholesterol: � 0.3 ± 0.1 and � 0.5 ± 0.1 mmol/L), with no difference between LIPA and EX. Perceived exer
tion was higher after EX compared to LIPA (Borg score [6–20]: þ2.6 ± 3.3, p¼ 0.002). 
Conclusion: Replacing sitting with LIPA throughout the day exerts similar cardiometabolic health effects 
as a vigorous-intensity exercise in PwMS.    

� IMPLICATIONS FOR REHABILITATION 
� Increasing light-intensity physical activity (LIPA) throughout the day improves cardiometabolic health 

to the same extent as one vigorous-intensity exercise session 
� Increasing LIPA induces less exertion than performing a vigorous-intensity exercise 
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Introduction 

Multiple sclerosis (MS) is an autoimmune, inflammatory, and neu
rodegenerative disorder of the central nervous system, predomin
antly affecting young to middle-aged adults [1]. Clinical 
manifestations include spasticity, paralysis, walking difficulties, 
and cognitive abnormalities [2]. These primary disease symptoms 
often hinder persons with MS (PwMS) to engage in physical activ
ity (PA) [3], initiating a vicious cycle of deconditioning and pos
sibly worsening of impairments and symptoms over time [4]. 
Moreover, 80% of persons with MS (PwMS) are reported to be 
physically inactive (i.e., not meeting the recommended public 
health levels of moderate-to-vigorous PA [5]), while engagement 
in sedentary behaviour (SB) and accumulated prolonged 

sedentary bouts is higher compared to healthy persons [6]. SB is 
defined as “any waking behaviour in a sitting, reclining or lying 
posture with an energy expenditure �1.5 metabolic equiva
lents [7].” 

Physical inactivity and SB are associated with an increased risk 
of cardiovascular and all-cause mortality, and cardiovascular/meta
bolic diseases such as type 2 diabetes mellitus (T2DM), hyperten
sion, and dyslipidaemia in the general population [8]. In MS, the 
risk of developing such cardiometabolic (CM) comorbidities might 
be even higher due to a genetic overlap and common manifesta
tions between MS and several risk factors for CM disease, such as 
immune system dysfunction, inflammation, and oxidative stress 
[9,10]. In addition, certain MS drugs (e.g. corticosteroids) can 
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induce insulin resistance [11]. More specifically, there is a higher 
prevalence of hypertension, dyslipidaemia, obesity, insulin resist
ance, impaired glucose tolerance, and T2DM among PwMS 
[10,12–15]. Preventing and/or treating these CM comorbidities 
might be of particular relevance because they have been associ
ated with a worsening of disability, independent of the timing of 
their development (at MS symptom onset, diagnosis, or later in 
the disease course) [10,16,17]. 

Despite the evident cardiometabolic health benefits of exercise 
in PwMS [18], recent systematic reviews showed that exercise 
interventions fail to improve objectively measured PA [19,20], 
which indicates the need for alternative strategies. Because PwMS 
are reported to spend between 47 and 85% of their waking time 
in sedentary pursuits [6], this might also represent an interesting 
opportunity for behaviour change. To date, only three studies tar
geting objective SB have been performed in PwMS, showing that 
SB interventions are feasible [21–23]. Furthermore, we previously 
showed that replacing SB with light-intensity walking and stand
ing (light-intensity PA; LIPA) improved CM health in healthy sed
entary subjects, T2DM patients, and persons with obesity [24–27]. 
Moreover, LIPA was more effective than one bout of energy- 
matched moderate-intensity cycling [25,26]. The aim of the cur
rent proof-of-concept study was therefore to investigate the CM 
health effects and levels of exertion of replacing SB with LIPA and 
exercise in PwMS. 

Methods 

Study design 

A randomised cross-over design was used with four activity regi
mens (CONTROL, SIT, LIPA, and EX) of four days each, followed by 
a test day to assess outcomes, and separated by 10-day wash-out 
periods (Figure 1). Activity regimens were performed under free- 
living conditions, test days were conducted at Hasselt University 
(Diepenbeek, Belgium) and training sessions at the Rehabilitation 
and MS Center of Pelt (Belgium) or Hasselt University from April 
2019 until April 2021. The first (CONTROL) and last (EX) regimen 
were fixed and the order of the SIT and LIPA regimen was block 
randomised with a block size of four regimen orders using sealed, 
non-translucent envelopes. Sample size calculation was based on 
the change in serum fasting triglyceride (TG) levels in our previ
ous study with a comparable study design in T2DM patients [26], 
where TG decreased from 1.9 ± 0.7 after SIT to 1.5 ± 0.5 mmol/L 
after LIPA [26]. An estimated effect size of 0.7 resulted in 31 
PwMS needed to detect a comparable change of 24% between 

the two regimens with a power of 80% and a two-sided 
Bonferroni corrected a using a paired t-test and drop-out rate 
of 10%. 

During the screening visit, study eligibility and subject charac
teristics (gender, age, anthropometrics, EDSS score, MS duration, 
and medication intake) were assessed and a resting electrocardio
gram was taken. After medical approval for maximal exercise test
ing by a trained professional, a maximal cardiopulmonary exercise 
test (CPET) was performed. During the activity regimens, PA and 
SB, exercise intensity, and perceived exertion were measured. 
After an overnight fast (12 h) following the fourth day of each 
activity regimen, CM health outcomes were assessed (cfr. 
’cardiometabolic health’ below). The analysis of outcomes was per
formed without knowledge of activity regimens. All participants 
provided written informed consent before participation. The study 
protocol was approved by the Medical Ethical Committee of 
Hasselt University (Hasselt, Belgium) and the Maria Hospital North 
Limburg (Pelt, Belgium), was conducted in accordance with the 
principles of the Declaration of Helsinki (2013), and is registered 
at clinical-trials.gov as NCT03919058. 

Participants 

Adults (>18 years) with a clinical diagnosis of MS (all subtypes) 
according to the McDonald criteria [28] were recruited through 
online and paper advertisements. Exclusion criteria were an acute 
exacerbation within 6 months before the start of the study, an 
EDSS score >5, experimental drug use or medication changes in 
the last 3 months, medical conditions precluding PA participation, 
alcohol abuse (>20 units/week) and reported dietary habits or 
weight loss (>2 kg) in the last 3 months before the study. 

Activity regimens 

Participants were instructed to keep their sleeping time constant 
during the activity regimens. All participants started with a base
line measurement of PA and SB in the CONTROL regimen. Usual 
PA/SB had to be maintained, to provide feedback on how to 
change activity patterns for the subsequent regimens. Assuming 
8 h of sleep per night, participants were instructed to sit for 14 h 
per day during the SIT regimen and to restrict walking and stand
ing to 1 h/day each. In the LIPA regimen, participants were 
instructed to replace 5 h of SB per day with 2 h of self-perceived 
light-intensity walking and 3 h of standing, divided into smaller 
bouts across the day to regularly interrupt SB (preferably every 
30 min). In the EX regimen, the SIT regimen was repeated but 

Figure 1. Study design. After checking study eligibility and performing a maximal cardiopulmonary exercise test (CPET) during the screening visit, participants per
formed four 4-day activity regimens [CONTROL, SIT, LIPA (light-intensity physical activity), EX (exercise) regimen] in free-living conditions, followed by a test day to 
assess outcomes and a wash-out period of 10 days. Habitual physical activity levels were maintained during the CONTROL regimen and manipulated as indicated dur
ing the subsequent regimens. The order of the SIT and LIPA regimen was randomised.  
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�1 h of sitting per day was replaced with a supervised cycle exer
cise session on an ergometer that was energy-matched with the 
energy expenditure (EE) of the LIPA regimen. EE during the activ
ity regimens was measured in metabolic equivalents (METs) by 
activPAL (cfr. ’Accelerometry, exercise intensity, and perceived exer
tion’ below). Based on the equation from Duvivier et al. (MET ¼
0.0545�watt þ 1.4561; R2¼ 0.946 [26]), the EE for cycling at 
50–60% of the participants’ maximal workload (Wmax) was calcu
lated. Exercise duration was then determined in order to match 
cycling METs with the difference in EE between LIPA and SIT. 
Each exercise session started and ended with a 5 min warm-up/ 
cool-down and was divided into 20–30 min bouts with 5 min rest 
(sitting) in between to increase feasibility. The last exercise session 
before the test day was always scheduled before noon. 

During the CONTROL regimen, participants were asked to con
tinue their normal diet and to carefully record all food and drink 
intake in a food diary, along with the timing of consumption. 
These food diaries were used in the subsequent activity regimens 
to enable participants to consume the same diet at the same 
time points. Alcohol consumption was not allowed. Medication 
intake was continued during the study, but no changes in the 
dose or type of medication were allowed and the timing of intake 
was standardized. During the wash-out periods, participants were 
instructed to continue their normal lifestyle but alcohol intake 
had to be restricted to one serving/day. 

Outcome measures 

Accelerometry, exercise intensity, and perceived exertion 
During all activity regimens, PA and SB were continuously moni
tored by accelerometry. During the EX regimen, exercise intensity 
was monitored by heart rate (HREX) and during both the LIPA and 
EX regimen, participants had to indicate their level of per
ceived exertion. 

Before the start of each activity regimen, an activPAL3VR moni
tor (PAL Technologies, Glasgow, Scotland), waterproofed with a 
small sleeve and medical-grade adhesive wrapping (Tegaderm; 
3M, Saint Paul, MN, USA), was attached to the mid-part of the 
anterior thigh of participants using Tegaderm (3 M), providing 24- 
h PA/SB data of all regimen days. This tri-axial accelerometer 
accurately discriminates between time spent inactive (sitting or 
lying), and active (standing, walking) in PwMS [29]. With the latest 
activPAL classification algorithm, cycling time could also be accur
ately detected [30]. Sleeping time was determined by the 
activPAL algorithm and adjusted with self-reported time-in-bed 
data, as recommended in literature [31]. EE (METs), steps, walking 
intensity based on cadence (light-intensity: <99 steps/min and 
moderate-to vigorous-intensity: �100 steps/min [32]) and time in 
prolonged sitting bouts (>60 min), were also reported [33,34]. 
Time in short sedentary bouts (<30 min) was obtained by sub
tracting time in sedentary bouts of >30 min from total ST. 
Furthermore, because Lucernoni et al. [35] recently showed that 
activPAL cannot detect increases in EE when the cycling cadence 
is fixed, the exercise heart rate (HREX) was also monitored by a 
Polar chest strap (Oy, Finland). Consequently, the actual EE was 
calculated with the V_O2-pulse coefficient method as described by 
Pettitt et al. [36]. 

To calculate the required exercise intensity (50–60% of Wmax 

[26]), Wmax was assessed using a gradual maximal CPET on an 
electronically braked cycle ergometer (eBike BasicVR , General 
Electric GmbH, Bitz, Germany). Participants started cycling at 20 W 
($) or 30 W (#) for 1 min, followed by workload increases of 10 
and 15 W/min, respectively, while maintaining a cadence of 

>70 rounds per minute (rpm). Exercise testing was terminated by 
volitional exhaustion or failure to maintain 45 rpm. The respiratory 
exchange ratio (RER), maximal heart rate (HRmax), post-test lactate 
levels (2 min after termination), and perceived exertion were used 
to verify maximal effort. Maximal oxygen uptake (V_O2peak) was 
also assessed (Metalyzer IIVR B Cortex, Leipzig, Germany). 

In addition, participants had to keep track of their daily ratings 
of perceived exertion (RPE) using a Borg scale ranging from 6 to 
20 (no to maximal exertion [37]) during the LIPA and EX regimen. 

Cardiometabolic health 
Following the fourth day of each activity regimen and after an 
overnight fast of 12 h, body weight (BW), resting heart rate 
(HRrest), systolic and diastolic blood pressure (SBP and DBP) were 
measured, after which an antecubital catheter was inserted to col
lect venous blood samples and to perform an oral glucose toler
ance test (OGTT). 

Anthropometrics, HRrest, and blood pressure. Body height was 
measured to the nearest 0.1 cm using a wall-mounted Harpenden 
stadiometer, with participants barefoot. BW was determined using 
a digital-balanced weighing scale in underwear to the nearest 
0.1 kg. Body mass index (BMI) was calculated from weight and 
height measurements (weight/height2). After a supine resting 
period of 10 min in a quiet room with constant temperature 
(21 �C), HRrest, SBP and DBP were assessed four times at 5-min 
intervals with an electronic sphygmomanometer (OmronVR , Omron 
Healthcare, IL, USA) on the dominant arm and documented as the 
mean value of the final three measurements. 

Blood samples and oral glucose tolerance test. Fasting blood sam
ples were collected for glucose, insulin, lipid profile [triglycerides 
(TG), total cholesterol (TC), high-density lipoprotein cholesterol 
(HDL-C), low-density lipoprotein cholesterol (LDL-C), apolipopro
tein (apo) A1, and B100] and c-reactive protein (CRP) measure
ments. HDL-C was subtracted from TC to obtain non-HDL-C. After 
ingestion of a solution (250 ml) containing 75 g dextrose, venous 
blood samples were drawn at 15, 30, 45, 60, 90, and 120 min for 
the assessment of glucose and insulin concentrations. Blood was 
collected in serum separation and sodium fluoride (NaF) contain
ing BD vacutainerTM tubes (Becton, Dickinson, and Company, 
Franklin lakes, NY, USA). Serum tubes were centrifuged after 
30 min of coagulation at room temperature, and NaF tubes after 
15 min. All blood samples were centrifuged for 15 min at 1300� g 
(21 �C, brake 9), supernatants were immediately portioned into ali
quots, frozen at � 20 �C, and stored at � 80 �C until analysis. 
Analyses were performed at the Jessa Hospital (Hasselt, Belgium). 
Glucose, insulin, TG, TC, HDL-C, LDL-C, apo A1, and B100, and CRP 
concentrations were automatically assessed on the Roche Cobas 
8000 (Roche Diagnostics International Ltd., Rotkreuz, Switzerland). 

For glucose and insulin, the total area under the curve (tAUC) 
from the seven OGTT time points was calculated using the trapez
oidal method [38]. To estimate whole-body insulin sensitivity, the 
Matsuda index was calculated as 10 000/�[fasting glucose (mg/ 
dl)� fasting insulin (mU/ml)�mean glucose during OGTT (mg/ 
dl)�mean insulin during OGTT (mU/ml)] [39]. Tissue-specific insu
lin sensitivity was calculated using the hepatic insulin resistance 
index (HIRI) and the muscle insulin sensitivity index (MISI). The 
HIRI was calculated as the product of the tAUCs for glucose and 
insulin during the first 30 min of the OGTT [glucose0–30 tAUC (mg/ 
dl h)� insulin0–30 tAUC (mU/ml h)], the MISI was calculated as the 
rate of decay of glucose concentration divided by the mean 
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insulin concentration during the OGTT in mg/dl/min/mU/ml using 
the MISI calculator of the Maastricht study [40,41]. 

Statistical analyses 

Statistical analyses were performed by IBM SPSSVR version 27.0 (IBM 
SPSS Statistics for Windows, Chicago, IL, USA). Subject characteris
tics, PA and RPE are presented as means ± standard deviation (SD), 
CM health changes as estimated means ± standard error of the 
mean (SEM). Shapiro-Wilk test was used to test the normality of 
the data (p< 0.05) and natural log transformation was performed 
when the outcome was not normally distributed. The differences 
between regimens were analysed using a linear mixed model ana
lysis including the activity regimen as a fixed factor and the order 
of the activity regimens as a covariate, with an unstructured 
repeated covariance structure for the residuals. For differences in 
PA between activity regimens, no covariate was used. For differen
ces in insulin and glucose concentrations during the OGTT, time (7 
different OGTT points) was used as a within-subjects factor and 
regimen as a between-subjects factor, and the interaction effect 
was also evaluated. A pairwise post-hoc analysis was performed 
when the within- or between-subjects factor was statistically signifi
cant. A Bonferroni correction was applied for all analyses to correct 
for multiple testing. To further explore baseline population charac
teristics, correlations between demographics (V_O2peak, age, EDSS 
score), SB/PA (%SB, %stand time, %walking time, and time in pro
longed sitting bouts), and CM health measured after the CONTROL 
regimen, were performed. Pearson correlations were used for con
tinuous data, Spearman correlations for ordinal data. Correlations 
with CM health outcomes were adjusted for the potential con
founders of CM medication (blood/heart related, thyroid and lipid 
medication), age, and EDSS score. A p-value �0.05 (two-tailed) was 
considered statistically significant for all analyses. 

Results 

Subject characteristics 

A total of 36 participants were screened for study eligibility, of 
which two did not meet the inclusion criteria (n¼ 1: relapse 
before the start of the study and n¼ 1: EDSS > 5) and six 
declined to participate due to time commitment. All participants 
(n¼ 28) completed CONTROL, after which two dropped out due 
to time commitment (n¼ 1) and transportation problems (n¼ 1). 

One additional participant did not start with LIPA due to a relapse 
and three other participants dropped out before the start of EX 
for reasons not related to the intervention (n¼ 1 relapse, n¼ 2 
musculoskeletal problems). After study completion, the CM health 
outcomes of 1 participant were excluded due to thyroid dysfunc
tion (Figure 2). Twenty-two participants were female, the average 
age was 45.4 ± 11.0 years, and participants were diagnosed 
11.3 ± 9.8 years before study enrolment. The mean EDSS score was 
2.4 ± 1.2 (range: 0–5) and the majority of participants were diag
nosed with the relapsing-remitting phenotype (26/28, n¼ 1 pri
mary progressive and n¼ 1 secondary progressive MS). The 
achieved criteria for maximal exercise testing were comparable 
with previous MS research (Table 1) [42,43]. At baseline, PA/SB 
levels were not associated with EDSS score, V_O2peak, or age. 
V_O2peak was only significantly correlated with age (r: � 0.585, 
p¼ 0.013), not with CM health nor EDSS score. SB at baseline cor
related (p< 0.05) with fasting levels of TG (r: 0.435), TC (r: 0.417), 
non-HDL-C (r: 0.505), LDL-C (r: 0.489), apo B (r: 0.508) and HIRI 

Figure 2. Flow chart of study participants.  

Table 1. Subject characteristics (n: 28). 

Gender (female, %) 22, 78.6 
Age (y)   45.4 ± 11.0 
Height (cm)   168.0 ± 8.7 
Weight (kg)   70.5 ± 13.6 
BMI (kg/m2)   24.9 ± 3.8 
EDSS score (0–5)   2.4 ± 1.2 
MS duration (y)   11.3 ± 9.8 
Wmax (watt)   142.5 ± 45.5 
VO2peak (ml/min/kg)   28.5 ± 6.6 
Criteria for max CPET  

HR at VO2peak (% of age-predicted HRmax)� 96.4 ± 6.1  
No. of pt. > 90% age-pred HRmax 23/25 (92%)  
RER at VO2peak   1.17 ± 0.08  
No. of pt. RER � 1.10 24/27 (89%)  
Lactate recovery (mmol/L)   9.4 ± 3.3  
No. of pt. lactate recovery> 8.0 mmol/L 16/24 (67%)  
RPE (6–20)   18.2 ± 1.4  
No. of pt. RPE � 17 28/28 (100%) 

Medication intake (n)  
Thyroid 8  
Blood/heart 5  
Lipid 3  

y: years; BMI: body mass index; EDSS: expanded disability status scale; Wmax: 
maximal workload; VO2peak: maximal oxygen uptake; CPET: cardiopulmonary 
exercise test; No. of pt.: number of participants; RER: respiratory exchange ratio; 
RPE: rating of perceived exertion. 
Data are expressed as means ± SD, �HRmax: 220-age.
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(r: 0.610). Standing time correlated (p< 0.05) with TC (r: � 0.596), 
non-HDL-C (� 0.626), LDL-C (r: � 0.670), apo B (� 0.659), HIRI 
(r: � 0.627), SBP (r: � 0.404), and BW (r: � 0.504). Walking time and 
prolonged sitting bouts were not associated with CM health. 

Accelerometry, exercise intensity, and perceived exertion 

Sleeping time remained constant and time spent sitting, walking, 
standing, and cycling closely resembled protocol instructions 
(Table 2). SB per day was significantly different between all regi
mens (CONTROL: 9.7 ± 1.9 h, SIT: 13.3 ± 1.6 h, LIPA: 8.3 ± 1.8 h, EX: 
11.6 ± 1.7 h, p< 0.001) and time in prolonged sitting bouts meas
ured during CONTROL was increased during SIT (þ3.4 ± 2.3 h, 
p< 0.001) and decreased during LIPA (� 1.2 ± 1.4 h, p¼ 0.002). 
From SIT to EX, 1.3 h ± 0.3 h of SB/day was replaced with cycling 
at 79.6 ± 5.2% of HRmax. According to the activPAL estimation, the 
cycling EE matched with the difference in EE between LIPA and 
SIT (5.2 ± 0.9 and 5.4 ± 1.6 METs, respectively, p¼ 1.000). According 
to the V_O2-pulse coefficient estimation, the cycling EE (7.5 ± 1.6 
METs) was higher (p< 0.001). Moderate-to-vigorous intensity walk
ing time was higher during LIPA compared to the other regimens 
(þ1.0 ± 0.6 h, þ1.1 ± 0.6, and þ1.1 ± 0.6 vs. CONTROL, SIT, and EX, 
p< 0.001). Habitual levels of light-intensity walking (1.5 ± 0.7 h) 
and standing time (3.9 ± 1.4 h) did not change during LIPA and 
were significantly reduced during SIT (� 1.0 ± 0.6 h and 
� 2.6 ± 1.2 h, p< 0.001) and EX (� 0.8 ± 0.5 h and � 2.1 ± 0.9, 
p< 0.001). Perceived exertion was lower after LIPA compared to 
EX (RPE 11.4 ± 2.7 and 14.0 ± 2.2, p¼ 0.002). 

Cardiometabolic health 

Compared to the SIT regimen, LIPA and EX both significantly 
improved fasting insulin (� 12.0 ± 2.1 pmol/L, p< 0.001 and 
� 14.6 ± 4.3 pmol/L, p¼ 0.002), tAUC insulin (� 17 019 ± 5708 pmol/ 
L�min, p¼ 0.003 and � 23 303 ± 7953 pmol/L�min, p¼ 0.002), the 
Matsuda-index (þ1.8 ± 0.3, p< 0.001 and þ1.9 ± 0.4, p¼ 0.001) and 
HIRI (� 5.6 ± 1.8 mg/dl h�mU/ml h, p¼ 0.022 and � 7.6 ± 2.7 mg/dl 
h�mU/ml h, p¼ 0.041), with no difference between LIPA and EX. 
For MISI and insulin changes during the OGTT, significant inter
vention effects were found (p¼ 0.021 and p¼ 0.046, respectively), 
of which trends towards significance remained after the pairwise 
comparisons (Table 3 and Figure 3). Two-hour insulin values, glu
cose changes during the OGTT, and tAUC glucose did not differ 
between regimens. With respect to the lipid profile, a significant 
intervention effect was found for all lipid measures except for 
HDL-C and Apo A1 concentrations. Compared to SIT, TG and non- 

HDL-C levels were lower after LIPA (� 0.4 ± 0.1 mmol/L, p< 0.001 
and � 0.3 ± 0.1 mmol/L, p¼ 0.004) and EX (� 0.5 ± 0.1 mmol/L, 
p¼ 0.008 and � 0.5 ± 0.1 mmol/L, p< 0.001), with no difference 
between LIPA and EX. The TG concentration was also lower after 
LIPA compared to CONTROL (� 0.4 ± 0.1 mmol/L, p¼ 0.011). Apo B 
levels were only lower after LIPA compared to SIT 
(� 0.1 ± 0.0 mmpl/L, p¼ 0.042), and the intervention effect for LDL- 
C did not remain significant after the pairwise comparison. CRP 
levels after the EX regimen were higher compared to CONTROL 
and SIT (þ0.7 ± 0.3, p¼ 0.030 and þ0.5 ± 0.2, p¼ 0.035). HRrest was 
lower after LIPA compared to SIT (� 3 ± 1 bpm, p¼ 0.05), and DBP 
was lower after EX compared to LIPA (� 4 ± 1 mm Hg, p¼ 0.024) 
and SIT (� 5 ± 1 mm Hg, 0.006). No intervention effect was found 
for SBP and BW. 

Discussion 

Despite the well-known CM health benefits of exercise in MS [18], 
adherence to structured exercise remains low and PA levels 
appear to be unaffected by exercise interventions [19,20]. 
Consequently, other strategies are needed to prevent/manage CM 
disease risk factors in PwMS, because observational studies report 
an important association with MS disease progression [10,16,17]. 
This proof-of-concept study compared the CM health effects of 1 
daily bout of vigorous-intensity exercise with more LIPA through
out the day, which induced less exertion in PwMS. Our cross-sec
tional analysis with data of the CONTROL regimen confirmed that 
SB was inversely correlated with CM health in PwMS. 
Furthermore, CM health improved significantly when SB was 
replaced with LIPA from the SIT to the LIPA regimen, which is in 
line with our previous research on healthy, sedentary subjects, 
T2DM patients, and persons with obesity [24–27]. 

All insulin sensitivity measures significantly improved after LIPA 
compared to SIT. This is consistent with previous findings report
ing a stimulation of the contraction-mediated glucose uptake 
pathway and an upregulation of the insulin signalling pathway 
after respectively 1 and 3 days of interrupting sitting with LIPA 
[44]. In addition, Remie et al. recently reported improved whole- 
body insulin sensitivity following a similar LIPA regimen using the 
gold standard hyperinsulinaemic-euglycaemic clamp technique in 
postmenopausal women [27]. This was due to an improvement in 
peripheral (mainly muscle) insulin sensitivity, originating from an 
enhanced insulin-stimulated glycogen storage. Hepatic insulin 
sensitivity did not differ between SIT and LIPA, possibly due to 
the small sample size (n: 12). In our findings with a larger sample 
size, the hepatic insulin resistance index significantly improved 

Table 2. Physical activity during the activity regimens.  

CONTROL SIT LIPA EXERCISE p-Values  

Sleeping time (h)   8.6 ± 0.8   8.9 ± 1.1   8.3 ± 1.0   8.8 ± 1.0   0.060 
Sedentary time (h)   9.7 ± 1.9� 13.3 ± 1.6� 8.3 ± 1.8� 11.6 ± 1.7� <0.001 
Time in SB < 30 min (h)   4.7 ± 1.0   3.9 ± 1.5   4.6 ± 1.3   4.0 ± 1.3   0.024 
Time in SB > 60 min (h)   2.6 ± 1.6S,L   6.2 ± 2.5 C,L,E   1.6 ± 1.1 C,S,E   4.2 ± 2.2 S,L   <0.001 
Standing time (h)   3.9 ± 1.4S,E   1.2 ± 0.7 C,L,E   4.7 ± 1.4 S,E   1.7 ± 1.0 C,S,L   <0.001 
Low I. walking time (h)   1.5 ± 0.7S,E   0.5 ± 0.2 C,L   1.5 ± 0.5 S,E   0.7 ± 0.3 C,L   <0.001 
Mod-vig. I. walking time (h)   0.1 ± 0.1S,L,E   0.1 ± 0.1 C,L   1.2 ± 0.6 C,S,E   0.1 ± 0.2 C,L   <0.001 
Cycling time (h)   0.1 ± 0.2S,L,E   0.0 ± 0.1 C,E   0.0 ± 0.1 C,E   1.3 ± 0.3 C,S,L   <0.001 
Steps (N)   7801 ± 3596S,L,E   2420 ± 1418 C,L   13 983 ± 4251 C,S,E   3129 ± 1364 C,L   <0.001 
Total EE/day (METs)—AP   34.0 ± 1.6S,L,E   31.2 ± 0.7 C,L,E   36.2 ± 1.7 C,S   35.9 ± 1.6 C,S   <0.001 
Total EE/day (METs)—VO2 PC   “� “� “� 37.8 ± 2.2� <0.001  

h: hour; SB: sitting bouts; I: intensity; mod-vig: moderate to vigourous; EE: energy expenditure; METs: metabolic equivalents; AP: activPAL estimation; VO2 PC: VO2- 
pulse coefficient estimation. 
Data are expressed as means ± SD. 
�Significantly different from all other regimens (p� 0.05), CSignificantly different from CON (p� 0.05), SSignificantly different from SIT (p� 0.05), LSignificantly differ
ent from LIPA (p� 0.05), ESignificantly different from EX (p� 0.05). All analyses were Bonferroni corrected.
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Table 3. Cardiometabolic health outcomes.  

CONTROL SIT LIPA EXERCISE p-Values  

Fasting insulin (pmol/L)   57.79 ± 5.60   64.32 ± 5.94   52.31 ± 4.93� 49.74 ± 4.84� <0.001 
2-h insulin (pmol/L)   350.21 ± 50.08   411.52 ± 41.76   329.23 ± 39.73   336.57 ± 46.22   0.073 
Fasting glucose (mmol/L)   5.06 ± 0.12   4.94 ± 0.09   4.88 ± 0.09   4.72 ± 0.11   0.057 
2-h glucose (mmol/L)   5.85 ± 0.39   5.93 ± 0.31   5.96 ± 0.30   6.33 ± 0.39   0.499 
Matsuda-index   4.83 ± 0.59   4.21 ± 0.43   5.97 ± 0.59� 6.09 ± 0.61� <0.001 
MISI (mg/dl/min/mU/ml)   0.14 ± 0.02   0.10 ± 0.01   0.15 ± 0.02#   0.13 ± 0.02   0.021 
HIRI (mg/dl h � mU/ml h)   32.62 ± 2.50   34.92 ± 2.32   29.29 ± 2.06� 27.34 ± 2.51� 0.011 
TG (mmol/L)   1.58 ± 0.32   1.61 ± 0.26   1.23 ± 0.22�� 1.08 ± 0.17� <0.001 
TC (mmol/L)   4.69 ± 0.21   4.82 ± 0.20   4.58 ± 0.20� 4.37 ± 0.19� <0.001 
HDL-C (mmol/L)   1.33 ± 0.08   1.30 ± 0.07   1.35 ± 0.08   1.33 ± 0.08   0.428 
Non-HDL-C (mmol/L)   3.35 ± 0.23   3.51 ± 0.21   3.24 ± 0.22� 3.04 ± 0.20� <0.001 
LDL-C (mmol/L)   2.63 ± 0.17   2.76 ± 0.17   2.64 ± 0.18   2.49 ± 0.17   0.032 
Apo A1   1.5 ± 0.1   1.4 ± 0.1   1.4 ± 0.1   1.4 ± 0.1   0.951 
Apo B   0.88 ± 0.04   0.92 ± 0.05   0.86 ± 0.05� 0.86 ± 0.04   0.038 
CRP   1.10 ± 0.22   1.30 ± 0.26   1.36 ± 0.26   1.83 ± 0.26�� 0.029 
SBP (mm HG)   124 ± 3   126 ± 3   126 ± 4   125 ± 4   0.716 
DBP (mm HG)   81 ± 2   82 ± 2   82 ± 2   78 ± 2�� 0.001 
HRREST   65 ± 2   67 ± 2   64 ± 2� 63 ± 2   0.044 
BW   70.9 ± 2.6   71.0 ± 2.6   70.9 ± 2.6   71.5 ± 2.6   0.062  

LIPA: low-intensity physical activity; MISI: muscle insulin sensitivity index; HIRI: hepatic insulin resistance index; TG: triglycerides; TC: total cholesterol; HDL-C: high- 
density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; Apo: apolipoprotein; CRP: c-reactive protein; SBP: systolic blood pressure; DBP: diastolic 
blood pressure; HRrest: resting heart rate; BW: body weight. 
Data are expressed as estimated means ± SEM. 
�Significantly different from SIT (p� 0.05), ^Significantly different from LIPA (p� 0.05), #Trend towards significant difference from SIT (p¼ 0.056). All analyses were 
Bonferroni corrected.

Figure 3. Two-hour oral glucose tolerance tests. (A,C) Average insulin and glucose levels per time point of the 2-h oral glucose tolerance test per activity regimen (
CONTROL, SIT, LIPA, EX). (B,D) Total area under the curve (tAUC) for insulin and glucose concentrations shown in (A,C). Data are presented as estimated 
means ± SEM. LIPA: light-intensity physical activity; EX: exercise. #Trend towards significant difference (p¼ 0.054 at 45 min for SIT vs. LIPA, p¼ 0.063 at 60 min for SIT 
vs. EX). All analyses were Bonferroni corrected.  
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(� 16%), but the improvement of the muscle insulin sensitivity 
index was twice this magnitude (þ33%). This might indicate simi
lar underlying mechanisms inducing insulin sensitivity improve
ments in PwMS as in postmenopausal women [27], with hepatic 
improvements possibly occurring at a faster pace or lower thresh
old. However, this remains speculative as we only calculated hep
atic and muscle insulin sensitivity indices. 

In addition to the effects on insulin sensitivity, significant 
improvements were observed in circulating lipids after LIPA com
pared to SIT, which were similar to those found in other popula
tions [24–27]. Non-HDL-C decreased by 8%, apo B by 7%, and 
plasma TG levels decreased most evidently by 25%. Moreover, 
although the a priori calculated sample size was not met, a post- 
hoc power analysis showed that the TG improvement in the pre
sent findings reached a power of 0.98. In the above-mentioned 
study of Remie et al. [27], possible explanatory mechanisms were 
investigated by means of magnetic resonance spectroscopy and 
indirect calorimetry. The lipid decreases in their findings did not 
originate from alteration in the hepatic fat content, nor from 
increases in fat oxidation [27]. Another plausible mechanism for 
the lipid improvements found in Remie et al. [27] and in the cur
rent study, is an increase in muscle TG uptake and plasma HDL-C 
via stimulated lipoprotein lipase activity. This already occurs with 
light-intensity muscle contractions in rodents but needs to be 
confirmed in human subjects [45]. Based on the current data, no 
conclusions can be drawn on the causal pathways inducing the 
lipid decreases. The exact underlying pathways of the lipid 
improvements and substrate use in response to LIPA need to be 
elucidated by means of muscle biopsies in future research. 

Furthermore, insulin sensitivity and lipids improved to the 
same degree after LIPA and EX. This is in line with the findings of 
Remie et al. in postmenopausal women [27] but not with our pre
vious findings in healthy students and (mainly male) T2DM 
patients, where LIPA was superior to EX [25,26]. Possibly, the EE 
of the LIPA and EX regimen in our previous findings was more 
accurately matched than in the present (mainly female) PwMS 
and in the postmenopausal women of Remie et al. [27]. This 
might be caused by the equation that was used to design the 
exercise sessions. This equation was based on healthy men 
[26,46,47], who might have a comparable EE as healthy students 
[25] and male T2DM patients [26] while cycling. In contrast, post
menopausal women [27] and PwMS might have a higher EE for 
similar cycling outputs. This has already been reported specifically 
for PwMS with walking activities, where EE at a given step rate 
was higher compared to healthy controls due to deconditioning 
and decreased motor control [48]. The V_O2-pulse coefficient calcu
lation in the present findings supported the hypothesis of an EE 
mismatch between LIPA and EX, and showed that the EE within 
the EX regimen was higher compared to the LIPA regimen. 
Furthermore, Remie et al. [27] found similar LIPA and EX effects 
on skeletal muscle metabolomics in a dose-response manner. 
Hence, a more accurate EE matching could hypothetically have 
resulted in superior results of the LIPA regimen, in line with our 
findings in healthy students and T2DM patients [25,26]. However, 
this is only speculative because the actual EE during exercise ses
sions was not measured via indirect calorimetry. 

The effects on vascular function are less straightforward. SBP 
did not change over the study course and DBP was lower after EX 
compared to SIT and LIPA. In the general population, including 
normotensive adults, a dose-response relationship has been 
reported between exercise intensity and blood pressure improve
ments [49]. Consequently, the vigorous cycling intensity in the EX 
regimen might explain our findings for DBP. In contrast, persons 

with obesity in our previous study had a comparable baseline 
DBP, and significant decreases were found after the LIPA regimen 
[24]. This apparent discrepancy may be explained by differences 
in standing and walking time. The obese persons were walking 
for 4.3 ± 0.5 h (�25 000 steps) and standing for 4.0 ± 1.0 h per day, 
while PwMS walked 2.7 ± 0.7 h (�14 000 steps) and stood 
4.7 ± 1.4 h per day. Hence, standing may not be a sufficient stimu
lus to decrease blood pressure. However, further increasing walk
ing time does not seem realistic for PwMS, which warrants the 
exploration of other strategies. Dempsey et al. found more pro
found effects on both SBP and DBP when brief bouts of simple 
resistance-type activities (such as calf-, knee raises, and squats) 
were added to a LIPA regimen in normotensive T2DM patients 
[50]. This strategy may provide a more feasible and potent cardio
vascular stimulus for PwMS as well. Furthermore, HRrest was lower 
after LIPA compared to SIT in the present findings, which is in 
line with the findings of Dempsey et al. [50], but not with those 
of the obese participants in our previous study [24]. However, 
heart rate and blood pressure variables are typically insufficient 
for capturing vascular function [18], limiting strong conclusions 
based on the current data. Ranadive et al. [51] already showed in 
a cross-sectional study that compared to healthy persons, PwMS 
have higher levels of subclinical atherosclerosis. This was meas
ured as intima-media thickness, carotid artery stiffness, reactive 
hyperemia, and flow-mediated dilation [51]. Hence, these subclin
ical markers of atherosclerosis should be included in future inter
ventional research. 

CRP, which is a common inflammatory marker and has been 
associated with MS disease progression and subclinical athero
sclerosis [51], significantly increased after the EX regimen. 
However, the mean CRP was still well within an acceptable clinical 
range, and the increase probably resulted from an acute short- 
term inflammatory response which can be observed up to 48 h 
after exercise [52]. Furthermore, baseline CRP levels were also low 
and previous observational research showed that they are unre
lated to PA in MS, probably due to the use of disease-modifying 
agents such as immune suppressors [51]. Other inflammation and 
immune (cell) function markers should be included in future 
research and measured >48 h after the last intervention day, to 
comprehensively understand the effect of LIPA and EX on arterial 
function and MS pathophysiology. 

Compliance with the instructions during the activity regimens 
was very high. Participants significantly reduced their (prolonged) 
SB and increased standing and walking time in the LIPA regimen. 
Increases in walking time were however mainly of moderate 
rather than light-intensity. This is probably because the required 
walking time was high (3 h), and most participants went outside 
for walks. However, participants reported that they always per
formed multiple short walks instead of one continuous walking 
bout and that they walked at a self-perceived light intensity. 
Furthermore, levels of perceived exertion during the LIPA regimen 
were significantly lower than in the EX regimen. It also became 
evident from patient conversations that the LIPA regimen was 
more feasible than the EX regimen. However, the aim of the pre
sent study was not to explore the feasibility but to provide proof- 
of-concept evidence on the potential of LIPA to improve CM 
health. Consequently, the implemented PA/SB levels were not 
representative of normal activity in PwMS. Translation of the cur
rent findings into longer-term, real-life behavioural interventions 
is therefore warranted, and standardised qualitative interviews 
should be included to measure feasibility. Furthermore, possible 
dose-response relationships have to be explored to investigate 
the most optimal LIPA “dose.” The present study was not 
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powered to perform subanalyses and the variation of SB and PA 
within the regimens was low because participants had to adhere 
to strict protocol instructions. However, our data provide a first 
indication that lower levels of LIPA may already be sufficient to 
improve CM health outcomes of PwMS. (1) We found comparable 
significant lipid and insulin sensitivity improvements from SIT to 
LIPA as in our previous findings in healthy subjects, T2DM 
patients, and obese persons [24–27] while the increase in daily 
step count was smaller in the current MS sample (þ11 500 vs. 
þ23 300, þ13 100 and þ21 400, respectively) [24–27], and (2) CM 
health in the current study also improved, albeit non-significantly, 
following the smaller SB replacements from CONTROL to LIPA 
(þ1.9 h self-perceived LIPA). 

A strength of the current study is that the activPAL3VR monitor 
was used, which is considered the gold standard to measure SB 
in free-living conditions [53,54]. A limitation of our study was that 
most participants had the relapsing-remitting phenotype of MS 
and that they only had mild to moderate disability, limiting gen
eralisability of these findings to other phenotypes and non-ambu
latory PwMS. The gender distribution within our sample (78.6% 
female) closely aligned with the overall MS population [55], but 
we cannot draw conclusions on differential LIPA effects between 
sexes. Furthermore, the EE matching between regimens was not 
completely successful, future studies should more accurately esti
mate/measure EE during exercise. 

In conclusion, interrupting and replacing SB with self-perceived 
LIPA such as standing and walking, improved insulin sensitivity 
and the lipid profile to the same extent as a vigorous-intensity 
exercise in PwMS, even though the energy expenditure of LIPA 
was lower. This implies that it might be more important to regu
larly interrupt SB with LIPA throughout the day rather than per
forming all PA in one exercise session. Furthermore, increasing 
LIPA induced less exertion. Given the ubiquity of SB and poor 
adherence to structured exercise, LIPA strategies may have 
important implications for the CM health management of PwMS. 
To guide long-term behavioural LIPA interventions, future studies 
are needed to further elaborate on the minimal required LIPA 
dose and the addition of other LIPA intervention components 
such as simple resistance activities to also improve the vascu
lar function. 
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