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Abstract

Background

Pain and fatigue are among the most debilitating symptoms of systemic sclerosis (SSc),
severely impairing quality of life (QoL). Pharmacological management is often inadequate,
and evidence on exercise is limited. This study aimed to evaluate the effects of a tailored

exercise programme on pain and fatigue in people with SSc (PwSSc).

Methods

This European multicentre RCT (n=6) recruited 170 PwSSc (89% limited cutaneous SSc),
randomised to an exercise intervention group (EIG) or usual care group (UCG). The EIG
completed a 12-week, twice-weekly supervised programme combining 30 minutes of high-
intensity interval training (HIIT) and 15 minutes of resistance training (RT), in addition to usual
care. The UCG received usual care alone. Outcomes were assessed at baseline, 12 weeks
(primary endpoint), and 24 weeks, with pain and fatigue as primary outcomes, and QoL,
depression, functional ability, musculoskeletal strength/endurance, and cardiorespiratory

fitness as secondary outcomes.


mailto:alexandros.mitropoulos@shu.ac.uk

Results

At 12 weeks, the mean group differences for the primary-, fatigue [-10.4 (95% CI 19.4, -1.4),
p<0.05] and pain [0.48 (95% CI1 0.21, 0.76), p<0.05], secondary-, depression (p<0.001), QoL
and self-reported function (p<0.05) and exploratory outcomes musculoskeletal strength and

endurance (p<0.01), and cardiorespiratory fitness (p<0.001) were significantly improved in

EIG compared to UCG.,

Conclusion

A 12-week supervised combined upper body exercise programme can improve pain, fatigue,
depression, QoL, function, strength, and cardiorespiratory fitness in PwSSc. HIIT combined
with RT is safe for the study population and may serve as an effective non-pharmacological

adjunct to pharmacotherapy to manage SSc symptoms and enhance QoL.

Trial registration: ClinicalTrials.gov (NCT number): NCT05234671, January 14, 2022.

Keywords: systemic sclerosis, pain, fatigue, exercise, high-intensity interval training, quality

of life, aerobic, muscular function

What is already known on this topic - Pain and fatigue are two of the most debilitating

symptoms in systemic sclerosis, and current medical treatments alone are often insufficient.

What this study adds - A 12-week supervised, individualised exercise programme adjunct to
pharmacotherapy can improve pain, fatigue, and other SSc-related symptomatology in people

with systemic sclerosis.

How this study might affect research, practice or policy - The exercise prescription of a
combined training programme could be implemented as part of the clinical care in people with

systemic sclerosis to support disease management.

Introduction



Systemic sclerosis (SSc) is an autoimmune connective tissue disease characterised by complex
pathology' and a high prevalence of pain, *reported in 63%-93% of people with SSc (PwSSc)>.
Pain is among the most debilitating symptoms, significantly affecting quality of life (QoL)3. It
commonly arises from joint and musculoskeletal involvement (including arthritis)?, Raynaud’s

phenomenon (RP), and skin ulcers*. 2

Fatigue in SSc is defined as abnormal tiredness disproportionate to activity and not improved
by rest®. Similarly to pain, it is among the most common and disabling symptoms®, with a
prevalence of 50%-90%®°. Fatigue is strongly linked to depression, pain, and sleep disorders

severely affecting QoL in PwSSc®.

Medical treatment has shown limited effectiveness for alleviating pain and fatigue in PwSSc.
Pain is commonly managed with nonsteroidal anti-inflammatory drugs, opioids, and/or low-
dose glucocorticoids, while therapies “such as tocilizumab’ and L-thyroxine have not improved
fatigue®. In addition, medications including opioids, antidepressants, immunosuppressants, and
cardiovascular drugs may alleviate certain symptoms but often exacerbate fatigue®. These

limitations highlight the need to explore non-pharmacological approached such as exercise'.

Increased physical activity levels in PwSSc have been correlated with lower levels of fatigue
compared to inactive individuals'. Moreover, PwSSc who were interviewed following a 12-
week combined high intensity interval (HIIT) and resistance training (RT) programme reported
feeling more energetic stronger and noted improvements in fitness and social life’?. Although
this evidence is promising, definitive randomised controlled trials (RCT) that assess the effects

of exercise on pain and fatigue quantitively in PwSSc are warranted.

Building on existing evidence' ™, this European multi-centre RCT is the first to assess the
effects of a combined and RT programme on pain and fatigue in PwSSc. We hypothesised that

the intervention would significantly reduce pain and fatigue compared to usual care and would



also improve secondary outcomes such as physical function and cardiorespiratory fitness. The
interactions between key SSc symptoms (e.g., pain, fatigue, depression, physical dysfunction)
and fitness components (e.g., musculoskeletal strength and endurance, and cardiorespiratory
fitness) remain poorly understood. Identifying predictors and exploring these relationships

could provide valuable insights into the mechanisms underlying the exercise responses.

Methods

Study design

Our study was a multi-centre (n=6) randomised (1:1 ratio), parallel-group, superiority, single-
blinded (i.e., assessor- and statistician-blinded), controlled clinical trial. One hundred and
seventy PwSSc were recruited across six European research institutions (Figure 1). Following
the eligibility criteria confirmation, participants provided informed consent and were randomly
assigned via stratified (by research centre, SSc-type, disease duration and severity) block
randomisation remotely by an independent statistician to either exercise (supervised combined
exercise for 12 weeks, twice/week adjunct to usual care) or control (usual care alone) groups.
Both groups continued receiving their usual medical as well as non-pharmacological treatment
(if applicable) throughout the study. Following the 12-week exercise intervention period, the
exercise intervention group (EIG) was encouraged to continue exercising independently (either
at home or at local health clubs) by replicating their individualised programme according to
available resources. The baseline assessments were repeated at 12- (primary endpoint) and 24
weeks. The study’s protocol and registration were published on ClinicalTrials.gov (NCT
number: NCT05234671). Medical (where applicable) or non-medical ethical approval was

granted by each research centre locally.

Participants



Adults with SSc and able to perform exercise were recruited. Individuals with active
exacerbations (e.g., digital ulcers), and advanced cardiac (e.g., NYHA class 3 or 4) and
severe/uncontrolled pulmonary involvement (e.g., severe pulmonary arterial hypertension)
were excluded. Except PwSSc, who did not present with severe symptoms (e.g., dyspnoea at
rest, syncope, chest pain, and extreme fatigue) and was cleared for exercise following a clinical

appraisal by the rheumatologists.

Eligibility criteria were standardised across study sites; however, the final appraisal of
suitability was made by the local rheumatologist, which could occasionally introduce variation
in interpretation. This ensured that clinical judgment was applied alongside the protocol to

safeguard patient safety and appropriateness for participation.

Patient and public involvement

A patient and public involvement and engagement (PPIE) group contributed to the study

design, outcome selection, and interpretation of results.

A detailed study’s methodology and reporting according to the CONSORT guidelines for

RCTs on non-pharmacological interventions can be found in Supplementary File 1.

Baseline assessments

Demographics

A detailed medical history including current medication was recorded. Stature (cm), weight
(kg) and body composition (e.g., percentage of fat and muscle masses) via bioelectrical

impedance analysis were performed. The demographics are presented in Table 1.

Primary outcomes

Pain (overall and digital)



Overall pain was assessed using the visual analogue scale (VAS) scores (0-3 scale) included in
the scleroderma health assessment questionnaire (SHAQ; Supplementary File 2)'. Digital pain
was assessed using a unidimensional measure of pain intensity, widely used in diverse adult

populations, including rheumatic diseases'®. Lower score indicates less pain.

Fatigue

Fatigue was assessed using the 40-item functional assessment of chronic illness therapy—
fatigue (FACIT-F, version 4; Supplementary File 3) that assesses self-reported fatigue and its

impact upon daily activities and function. Higher scores indicate less fatigue.

Secondary outcomes

Self-reported quality of life, functional ability and Depressive Symptoms

SSc-related QoL and self-reported functional ability were assessed using the SScQoL and
SHAQ questionnaires'"’, respectively (Supplementary Files 4 and 2). As included in SHAQ
the VAS- breathing, intestinal, and overall disease activity were also assessed. The Centre for
Epidemiologic Studies Depression Scale (CES-D; Supplementary File 5)'® was used to assess
the depressive symptoms. Lower scores indicate higher level of QoL, functional ability, and

lower level of depression, respectively.

Exploratory Qutcomes

Cardiorespiratory fitness

The cardiorespiratory fitness was assessed via a peak oxygen uptake (VOzpeak) test, performed
on an arm crank ergometer. Throughout the test, gas exchange was collected and analysed by
an online breath-by-breath analysis system. Heart rate (HR), ratings of perceived exertion

(BORG-RPE; 6-20 points) and the electrocardiogram (ECG) were continuously monitored.



Peak power output (PPO) was measured in watts and was utilised as a critical component for

the individualised exercise prescription.

Upper body musculoskeletal strength and endurance

The upper body strength was assessed using the Southampton handgrip strength test protocol™.
The endurance was assessed via the 30-second biceps curl test of the dominant arm®. The

detailed protocols are described in supplementary file 1.

Exercise programme

The exercise programme, including the FITT (frequency, intensity, time and type) and training
(i.e., specificity, overload, progression, initial values, reversibility, and diminishing returns)
principles, has been reported according to the position statement on exercise dosage in

rheumatic and musculoskeletal diseases (Supplementary File 1)".

Exercise intervention group (EIG)

The exercise programme was performed by the EIG adjunct to usual care. The programme
consisted of a 12-week training period, twice per week and all exercise sessions were
supervised by a qualified health care professional. The exercise protocol (~ 60mins duration)
consisted of upper body HIIT (30-min; 30 s at 100% of PPO and 30-s passive recovery) and
RT (upper body circuit weight training at 75-80% of one repetition maximum performing 10

repetitions of each exercise interspersed by 20-30)".

Disease-specific exercise modifications were applied only when participants presented with

musculoskeletal limitations that restricted performance.

Safety monitoring

Participant safety was prioritised throughout the trial. Eligibility criteria and medical history

were carefully reviewed prior to enrolment, and all participants completed a baseline
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cardiopulmonary exercise test (CPET) to identify any abnormal responses to exercise stress.
During the intervention, participants were instructed to fast for at least 2—3 hours before each
session. Prior to exercise, heart rate, blood pressure, and potential symptoms (e.g., dizziness)
were assessed at rest, and during each session heart rate, rating of perceived exertion (RPE),

and vital signs were continuously monitored.

Usual care group (UCG)

Participants in the UCG continued with their standard management as directed by their treating
rheumatology team. This typically included routine or as-needed clinic visits, during which
pharmacological and/or non-pharmacological treatments (e.g., physio- and occupational
therapy, patient education and self-management) were prescribed according to individual
clinical needs. None of the participants engaged in structured high-intensity interval training

(HIIT) or resistance training (RT) before or during the study.

Statistical analysis

Data were analysed using SPSS (IBM, New York, USA). Descriptive statistics are presented
as mean (SD) for normally distributed data. Normality and homogeneity of variance were
tested using the Kolmogorov-Smirnov test (n > 50) and Levene’s test, respectively. Between-
group comparisons for primary outcomes (pain, fatigue) and physical fitness measures
(VOzqpeak, handgrip strength, biceps curl) used independent t-tests, Wilcoxon, Mann-Whitney
U, Chi-squared, or Kruskal-Wallis tests, as appropriate. Missing data were addressed using
maximum likelihood estimation. Effect sizes (Cohen’s d) were reported for significant results

(small = 0.2, medium = 0.5, large = 0.8). Significance was set at p < 0.05.

Correlations and regressions assessed associations between outcomes at 12 weeks. Spearman

correlations quantified strength and direction (0.00—0.10 negligible, 0.10-0.39 weak, 0.40—



0.69 moderate, 0.70—0.89 strong, 0.90—1.00 very strong). Multiple linear regression identified
predictors of pain and fatigue. Stepwise regression (exercise group only) examined predictors
of 12-week pain (VAS-Pain) and fatigue (F-Scale 13-Item), including QoL (SScQoL),
depression, disease severity (VAS), fatigue, pain, functional ability (SHAQ),
strength/endurance (handgrip, biceps curl), and cardiorespiratory fitness (VO:zpeak in

ml/kg/min and L/min).

Sample size calculation

The primary outcome was the VAS-digital pain. For our calculations, we used commercial
software (G*Power 3.1.7, HHU of Diisseldorf) by using data from two studies that examined
the exercise training effects on SSc-QoL including digital pain following a 12-week exercise
intervention (mean RP pain, 1.8 +0.6)'>'3. Based on those calculations, we required no more
than 90 patients in each group (180 in total) to detect a difference in RP’s pain at 3 months
(significance level = 0.05; power =80%) accounting also for an estimated 15% dropout and 5%

site effect.

Results

Recruitment, randomisation and dropouts

A total of 874 PwSSc were screened for eligibility, of whom 170 were eligible, willing to
participate and were randomly allocated to receive a 12-week exercise intervention adjunct to
usual (n=86) care or usual care alone (n=84; Figure 1). Three participants per group were lost
at 12 weeks assessment, and further two from the EIG and four from the UCG were lost at 24
weeks assessment. The mean age of dropouts was 53 £ 15 years, with 80% female and most

presenting mild disease severity, reflecting the overall study population (Table 1).

Demographics

10



The demographics (e.g., population characteristics, SSc-type, clinical profile and medical

history) are demonstrated in Table 1.

Table 1. Baseline demographics, clinical profile, medical history and treatment of participants

in a randomised controlled trial on a 12-week exercise intervention.

Usual
Intervention Care
Baseline characteristics N N Total (n=170)
group (n=86) group
(n=84)
73/84
Female gender, n (%) 86 68/86 (79.1) 84 141/170 (82.9)
(86.9)
60.5
Age, years, mean [SD] 86 58.3[11.3] 84 59.412.0]
[12.6)]
68.1
Weight, kg, mean [SD] 86 67.5[12.2] 84 67.8[12.1]
[11.9]
Body Mass Index, kg/m?), mean
86 25.1[4.6] 84 25.8[4.6] 25.4][4.6]
[SD]
Lean Muscle Mass, % [SD] 86 53[17.7] 84 51[17.5)] 52[17.6]
Fat Mass, % [SD] 86 33[8.6] 84 34.5[8.7] 33.7[8.6]
Smoking status 65 62
Current, n (%) 9 (13.8) 11(17.7) 20(15.7)
Never smoked, n (%) 56 (86.2) 51(82.3) 107 (84.3)

11



SSc Type

Limited, n (%)

Diftuse, n (%)

Clinical Profile

ANA Positive, n (%)

ACA Positive, n (%)

Anti-Scl-70 Positive, n (%)

ESR (mm/hr), mean [SD]

CRP (mg/L), mean [SD]

FEV1 (%), mean [SD]

DLCO (%) Predicted, mean [SD]

Duration of SSc (years), mean

[SD]

Hyperlipidaemia, n (%)

Hypertension, n (%)

Pulmonary Hypertension, n (%)

Pulmonary Fibrosis, n (%)

86

80

80

61

76

71

74

77 (89.5)

9 (10.5)

62 (72.1)

27 (33.8)

29 (36.3)

18.2 [14.3]

2.42.8]

91.1 [15.5]

70.4 [14.6]

10.0 [7.4]

25 (36.8)

19 (24.1)

45

34 (41.5)

12

84

71

78

77

61

69

68

73

72

74

82

82

80

74 (88.1)

10 (11.9)

66 (78.6)

24 (30.8)

32 (41.6)

21.6

[18.8]

2.9[5.7]

88.6

[21.7]

68.1

[15.9]

10.7 [7.7]

29 (39.2)

26 (31.7)

4 (4.9)

30 (37.5)

151 (88.8)

19 (11.2)

128 (75.3)

51(32.3)

61 (38.9)

19.9[16.7]

2.6 [4.4]

89.9 [18.8]

69.3 [15.3]

10.3 [7.5]

54 (38)

45 (28)

8 (4.9)

64 (39.5)



Oesophageal Involvement, n (%) 80 40 (50) 82 39(47.6) 79 (48.8)

Medication

Steroids, n (%) 78 20(25.6) 79 34 (43) 54 (34.4)
Anti-hypertensives, n (%) 78 20 (25.6) 79 24(30.4) 44(28)
Calcium channel blockers, n (%) 78 47 (60.3) 79 43 (54.4) 90(57.3)

Anti-hypercholesterolaemia, n

78 18(23.1) 79 22(27.8) 40 (25.5)
(%)
Immunosuppressives, n (%) 78 46 (59) 79 49 (62) 95 (60.5)
PDE Inhibitors, n (%) 77 7(9.1) 78 12 (15.4) 19(12.3)
NSAIDS, n (%) 60 2(3.3) 59 3(5.1) 5(4.2)
Comorbidities
Osteoporosis, n (%) 50 9 (18.0) 55 8(14.5) 16.2
Sjogren’s, n (%) 50 10(20.0) 55 7(112.7) 16.2
Chronic kidney disease, n (%) 50 1(2) 55 2(3.6) 3(2.9)
Biliary Cirrhosis, n (%) 50 2(4.0) 55 4(7.3) 6 (5.7)
Osteoarthritis, n (%) 60 10 (16.7) 61 10(16.4) 20 (16.5)

ACA; anticentromere antibody, ANA; antinuclear body, CRP; C-reactive protein, DLCO;
diffusing capacity for carbon monoxide, ESR; erythrocyte sedimentation rate, FEVy; forced
expiratory volume in one second, NSAIDS; nonsteroidal anti-inflammatory drugs, PDE;

phosphodiesterase.

Primary Qutcomes
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Pain

At 12 weeks (based on Independent T-tests), the EIG demonstrated a significant reduction in
VAS-Pain (p<0.001, effect size (ES)=0.6), and VAS-RP (p<0.001, ES=0.55) but not for VAS-
digital pain (p>0.05) compared to the UCG (Table 2). The within-group differences (based on
Paired-Samples T-Test) when the 12 weeks were compared to baseline demonstrated that VAS-
pain, RP and digital pain were significantly improved (p<0.001) for the EIG. The within group
differences for the UCG at 12 weeks compared to baseline showed no significant chance for
the VAS digital pain and VAS-pain, but a significant worsening for the VAS-RP (p<0.01). At
24 weeks, the groups differences were maintained for VAS-pain (p<0.01) and VAS digital pain

(p>0.05), but not for the VAS RP (p>0.05).

A general linear model including baseline pain, SSc subtype, disease duration, centre and group
allocation explained 54 % of the variance in 3-month pain scores (£(5,107)=25.49, p<.001;
adjusted R?=.522). Baseline pain was the strongest predictor (F(1,107)=90.21, p<.001). Group
assignment remained significantly associated with pain after adjustment (F(1,107)=9.23,
p=.003), with participants in the EIG reporting lower adjusted pain scores than the UCG (Table
2). SSc subtype (p=.343), disease duration (p=.302) and centre (p=.365) were not significant

predictors.

In a model including sex and group, the group effect remained significant (£(1,134)=10.59,
p=-001), whereas no overall difference in pain at 12 weeks between males and females was

observed (p=.314) indicating that the intervention effect did not differ by sex.

14



1 Table 2. Visual Analogue Scales (VAS) for pain, RP, and digital pain at baseline, 12- and 24 weeks for the exercise intervention and usual care

2 groups. Between- and within group differences are presented as means (SD) and mean changes (95% CI).

Exercise Intervention group Usual care group Intervention vs
usual care
group

Baseline 12 Mean change 24 Weeks Baseline 12 Weeks Mean change 24 Weeks Mean

0 0 1 1

Mean Weeks (O5% C1y Mean Mean Mean (O5% C1y Mean lellf::‘,lrgzncescorlel;

(SD) l\élle)an (SD) (SD) (SD) (SD) between groups

(SD) at 12 weeks
(95% CI)
N 86 &3 81 84 81 77
VAS 081 + 054 + -0.27 (-042, - 0.69 + 096 <+ 1.02 + 0.09 (-0.08, 1.05 + 0.48 (0.21, 0.76)
. 0.81 0.73 0.13) 0.71 0.83 0.88 0.25) 0.86
Pain
VAS 088 =+ 0.61 £ -0.27 (-042, - 0.72 + 084 + 1.11 + 0.27(0.10,0.44) 1.05 + 0.50(0.19, 0.81)
RP 0.88 0.75 0.12) 0.80 0.87 1.05 1.07

VAS digital 1.19 + 0.88 + -0.32(-0.45,- 1.01 + 099 +£ 097 + 0.07 (-0.08, 1.03 + 0.08(-0.23,0.40)
pain 1.04 0.91 0.18) 0.93 0.94 0.98 0.21) 1.01

3  RP; Raynaud’s phenomenon, VAS; visual analogue scale. Range: 0.00 (No Involvement/Pain) 3.00 (Severe Involvement/Pain)
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Fatigue

The 40-item FACIT-F total score was significantly better (p<0.05, Cohen’s D = 0.36) at 12
weeks for the EIG compared to the UCG, based on Independent T-test. The 13-item fatigue
scale did not demonstrate any significant differences between the two groups at 12 weeks (p =
0.56, Cohen’s D = 0.3) and 24 weeks. All the fatigue-related sub-scales (e.g., physical, social,
emotional, and functional wellbeing) were significantly (P<0.05) improved at 12 weeks for the
EIG compared to the UCG. These differences were not maintained at 24 weeks except of the

fatigue-related subscale social wellbeing (Table 3).

A general linear model including baseline fatigue, SSc subtype, disease duration, centre and
group allocation explained 63 % of the variance in 12 weeks fatigue scores (F(5,133)=44.88,
p<.001; adjusted R*=.614). Baseline fatigue was the strongest predictor (F(1,133)=206.68,
p<.001). Group assignment remained significantly associated with fatigue after adjustment
(F(1,133)=10.50, p=.002), with participants in the EIG reporting lower adjusted fatigue scores
than the UCG (Table 3). SSc subtype (p=.315), disease duration (p=.632) and centre (p=.611)

were not significant predictors.

In a model including sex and group, group assignment was significantly associated with 12
weeks fatigue (F(1,161)=5.01, p=.027), whereas no overall difference between males and

females was observed (p=.792) indicating that the intervention effect did not differ by sex.

16



22 Table 3. Functional Assessment of Chronic Illness Therapy-Fatigue (FACIT-F) version 4 including Physical Well-Being, Social/Family Well-

23  Being, Emotional Well-Being, and Functional Well-Being. Between- and within group differences at baseline, 12- and 24 weeks are presented as

24  means (SD) and mean changes (95% CI).

Exercise Intervention Group (n=86) Usual care group (n=84) Interventi
on vs
usual care
group
Baseline 12 Weeks Mean 24 Weeks Baseline 12 Weeks Mean 24 Weeks Mean
chang chang difference
e e in change
(95% (95% scores
CI) CI) between
groups at
12 weeks
(95% CI)
N 86 83 81 84 77
110.2 £ 118.2 9.4 113.5+ 109.2 £ -1.9 (- 104.5 £ -10.4 (-
FACIT F Total 25.6 25.9 (6.4, 27.7 29.4 6.7, 31.2 19.4,-1.4)
(Score range: 0-160) 12.3) 2.9)
34.7 369+ 2.8 35.6 % 349+ -1.5 (- 334+ -3.3 (-6.8,
Fatigue 13-Item Scale 11.3 10.6 (1.6. 11.6 12.2 3.0, 11.8 0.1)
(Score range: 0-52) 4.0) 0.02)
20.7+£59 223452 1.9 21.3+£6.2 20.6+£6.2 -0.1 (- 20.8+£6.0 -1.8(-3.5,-
Physical WB (0.9, 0.9, 0.1)
(Score range: 0-28) 2.9) 0.6)
203+52 21.5+49 1.4 21.1+£54 199+59 -1.2(- 185+£59 -2.7(4.3,-
Social WB (0.7, 2.1, - 1.0)
(Score range: 0-28) 2.1) 0.3)
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25

26

27

28

29

30

31

32

17.5+£4.0 18.1+4.1 0.8 176 £4.1 169+53 16.7+7.0 -04(- 16.7+4.6 -1.4(-28,-
Emotional WB (0.08, 1.2, 0.03)
(Score range: 0-24) 1.5) 0.4)

17.3£53 189+5.6 1.8 18.0£59 174+6.7 16.7+7.0 -08(- 169+69 -23(4.2,-
Functional WB (Score range: (1.1, 1.6, - 0.3)
0-28) 2.5) 0.02)

WB; wellbeing. Lower scores indicate worse fatigue.
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Secondary Outcomes

Quality of Life, symptoms of depression, and self-reported functional ability

The QoL was significantly improved at 12 weeks for the EIG (p<0.05, Cohen’s D = 0.34)
compared to the UCG using Independent T-test (Table 4). Symptoms of depression was
significantly improved at 12 weeks for the EIG (p<0.001, Cohen’s D = 0.55) compared to the
UCG. The difference between the groups for depression was maintained at 24 weeks (Cohen’s

D =0.41).

Concerning the self-reported functional ability activities at 12 weeks (Table 4), the EIG was
found to be statistically improved in the eating disability index (DI; p<0.05, Cohen’s D = 0.34),
walking DI (p<0.01, Cohen’s D = 0.39), hygiene DI (p<0.05, Cohen’s D = 0.30), reach and
grip DI (p<0.01, Cohen’s D = 0.40), activities DI (p<0.01, Cohen’s D = 0.41), and overall DI

(p<0.05, Cohen’s D = 0.34) compared to the UCG, assessed via Independent T-tests..

At 12 weeks, the EIG demonstrated improvements in VAS-Intestinal (p<0.05, ES=0.31), VAS-
Breathing (p<0.001, ES=0.62), and VAS-Overall disease activity (p<0.001, ES=0.59) when

compared to the UCG.

At 24 weeks, some of the improvements were maintained for the EIG except for hygiene DI,

grip DI, VAS- intestinal, breathing, and overall disease activity.
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50 Table 4. Quality of life (SScQoL), depression (CES-D), and self-reported functional ability (SHAQ) — Between- and within group differences at
51  baseline, 12- and 24 weeks are presented as means (SD) and mean changes (95% CI). The higher scores indicate worsening for all three

52  questionnaires.

Exercise Intervention Group (n=86) Usual Care group (n=84) Intervention
vs usual care
group

Baseline 12 Weeks Mean 24 Weeks  Baseline 12 Weeks Mean 24 Weeks  Mean

change change difference in

95% 95% change

CI) (0] ) scores
between

groups at 12
weeks (95%

CD
N 86 83 81 84 81 77
SSc QoL 103+£75 92+£70 -21.14 (- 10.0£75 113+73 11.6+72 82 (- 11.8+72 24(0.2,4.7)
(Score range: 0-29) 0.6) 1.2)
132+£88 114+85 -19 (- 132+92 153+11.2 169112 1.7 175+ 11.8 5.5(2.4,8.6)
CES-D
3.6, - (0.03,
(Score range: 0-60) 0.3) 3.3)
Dressing & Grooming DI  0.44 £0.56 0.39+0.55 -0.04(- 040+0.56 0.49+0.64 0.54+0.58 0.08 (- 0.54+0.58 0.2 (-0.03,
0.11, 0.01, 0.3)
0.03) 0.17)

20



Arising DI

Eating DI

Walking DI

Hygiene DI

Reach DI

Grip DI

Activities DI

Overall DI

VAS

Intestinal

0.41+0.62

0.44 £ 0.61

0.40+£0.6

0.37+£0.53

0.51+0.72

0.37+0.53

0.52 £0.64

0.41 £0.52

0.84 £0.96

0.41 +£0.62

0.39+0.6

0.31£0.5

0.31 +£0.47

0.42 + 0.64

0.31£0.46

0.39£0.56

0.35+0.47

0.80 +1.22

-0.05 (-
0.12,
0.01)

-0.09 (-
0.18, -
0.01)

-0.06 (-
0.14,
0.02)

-0.08 (-
0.2,
0.03)

-0.06 (-
0.13,
0.02)

-0.06 (-
0.1,
0.02)

-0.04 (-
0.07, -
0.003)

-0.04 (-
0.28,
0.19)

0.33+0.53

0.38 £0.62

0.37+0.53

0.41+0.57

0.50+£0.71

0.34+£0.53

0.46 £ 0.64

0.39 +0.54

0.8+1.2

21

0.46 +0.56

0.52 +0.57

0.44 +0.53

0.43+0.48

0.66 +£0.75

0.45+0.54

0.6+£0.7

0.49+0.51

1.1+£13

0.47 +£0.56

0.60 £ 0.61

0.51 £0.56

0.45+0.52

0.68+0.7

0.51£0.57

0.65=+0.7

0.51+0.49

1.2+14

0.10
(0.02,
0.18)

0.08 (-
0.004,
0.16)

0.04 (-
0.03,
0.12)

0.04 (-
0.1,
0.2)

0.1 (-
0.02,
0.15)

0.1 (
0.03,
0.2)

0.05
(0.02,
0.09)

0.08 (-
0.10,
0.26)

0.53+0.63

0.57+0.61

0.56 +0.53

0.52+0.56

0.68+0.7

0.47 £0.56

0.68 + 0.68

0.56 +£0.51

1.2+1.3

0.05 (-0.1,
0.2)
02  (0.02,
0.4)
02  (0.04,
0.4)
02 (-0.01,
0.3)
03  (0.05,
0.5)
02  (0.04,
0.4)
03  (0.06,
0.5)
02 (0.1,
0.3)
041 (-0.04,
0.86)



VAS
Breathing
VAS
Overall

disease activity

0.59+0.71 0.43 +£0.65

0.98+0.88 0.77+0.7

0.16(- 0.6+08  0.8%0.9
0.26, -
0.06)

022(- 1.0£09 1.1+0.8
0.38, -
0.06)

09+0.9

1.3+09

0.12 (-
0.00,
0.25)

0.15
(0.02,
0.29)

09+1.0

1.3+£1.0

0.50  (0.23,
0.77)

048  (0.20,
0.76)

53  CES-D; Centre for Epidemiologic Studies Depression Scale, DI; Disability Index.
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Exploratory Outcomes

Musculoskeletal and cardiorespiratory fitness

Table 5. illustrates that at 12 weeks, the EIG statistically improved the handgrip left arm
(p<0.01, Cohen’s D=0.43), biceps curl (p<0.01, Cohen’s D=0.45), VO2peax L/min (p<0.001,
Cohen’s D=0.71), VOzpeak ml/kg/min (p<0.001, Cohen’s D=0.73), HRpeak (p<0.01, Cohen’s
D=0.48), peak power output (p<0.001, Cohen’s D=0.79) when compared to the UCG. At 24
weeks, handgrip strength right- (p<0.01, Cohen’s D=0.37) and left arm (p<0.05, Cohen’s
D=0.37), and biceps curl (p<0.01, Cohen’s D=0.38) was higher for the EIG compared to the
UCG (Table 5), as those assessed via independent t tests. The differences between the

cardiorespiratory fitness components were not maintained between the two groups at 24 weeks.
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76  Table 5. Musculoskeletal and cardiorespiratory fitness outcomes- Between- and within group differences at baseline, 12- and 24 weeks are

77  presented as means (SD) and mean changes (95% CI).

Intervention
1
Exercise Intervention Group (n=86) Usual Care Group (n=84) vs usua
care group
Baseline 12 weeks Mean 24 weeks Baseline 12 weeks Mean 24 weeks Mean
change change difference in
95% CI) 95% change
CD scores
between
groups at 12
weeks (95%
CI)
N 86 83 81 84 81 77
Handgrip right arm (kg) 24.9+9.3 26.1+9 1.2 (0.3, 251 £+ 235+6.7 242 £ 0.7 (2.7, 21.8 £ -19 (-6.2,
2.6) 8.5 17.6 4.2) 9.2 2.4)
Handgrip left arm (kg) 23.5+9.5 252+94 1.6 (03, 244+9 227+6.6 213 £ -14(2.7, 21.1 £ -39 (-6.7, -
3.0) 8.8 -0.04) 9.1 1.1)
Biceps curl (reps) 183+6.8 21.9+6.9 3.6 (2.3, 21+£8 19.1+£64 187 + -0.5(-1.8, 18+7 3.2 (5.3, -
5.0) 7.1 0.8) 1.0)
VO2peak (L/min) 093 £ 1.1+0.37 0.14 (0.08, 094 + 090 =+ 084 =+ -0.06 (- 084 =+ -0.2 (0.1, -
0.32 0.2) 0.36 0.24 0.21 0.1, - 024 0.3)
0.00)

24



VOzpeak (ml/kg/min) 13.5+44 155+5.1 2.0 (1.1, 13.6 =+ 132+36 122 £+ -1.0(-1.8, 12+34 -3.1 (4.6, -

3.0) 4.9 3.0 -0.1) 1.6)

HR peak (bpm) 1328 + 13334239 05 (3.5 132+24 1267 + 1224 + -42(85, 121423 -10.9 (-18.8,
23.4 4.5) 20.2 21.5 -0.01) -3.0)

Peak power output 43+17.7 53 +20 10 (44, 47£20 371 £ 382 £+ 12 (2.7, 40£19  -14 (214, -
(watts) 15.5) 13.1 13.6 5.0) 6.6)

78  VOopeak; peak oxygen uptake, HR; heart rate.
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Regression Analysis

The findings in Table 6 indicate that for pain (VAS-Pain), higher disease severity is associated
with higher reported pain levels, while worse depressive symptoms are modestly but

significantly linked to higher pain ratings.

The depressive symptoms (CES-D) are significantly associated with greater fatigue (FACIT-
F), with higher depression scores predicting lower FACIT-F scores (i.e., more fatigue).
Additionally, perceived disease severity (VAS-Disease Severity) is also a strong predictor of

fatigue, independently contributing to lower FACIT-F scores.
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87  Table 6. Stepwise regression analysis to explore predictors of fatigue and pain at 12 weeks for the exercise group.

Dependent Variable: F-Scale 13-Item 95% Confidence Interval for B
Model Unstandardised Coefficients P Values Lower Bound Upper Bound
B Standard Error

1 CES-D -1.2 0.2 <0.001 -1.6 -0.8

2 CES-D -0.8 0.2 <0.001 -1.2 -0.4
VAS-Disease 7.9 24 <0.01 -12.7 3.0
Activity

Dependent Variable: VAS-Pain

! VAS-Disease 0.9 0.1 <0.001 0.7 1.2
Activity

2 VAS-Disease 1.2 0.2 <0.001 0.8 1.5
Activity
CES-D -0.03 0.01 <0.05 -0.06 -0.006

88  CES-D; Centre for Epidemiologic Studies Depression Scale, VAS; visual analogue scale.
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89 Correlations

90  The majority of the correlations between the patient-reported outcomes were higher than between the objective measured physical functional tests.
91  VAS disease severity had strong correlations to VAS pain, FACIT-F and SScQol. CES-D had strong correlation to FACIT-F, moderate correlation

92  to SSc-QoL and weak correlation to VAS-pain (Table 7).

93
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100

101

102
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103  Table 7. Spearman’s correlation for pain, fatigue, and QoL at 12 weeks for the exercise group.

Exercise Group VAS Pain VAS SScQoL  F-Scale FACIT- CES-D SHAQ Handgrip Biceps VO2peak
Disease 13- F DI LA curl (ml/kg/min)
Severity Item
VAS Correlation 1.0 0.77 0.62 -0.55 -0.64 0.59 0.59 0.04 -0.46 -0.21
Pain Coefficient
Sig. (2- <0.001  <0.001 <0.001 <0.001 <0.001 <0.001 >0.05 <0.001 >0.05
tailed)
FACIT- Correlation -0.64 -0.72 -0.80 0.88 1.0 -0.45 -0.45 -0.002 0.40 0.23
F Total Coefficient
Score
Sig. (2- <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 >0.05 <0.001 >0.05
tailed)
SScQoL.  Correlation  0.62 0.71 1.0 -0.74 -0.80 0.52 0.52 0.06 -0.30 -0.15
Coefficient
Sig. (2- <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 >0.05 <0.05  >0.05
tailed)

104  FACIT-F; Functional Assessment of Chronic Illness Therapy-Fatigue, SScQoL; systemic sclerosis quality of life questionnaire, VAS; visual

105  analogue scale.

29



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Adverse events

One participant in the EIG experienced a moderate, expected epileptic seizure before the start
of the exercise program and required hospitalization. The participant was already receiving
treatment for this condition. This was a one-time event and thus it was deemed unrelated to the

exercise intervention in overall. No major and/or minor exercise-related side effects occurred.

Discussion

This large multi-centre European definitive RCT is the first study to demonstrate the benefits
of a combined exercise programme on debilitating symptoms (e.g., pain and fatigue) including
QoL, self-reported functional ability and depression in PwSSc. Namely, our exercise
programme was shown to be safe (i.e., no adverse events) and effective in improving at 12
weeks overall pain and fatigue, QoL, depression, self-reported functional ability, and overall
fitness including cardiorespiratory fitness, and upper body musculoskeletal strength and

endurance.

Pain

Baseline pain levels were mild in both groups. Exercise may reduce pain in SSc, commonly
cause by inflammatory arthritis, by improving vascular tone, modulating immune responses,
decreasing inflammation®*?* reducing disease activity, and strengthening the musculature

system®,.

At 12 weeks, the EIG improved by 0.27 VAS units from baseline and 0.46 units compared to
UCQG, a change meeting the reported minimal clinically important differences (MCID) of 0.2

to 0.3 units for PwSSc?.

VAS digital pain did not differ between groups following the exercise intervention, likely

reflecting a ceiling effect due to low baseline scores. Previously, VAS digital pain was
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149

150

151

152

improved following an exercise intervention in PwSSc; however, baseline values were higher
(2.2 £ 1.2)"? compared with the current study (1.19 £+ 1.04). Numerous psychosocial risk factors
(e.g., emotional health including depression, perceived physical health, and social support)
have also been identified as predictors of pain?’. Regression analyses showed that reductions
in depression and disease severity predicted pain improvement, suggesting psychological and

disease-activity pathways may mediate the exercise effect.

Fatigue

The FACIT-F total score which includes sub-sections on physical function, social well-being,
and daily activities, improved significantly in the EIG at 12 weeks compared with the UCG.
Our group has previously shown that exercise could improve energy levels and social profile

in PwSSc™.

The 13-item fatigue scale demonstrated a non-significant statistical improvement for the EIG
compared to the UCG at 12 weeks. This finding could be attributed to an insufficient exercise
dose-response for this fatigue scale. A higher exercise dose (e.g., thrice weekly) and/or a
whole-body exercise instead of upper body alone could have contributed to a significant change

for this outcome.

In addition, our participants at baseline presented on average with mild fatigue (i.e., score: 31-
40) for both groups, and a ceiling effect is possible to have restricted significant

improvements?.

The MCID for the 13-item fatigue scale over a 12-month follow-up in PwSSc indicates that a
change of -3 points reflects deterioration and +4 points reflects improvement®. In our study,
after only 12 weeks, the EIG improved by +2.2 points from baseline, while the UCG
deteriorated by -1.3 points. Although this difference did not reach clinical significance, the

magnitude and direction of change achieved in just 12 weeks suggest a potentially meaningful
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clinical effect for PwSSc that would warrant confirmation in longer trials. Previous studies
report similar findings, an 8-week, thrice-weekly aerobic and muscle endurance programme in
a small PwSSc sample (n=4) showed fatigue improvement®, and other exercise®' and Tai Chi*?
studies reported benefits however, both studies presented methodological limitations (e.g.,

absence of exercise dosage)®.

Our protocol may reduce fatigue through both psychological (reduced depression) and physical
(lower perceived disease impact) pathways, supported by regression analyses showing CES-D

and VAS-disease activity as meaningful fatigue predictors.

Quality of life, depression, and self-reported functional ability

The QoL (SScQoL) improved significantly in the EIG compared with the UCG at 12 weeks,
in agreement with previous systematic reviews and RCTs demonstrating exercise benefits in
PwSSc®**®. Lower limb muscle strength has strongly correlated with QoL in PwSS®*. In our
study, a weak correlation between upper body strength and QoL was reported, potentially
because lower limb strength is closely linked to mobility, independence in daily living and

physical functioning scales included within QoL questionnaires.

Depressive symptoms (CES-D) also improved significantly at 12 weeks in the EIG compared
with the UCG. Depression in PwSSc may have psycho-neuro-immunological origins®’, with
chronic pain, fatigue, body-image dissatisfaction, and functional disability®® promoting
negative emotions and pro-inflammatory cytokines release (e.g., IL-6)*. Exercise may
counteract this by increasing brain serotonin via the 5-HT3-IGF-1 mechanism leading to

antidepressant effects*® and reduce inflammation®.

The MCID for SHAQ-DI in PwSSc is 0.2 to 0.25 units®. In our study, the between group

difference at 12 weeks was 0.16 units, just below the MCID threshold. A higher exercise dose
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(e.g., thrice weekly) or an extended exercise period (e.g., 24 weeks) could have contributed to

a MCID.

A MCID for the CES-D 20 items questionnaire has not been established. Applying a 10%
change (as used in lupus exercise studies*'), the EIG improved by 14.4% from baseline and
38.9% compared with the UCG, suggesting a clinically meaningful reduction in depression.

Visual Analogue Scales

The VAS- intestinal, -breathing, -RP, and -disease activity improved significantly in the EIG
compared with the UCG at 12 weeks. Although baseline symptom burden was mild, these
changes are important given the lack of medical cure for SSc. Gastrointestinal, pulmonary, RP
and overall disease activity manifestations in SSc are underlined by vascular changes,
alteration of innate immunity, inflammatory responses and the process of fibrosis*>. Exercise
has demonstrated that is able to improve the microvasculature™ and lung function*®; and to

reduce inflammation® in PwSSc.

Musculoskeletal and cardiorespiratory fitness

Cardiorespiratory and musculoskeletal improvements in the EIG at 12 weeks were lost by 24
weeks, most likely due to physical deconditioning. The physiological mechanisms underlying

these improvements have been described previously'™.

Right-hand grip strength did not differ significantly between groups post-intervention, and
baseline strength was similar between hands. Hand dominance and habitual use can influence
muscle adaptation to RT*, which may explain the limited improvement in the dominant arm

compared to the non-dominant arm.

A systematic review reported MCID for grip strength ranging from 0.04 to 6.5 kg across

clinical populations®, reflecting heterogeneity in both populations and MCID calculation
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methods. In our study, the left-hand grip strength difference between groups was 3.9 kg above
the midpoint of this reported range. Based on the 10% change to account for a significant MCID
used when no established value exists*', our study, demonstrated an 8.5% difference between
groups which is slightly below the 10% MCID. his may reflect that the biceps curl test was
performed only in the dominant arm, where strength adaptations after resistance training are

often smaller than in the non-dominant arm*.

The MCID for VOqpeak is generally considered 3.5 mL-kg™'-min" *. In our study, the mean
between-group difference at 12 weeks was 3.1 mL-kg'-min™', approaching but not reaching
this threshold. This may partly reflect the use of upper-limb exercise, which recruits smaller
muscle groups and imposes less cardiovascular stress than lower-limb modalities. In a previous
study, our group showed that arm-crank ergometry elicited a VOzpeak about 29% lower than
cycling in L-min™" and 41% lower when adjusted for body weight, reflecting reduced muscle
mass involvement. Given the strong links between VO:peak and mortality, physical function,
and symptom management in chronic disease, enhancing VO:peak should remain a key target

in exercise programmes for PwSSc.

Participant eligibility and recruitment considerations

A notable number of patients (704 of 874 screened) were not included in the trial. Of these,
413 were excluded mainly due to disease exacerbations (e.g., active digital ulcers, uncontrolled
renal crisis) or severe complications such as advanced pulmonary arterial hypertension (PAH).
Although exercise is not generally contraindicated in PAH*, our protocol was designed at an
individualised high intensity to target pain and fatigue, and we excluded patients with severe
cardiopulmonary involvement for safety. Future studies should explore more exercise

protocols to improve inclusivity. Additionally, 206 eligible patients declined participation;
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understanding barriers and facilitators to exercise uptake through qualitative research will be

important for developing tailored referral strategies in PwSSc.

Strengths and Limitations

Strengths of the study include a large sample size, which enhances generalizability, and the
potential clinical benefit of our exercise protocol. The multi-centre design also allowed

resource sharing and improved networking.

Some limitations of our study were the use of different equipment for the physiological
assessments (potentially increasing data variability) and the fact that could not be blinded due
to the nature of the intervention (i.e., risk of intervention-driven bias). However, these
limitations it is unlikely that have impacted our results due to the large sample size, strict
adherence to standardized procedures across centres, and consistent use of the same equipment
(at the respective site) and blinded assessors, ensuring data validity and reliability. In addition,
all the patient-reported questionnaires and assessments have previously been validated in
PwSSc. In addition, we did not systematically collect detailed data on other non-
pharmacological treatments (e.g., physical or occupational therapy, counselling) that
participants may have used alongside usual care. However, the relatively large sample size (n
= 170) and the randomised design, with both groups equally able to access such adjunctive

treatments, likely mitigated potential confounding and supports the robustness of our findings.

Conclusion

Our European multi-centre definitive RCT demonstrated that a 12-week supervised combined
upper body exercise program (aerobic and resistance training) twice weekly significantly
improved pain, fatigue, depression, SSc-related quality of life, and physical fitness compared
to the control group. Improvements were also observed within the exercise group from
baseline, while the control group showed slight deterioration, suggesting that exercise may not
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only alleviate symptoms but also help prevent disease progression. These findings support
incorporating exercise as a non-pharmacological adjunct to pharmacotherapy for managing
symptoms and enhancing quality of life in PwSSc. A long-term RCT is warranted to investigate
the feasibility, implementation and the efficacy of a whole-body exercise program integrated

with education on healthy lifestyles and behavioural support.

Conflict of Interest

The authors declare no conflicts of interest for this research.

Acknowledgement

The authors would like to thank the study participants who volunteered in the study and

report no conflicts of interest with this manuscript.

We would like to thank the rheumatologists: Karina Gheorghe, Karin Gunnarsson and Annika
Nordin at Karolinska University hospital, Stockholm and Panagiota Vlachogianni and Loukia

Gamvrili at Sunderby hospital, Luled, Sweden.

Contributors

Study conception and design: Alexandros Mitropoulos (AM), Kasper Yde Jensen (KYJ),
Evangelia Kouidi (EK), Carina Bostrdm (CB), Giovanna Cuomo (GC), Louise Pyndt
Diederichsen (LPD), Malin Mattsson (MM), Eva M. Hoekstra (EMH), Jeska de Vries-
Bouwstra (JAVB), Theodoros Dimitroulas (TD), Mohammed Akil (MA), Seren Jacobsen (SJ),

Markos Klonizakis (MK).

Funding acquisition: AM, MK, SJ, EK, CB, GC, TVV.

Patient and public involvement coordination: AM, CB, EK, GC, EMH, JdVB, MM, KY1.

36



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Site set-up, participant recruitment and clinical oversight:

o Sheffield Hallam University/Sheffield Teaching Hospitals: AM, MK, MA.

o Rigshospitalet Copenhagen: KYJ, LPD, SJ.

e Aristotle University Thessaloniki: EK, TD.

o Karolinska Institutet/University Hospital Stockholm & Sunderby Hospital Lulea: CB,

MM.
e University of Campania L. Vanvitelli Naples: GC.

e Leiden University Medical Center: EMH, JdVB, TVV.

Exercise intervention development: AM.

Data collection: All site investigators (AM, KYJ, EK, CB, GC, LPD, MM, EMH, JdVB, TD,
MA, SJ, MK) and the IMPACT-SSc consortium members (Eleni Pagkopoulou, Thea Vliet

Vlieland, David Ueckert, Anil Gumber, Tiziana Nava, Henrik Pettersson, Line Kjer Winberg).

Data analysis and interpretation: AM, KYJ, EK, CB, MK, MA, SJ, EMH, JdVB.

Manuscript drafting: AM wrote the first draft. KYJ, EK, CB, GC, LPD, MM, EMH, JdVB,

TD, MA, SJ, MK critically revised and edited the manuscript for important intellectual content.

Supervision and project administration: MK, AM.

Guarantor: Alexandros Mitropoulos acts as the guarantor of the work. He accepts full
responsibility for the integrity of the data and the accuracy of the analyses and affirms that all

authors had full access to the data and approved the final version of the manuscript.

Funding

37



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

The work is being supported and funded by the Foundation of Research in Rheumatology
(FOREUM), as well as locally funded (e.g., Sweden has received extra local funding support
from the Swedish Rheumatism Association and Region Norrbotten). We declare that the
funders were not involved in any of the study’s procedures (e.g., study design, data

collection/analysis and interpretation).

Data availability statement

All data obtained during the process have been disclosed in this article, and there is nothing

else to share.

References

1. Varga J, Trojanowska M, Kuwana M. Pathogenesis of systemic sclerosis: recent insights of
molecular and cellular mechanisms and therapeutic opportunities. Journal of Scleroderma and

Related Disorders. 2017;2(3):137-152. d0i:10.5301/jsrd.5000249

2. Willems LM, Kwakkenbos L, Leite CC, et al. Frequency and impact of disease symptoms
experienced by patients with systemic sclerosis from five European countries. Clin Exp

Rheumatol. 2014;32(6 Suppl 86):S-93

3. De Luca R, Maresca M, Orlandi M, et al. The Emerging Challenge of Pain in Systemic
Sclerosis: Similarity to the Pain Experience Reported by Sjégren's Syndrome Patients.

Rheumatol Immunol Res. 2021;2(2):113-119. doi:10.2478/rir-2021-0015

4. Ostojic P, Jankovic K, Djurovic N, Stojic B, Knezevic-Apostolski S, Bartolovic D. Common
Causes of Pain in Systemic Sclerosis: Frequency, Severity, and Relationship to Disease Status,
Depression, and Quality of Life. Pain Manag Nurs. 2019;20(4):331-336.

doi:10.1016/j.pmn.2019.02.006

38



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

5. Basta F, Afeltra A, Margiotta DPE. Fatigue in systemic sclerosis: a systematic review. Clin Exp

Rheumatol. 2018;36 Suppl 113(4):150-160

6. Basta F, Afeltra A, Margiotta DPE. Fatigue in systemic sclerosis: a systematic review. Clin Exp

Rheumatol. 2018;36 Suppl 113(4):150-160

7.Khanna D, Denton CP, Jahreis A, et al. Safety and efficacy of subcutaneous tocilizumab in
adults with systemic sclerosis (faSScinate): a phase 2, randomised, controlled trial. Lancet.

2016;387(10038):2630-2640. doi:10.1016/S0140-6736(16)00232-4

8. Antonelli A, Fallahi P, Di Bari F, Giuggioli D, Ferrari SM, Ferri C. Fatigue in patients with
systemic sclerosis and hypothyroidism. A review of the literature and report of our experience.

Clin Exp Rheumatol. 2017;35 Suppl 106(4):193-197

9. Medication Adverse EffectsEttinger AB, Weisbrot DM, Gallimore CE, eds. Synopsis of
Neurology, Psychiatry and Related Systemic DisordersCambridge University Press; 2019:707-

806. https://www.cambridge.org/core/product/80C019701BD6FDFF71B4C1918BABESB2

10. Parodis |, Girard-Guyonvarc'h C, Arnaud L, et al. EULAR recommendations for the non-
pharmacological management of systemic lupus erythematosus and systemic sclerosis. Ann

Rheum Dis. 2024,;83(6):720-729. doi:10.1136/ard-2023-224416

11. Azar M, Rice DB, Kwakkenbos L, et al. Exercise habits and factors associated with exercise
in systemic sclerosis: a Scleroderma Patient-centered Intervention Network (SPIN) cohort

study. Disabil Rehabil. 2018;40(17):1997-2003. doi:10.1080/09638288.2017.1323023

12. Mitropoulos A, Gumber A, Crank H, Akil M, Klonizakis M. Exploring the feasibility of an
exercise programme including aerobic and resistance training in people with limited cutaneous

systemic sclerosis. Clin Rheumatol. 2020;39(6):1889-1898. doi:10.1007/s10067-019-04921-7

39


https://www.cambridge.org/core/product/80C019701BD6FDFF71B4C1918BABE9B2

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

13. Mitropoulos A, Gumber A, Akil M, Klonizakis M. Exploring the microcirculatory effects of an
exercise programme including aerobic and resistance training in people with limited cutaneous

systemic sclerosis. Microvasc Res. 2019;125:103887. doi:10.1016/j.mvr.2019.103887

14. Mitropoulos A, Gumber A, Crank H, Akil M, Klonizakis M. The effects of upper and lower limb
exercise on the microvascular reactivity in limited cutaneous systemic sclerosis patients.

Arthritis Res Ther. 2018;20(1):112-0. doi:10.1186/s13075-018-1605-0

15. Steen VD, Medsger TAJ. The value of the Health Assessment Questionnaire and special
patient-generated scales to demonstrate change in systemic sclerosis patients over time.

Arthritis Rheum. 1997;40(11):1984-1991. doi:10.1002/art.1780401110

16. Hawker GA, Mian S, Kendzerska T, French M. Measures of adult pain: Visual Analog Scale
for Pain (VAS Pain), Numeric Rating Scale for Pain (NRS Pain), McGill Pain Questionnaire (MPQ),
Short-Form McGill Pain Questionnaire (SF-MPQ), Chronic Pain Grade Scale (CPGS), Short
Form-36 Bodily Pain Scale (SF-36 BPS), and Measure of Intermittent and Constant
Osteoarthritis Pain (ICOAP). Arthritis Care Res (Hoboken). 2011;63 Suppl 11:240.

doi:10.1002/acr.20543

17. Ndosi M, Alcacer-Pitarch B, Allanore Y, et al. Common measure of quality of life for people
with systemic sclerosis across seven European countries: a cross-sectional study. Ann Rheum

Dis. 2018;77(7):1032-1038. doi:10.1136/annrheumdis-2017-212412

18. Kwakkenbos L, van Lankveld WGJM, Vonk MC, Becker ES, van den Hoogen FHJ, van den
Ende CHM. Disease-related and psychosocial factors associated with depressive symptoms in
patients with systemic sclerosis, including fear of progression and appearance self-esteem. J

Psychosom Res. 2012;72(3):199-204. doi:10.1016/j.jpsychores.2011.12.005

40



353 19. Roberts HC, Denison HJ, Martin HJ, et al. A review of the measurement of grip strength in
354  clinical and epidemiological studies: towards a standardised approach. Age Ageing.

355 2011;40(4):423-429. doi:10.1093/ageing/afr051

356 20. Langhammer B, Stanghelle JK. The Senior Fitness Test. J Physiother. 2015;61(3):163.

357  doi:10.1016/j.jphys.2015.04.001

358  21.Metsios GS, Brodin N, Vlieland TPMV, et al. Position Statement on Exercise Dosage in
359 Rheumatic and Musculoskeletal Diseases: The Role of the IMPACT-RMD Toolkit. Mediterr J

360  Rheumatol. 2021;32(4):378-385. d0i:10.31138/mjr.32.4.378

361 22. Perandini LA, Sales-de-Oliveira D, Mello SBV, et al. Exercise training can attenuate the
362 inflammatory milieu in women with systemic lupus erythematosus. JAppl Physiol (1985).

363 2014;117(6):639-647. doi:10.1152/japplphysiol.00486.2014

364  23. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The anti-
365 inflammatory effects of exercise: mechanisms and implications for the prevention and

366 treatment of disease. Nat RevImmunol. 2011;11(9):607-615. doi:10.1038/nri3041

367 24. Blank RB, Nwawka OK, Yusov AA, Gordon JK. Inflammatory arthritis in systemic sclerosis:

368 What to do? J Scleroderma Relat Disord. 2019;4(1):3-16. doi:10.1177/2397198318779532

369 25. Li Z, Wang X. Clinical effect and biological mechanism of exercise for rheumatoid arthritis: A

370 mini review. Front Immunol. 2023;13:1089621. doi:10.3389/fimmu.2022.1089621

371 26. Gazi H, Pope JE, Clements P, et al. Outcome measurements in scleroderma: results from a

372 delphi exercise. J Rheumatol. 2007;34(3):501-509

41



373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

27.Merz EL, Malcarne VL, Roesch SC, et al. Longitudinal patterns of pain in patients with
diffuse and limited systemic sclerosis: integrating medical, psychological, and social

characteristics. Qual Life Res. 2017;26(1):85-94. d0i:10.1007/s11136-016-1370-y

28. Daynes E, Baldwin MM, Annals M, et al. Changes in fatigue symptoms following an exercise-
based rehabilitation programme for patients with long COVID. ERJ Open Res.

2024;10(4):00089-2024. eCollection 2024 Jul. doi:10.1183/23120541.00089-2024

29. Kiss F, Farkas N, Nagy G, et al. Minimal Clinically Important Differences (MCID) for the
Functional Assessment of Chronic Illness Therapy Fatigue Scale in Patients with Systemic
Sclerosis. Int J Environ Res Public Health. 2022;20(1):771. doi: 10.3390/ijerph20010771.

doi:10.3390/ijerph20010771

30. Alexanderson H, Bergegard J, Bjérnadal L, Nordin A. Intensive aerobic and muscle
endurance exercise in patients with systemic sclerosis: a pilot study. BMC Res Notes.

2014,7:86-86. doi:10.1186/1756-0500-7-86

31.Yakut H, Ozalevli S, Aktan R, Ozgen Alpaydin A, Merih Birlik A, Can G. Effects of supervised
exercise program and home exercise program in patients with systemic sclerosis: A
randomized controlled trial. IntJ Rheum Dis. 2021;24(9):1200-1212. doi:10.1111/1756-

185X.14177

32. Cetin SY, Calik BB, Ayan A. Investigation of the effectiveness of Tai Chi exercise program in
patients with scleroderma: A randomized controlled study. Complement Ther Clin Pract.

2020;40:101181. doi:10.1016/j.ctcp.2020.101181

33. Mitropoulos A, Klonizakis M. Scientific critique on the effects of supervised exercise
program and home exercise program in patients with systemic sclerosis: Arandomized

controlled trial. Int J Rheum Dis. 2021;24(12):1543-1544. doi:10.1111/1756-185X.14234

42



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

34. Liem SIE, Vliet Vlieland TPM, Schoones JW, de Vries-Bouwstra JK. The effect and safety of
exercise therapy in patients with systemic sclerosis: a systematic review. Rheumatol Adv Pract.

2019;3(2):rkz044. doi:10.1093/rap/rkz044

35. Pettersson H, Alexanderson H, Poole JL, et al. Exercise as a multi-modal disease-modifying
medicine in systemic sclerosis: An introduction by The Global Fellowship on Rehabilitation and
Exercise in Systemic Sclerosis (G-FoRSS). Best Pract Res Clin Rheumatol. 2021;35(3):101695.

doi:10.1016/j.berh.2021.101695

36. Lima TRL, Guimaréaes FS, Carvalho MN, Sousa TLM, Menezes SLS, Lopes Al. Lower limb
muscle strength is associated with functional performance and quality of life in patients with

systemic sclerosis. Braz J Phys Ther. 2015;19(2):129-136. doi:10.1590/bjpt-rbf.2014.0084

37.Somani A, Kar SK, Parida JR. Depression in systemic sclerosis: Review of the neuro-
immunologic link and pharmacological management. Medical Journal of Dr.D.Y.Patil University.
2016;9(3).
https://journals.lww.com/mjdy/fulltext/2016/09030/depression_in_systemic_sclerosis__revie

w_of_the.2.aspx

38. Thombs BD, Taillefer SS, Hudson M, Baron M. Depression in patients with systemic
sclerosis: a systematic review of the evidence. Arthritis Rheum. 2007;57(6):1089-1097.

doi:10.1002/art.22910

39. Maes M. The cytokine hypothesis of depression: inflammation, oxidative & nitrosative stress
(IO&NS) and leaky gut as new targets for adjunctive treatments in depression. Neuro Endocrinol

Lett. 2008;29(3):287-291

43


https://journals.lww.com/mjdy/fulltext/2016/09030/depression_in_systemic_sclerosis__review_of_the.2.aspx
https://journals.lww.com/mjdy/fulltext/2016/09030/depression_in_systemic_sclerosis__review_of_the.2.aspx

417 40. Alizadeh Pahlavani H. Possible role of exercise therapy on depression: Effector
418 neurotransmitters as key players. Behav Brain Res. 2024;459:114791.

419  doi:10.1016/j.bbr.2023.114791

420  41.Frade S, O'Neill S, Walsh S, et al. Telehealth-supervised exercise in systemic lupus

421 erythematosus: A pilot study. Lupus. 2023;32(4):508-520. d0i:10.1177/09612033231157073

422 42.Volkmann ER, Andréasson K, Smith V. Systemic sclerosis. Lancet. 2023;401(10373):304~

423  318.doi:10.1016/S0140-6736(22)01692-0

424 43. Faverzani S, Nocera F, Crisafulli E, et al. Home-based unsupervised pulmonary
425 rehabilitation program improves the respiratory disability in systemic sclerosis patients with
426 dyspnea: an observational prospective study. Monaldi Arch Chest Dis.

427  2021;92(3):10.4081/monaldi.2021.1984. doi:10.4081/monaldi.2021.1984

428 44. Armstrong CA, Oldham JA. A comparison of dominant and non-dominant hand strengths. J

429  Hand Surg Br. 1999;24(4):421-425. doi:10.1054/jhsb.1999.0236

430 45. Franceschini M, Boffa A, Pignotti E, Andriolo L, Zaffagnini S, Filardo G. The Minimal Clinically
431 Important Difference Changes Greatly Based on the Different Calculation Methods. Am J Sports

432  Med. 2023;51(4):1067-1073. d0i:10.1177/03635465231152484

433  46.LanglJ, Prince SA, Merucci K, et al. Cardiorespiratory fitness is a strong and consistent
434 predictor of morbidity and mortality among adults: an overview of meta-analyses representing
435 over 20.9 million observations from 199 unique cohort studies. BrJ Sports Med.

436  2024;58(10):556-566. doi:10.1136/bjsports-2023-107849

44



437 47.Sahni S, Capozzi B, Iftikhar A, Sgouras V, Ojrzanowski M, Talwar A. Pulmonary rehabilitation
438 and exercise in pulmonary arterial hypertension: An underutilized intervention. J Exerc Rehabil.

439  2015;11(2):74-79. doi:10.12965/jer.150190

440

45



