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Abstract

Background: There is an ongoing debate regarding the relevance of the 6-minute walking distance (6MWD) in
systemic sclerosis (SSc) assessment, widely used as a usual test in these patients as well as an outcome measure in
clinical trials. In this work, we aimed to assess the associations between the 6MWD and various disease parameters
in patients with SSc.

Methods: Consecutive patients followed in our SSc National Reference Centre were included in this cross-sectional
study if they fulfilled the 2013 American College of Rheumatology/European League Against Rheumatism criteria for
SSc. Data were systematically collected during a comprehensive standardized evaluation that included a 6-minute walk
test, clinical assessment, biological results, pulmonary function tests, transthoracic echocardiography, composite scores
(European Scleroderma Study Group Activity Index, Medsger severity score, Health Assessment Questionnaire-Disability
Index (HAQ-DI)) and treatments.

Associations of the 6BMWD with various disease parameters were assessed by linear regression in univariate and
multivariate analyses.

Results: The study population comprised 298 patients (females 81%; mean age 58.2 + 13.3 years; limited cutaneous SSc
82%; interstitial lung disease (ILD) 42%; pulmonary arterial hypertension (PAH) 6%). The 6MWD was significantly and
independently associated with gender, age, body mass index, baseline heart rate (HR), HR variation during the test,
PAH, history of arterial thrombosis and C-reactive protein levels, as well as with the HAQ-DI score in a sensitivity
analysis. Muscle involvement, joint involvement and ILD were not independently associated with the 6MWD.

Conclusions: During SSc, the 6MWD is independently associated with initial HR and HR variation; with PAH but not
ILD, suggesting that pulmonary vasculopathy may have a greater impact than parenchymal involvement on functional
limitation; and with global markers of disease activity and patient disability. These results give clinicians further insight
into how to interpret the 6MWD in the context of SSc.
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Background

Systemic sclerosis (SSc) is a severe condition classified
within the connective tissue disease spectrum [1]. Over
the last decades, the respiratory complications of the
disease, namely pulmonary hypertension (PH) and inter-
stitial lung disease (ILD), have become the leading cause
of mortality among SSc patients [2]. One of the most
important objectives when managing SSc patients is
therefore to detect these complications as early as pos-
sible, to properly assess their severity and to accurately
follow up therapeutic efficacy.

Among the different tools available to evaluate SSc
patients, the 6-minute walk test (6MWT) is simple, non-
invasive, inexpensive and reproducible, and is frequently
used in daily practice [3]. Initially developed to study
exercise tolerance in aviation personnel [4], its use has
since been translated to the field of cardiopulmonary
diseases [5], such as chronic obstructive pulmonary
disease (COPD), idiopathic pulmonary fibrosis (IPF) and
idiopathic pulmonary arterial hypertension (PAH). In
these mono-organ conditions, the 6-minute walk dis-
tance (6MWD) has proven to be an accurate reflection
of disease severity with a prognostic significance [6-8].

However, conversely to these diseases, SSc is a sys-
temic condition associated with various extrapulmonary
features (skin fibrosis, musculoskeletal pain, heart in-
volvement, anemia) and with significant disability that
can confound the interpretation of the 6MWT. In this
multi-organ setting, the assumption that the 6MWD is
an adequate surrogate marker for the severity of cardio-
pulmonary complications is no longer straightforward,
and this has led clinicians to wonder what is actually
being measured during this test in SSc [9]. This is of cru-
cial importance, since the 6MWD is used in daily practice
to follow up SSc patients [3], and as an outcome measure
in clinical trials for SSc-PAH [10-13] and ILD [14].

Several teams have tried to answer this question but
their results are conflicting [15-30]. For instance, forced
vital capacity (FVC) measured during pulmonary func-
tion tests (PFT) was significantly associated with the
6MWD in some studies [19, 21, 22, 25] but not in others
[16, 18, 20, 28, 29]. Similarly, associations with musculo-
skeletal parameters have been observed inconsistently
[21, 25, 26].

To address this issue, we performed a cross-sectional
study and assessed the associations between the 6MWD
and various disease characteristics in a large and well-
phenotyped SSc patient population.

Methods

Patient selection

We designed a cross-sectional study and recruited
consecutive patients over 18 years old followed in the
National Referral Centre for Systemic Sclerosis of Lille
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from November 2014 to August 2016. They were in-
cluded in the study if they fulfilled the 2013 ACR/
EULAR classification criteria for SSc [31]. There was no
exclusion criterion.

Data collection

Data were collected systematically by a physician in a
standardized case-report form for all patients referred to
our day-patient clinic. All of them underwent a compre-
hensive evaluation performed within the same day (ex-
cept for transthoracic echocardiography (TTE) that
could be performed up to 6 months before or after the
6MWT).

Patients underwent a non-encouraged 6MWT as
recommended [32]. The total 6MWD (in absolute and
relative values [33]), modified Borg score, peripheral
oxygen saturation (SpO,), blood pressure (BP) and heart
rate (HR) were recorded at the beginning and the end of
the test. Variations of (A) Borg score, SpO,, BP and HR
were defined as the difference between their final and
initial values.

Other data collected included patient and SSc charac-
teristics, clinical parameters (including modified Rodnan
skin score (mRSS) and New York Heart Association
(NYHA) functional class), biological results (including
C-reactive protein (CRP), Nt-pro-BNP and creatinin
kinase (CK) levels), TTE (including estimated systolic
pulmonary artery pressure (sPAP) and left ventricle ejec-
tion fraction (LVEF)), PFT (including FVC, total lung
capacity (TLC) and diffusing capacity of the lung for car-
bon monoxide (DLCO)), composite scores (European
Scleroderma Study Group Activity Index (EScSG-AI)
[34], Medsger severity score [35], Health Assessment
Questionnaire—Disability Index (HAQ-DI) [36]) and
treatments (for a complete list of collected data, see
Additional file 1).

Statistical analyses
Characteristics of the population were described using
the mean * standard deviation (SD) for quantitative vari-
ables, and number (percentage) for qualitative variables.

In order to study the associations between the 6MWD
(in absolute value) as the dependent variable and the
various explanatory variables, in a first step we con-
ducted univariate analyses using linear regressions. Re-
sults were expressed using nonadjusted coefficients (95%
confidence interval (CI)) expressed in meters. To better
identify relevant explanatory variables, linear regressions
were then adjusted on the main potential confounding
factors (gender, age, body mass index (BMI), disease
duration, smoking history and SSc subtype).

As a second step, we built a multivariate linear regres-
sion model using the following strategy. Firstly, we
included a priori the six potential confounding variables
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already described. Secondly, we made a first selection of
variables based on univariate analyses (p < 0.10). Thirdly,
we ensured that among these variables, those of interest
were present (i.e., the complications identified a priori as
being able to influence the 6MWD: in particular PAH,
ILD, joint and muscle symptoms, heart involvement
using the left ventricle ejection fraction). Fourthly, we
excluded the variables that mediated the relationship be-
tween the 6MWD and organ involvements (e.g., symp-
toms of dyspnea for PAH or ILD), so as not to attenuate
the regression coefficients related to organ involvement
variables. We also excluded collinear variables and com-
posite scores. Fifthly, we ensured that the number of
variables included in the model was consistent with the
number of patients (i.e., close to one variable per 10
patients). Finally, we tested several potential interactions:
between PAH or ILD and joint symptoms, muscle symp-
toms, smoking history or SSc subtype; and between
AHR, initial HR and chronotropic drugs. None of the in-
teractions tested was significant. Additionally, the HAQ-
DI score was included in a separate regression model as a
sensitivity analysis. Coefficients (95% CI) were expressed
in meters. Regression diagnostics were performed.

All statistical analyses were performed using R soft-
ware, version 3.2.5 [37]. The threshold for statistical sig-
nificance was set to p < 0.05.

Results
Patient characteristics
Overall, the study population comprised 298 patients
(Table 1). Most of them were middle-aged females (sex
ratio male/female 0.23; mean age 58.2 + 13.3 years) with
limited cutaneous SSc (82.2%) associated with anti-
centromere antibodies (56.0%). ILD (41.1%) and digital
ulcers (43.0%) were the most frequent complications of
the disease, while PAH (5.9%) and renal crisis (0.4%)
remained rare. Patients were mainly staged in NYHA
class I or II (78.7%) and displayed no major PFT alter-
ations (mean FVC 103.5 +21.8%; mean DLCO 70.0 +
19.7%). Musculoskeletal complaints included joint
(42.2%) and muscle symptoms (19.2%), with mostly nor-
mal muscle enzymes (mean CK levels 93 + 59.5 IU).
During the 6MWTT, patients walked a mean distance of
438.3 +108.1 m (81.6 + 17.8% of the predicted value), de-
creased their SpO, by a mean of 0.58 +2.72% and in-
creased their HR by a mean of 10.4+11.2 bpm. The
mean Borg score was 0.4+ 1.1 at the beginning of the
test and rose to 2.5 + 2.2 at the end.

Associations with the 6-minute walk distance: nonad-
justed and adjusted analyses

Univariate analyses revealed several associations between
the 6MWD and the collected parameters (Table 2). To
better identify relevant explanatory variables, these
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analyses were then adjusted on several potential con-
founding factors (gender, age, BMI, disease duration,
smoking history and SSc subtype).

Regarding general patient and SSc characteristics,
the 6MWD was associated with gender (p < 107%), age
(p<107°) and BMI (p<107°) both before and after
adjustment. Associations were observed with smoking
habits and disease duration in nonadjusted analysis,
but did not remain significant after adjustment.
Although we found no association with cutaneous sub-
type, immunological profile or capillaroscopic anomalies
in nonadjusted analysis, adjustment on confounding vari-
ables revealed a significant association of the 6MWD with
the cutaneous subtype (p = 0.008).

Regarding cardiopulmonary parameters, the 6MWD
was significantly associated with PAH (p < 107°), ILD (p
=0.02) and history of cardiovascular events (venous
thrombosis p =0.001; arterial thrombosis p<107°) in
nonadjusted analysis. Association with ILD was no
longer significant after adjustment (p =0.08). We also
found significant associations of the 6WMD with NYHA
functional class (p <107°), elevated Nt-pro-BNP levels
(p < 107°), echocardiographic markers of PH (estimated
sPAP p < 107%; right atrium area p = 0.01) and left-heart
dysfunction (LVEF p = 0.03), and PFT results (TLC p = 0.007;
DLCO p <107%) in nonadjusted analysis. These associations
remained significant after adjustment.

Other cardiopulmonary parameters measured during
the 6MWT also displayed significant associations with
the total distance, especially initial HR (p<107%) and
AHR (p <107%), both before and after adjustment. Sig-
nificant associations with chronotropic drug intake were
observed only in nonadjusted analysis.

Regarding extracardiopulmonary parameters, we observed
an association with articular involvement (joint symptoms p
=0.02) that became nonsignificant after adjustment on con-
founding variables. Similarly, there was no association with
markers of muscular (muscle symptoms p = 0.08; CK levels
p=0.11) and skin (mRSS p=0.74; digital ulcers p =0.30)
involvements in nonadjusted analysis.

Regarding global indicators of disease activity and
severity, the 6MWD was significantly associated
with hemoglobin (p <1073), CRP (p<1072), EScSG-
Al (p = 0.001) and Medsger severity scores (p < 107%), both
before and after adjustment. We also found a markedly
large association of the 6MWD with the HAQ-DI score
(p < 107°) in both analyses.

Associations with the 6-minute walk distance: multivariate
models

Based on the results of our nonadjusted and adjusted
analyses, we built a multivariate model to determine the
factors independently associated with the 6MWD
(Table 3).
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Table 1 Characteristics of the study population

Table 1 Characteristics of the study population (Continued)
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N Value N Value
Demographic data ABorg score, mean (SD) 293 2.1 (1.9
Females, n (%) 298 242 (81.2) Initial sBP (mmHg), mean (SD) 292 1238 (16.6)
Age at inclusion (years), mean (SD) 298 58.2 (13.3) Final sBP (mmHg), mean (SD) 292 1329 (18.2)
BMI (kg/mz), mean (SD) 283 249 (5.3) AsBP (mmHg), mean (SD) 291 92 (14.0)
Smoking history, n (%) 297 119 (40.1) Initial dBP (mmHg), mean (SD) 271 974 (34)
Diagnosis of SSc Final dBP (mmHg), mean (SD) 292 736 (10.0)
SSc subtype AdBP (mmHg), mean (SD) 291 0.95 (10.2)
IcSSc, n (%) 298 245 (82.2) Initial HR (bpm), mean (SD) 289 76.7 (12.3)
dcSSc, n (%) 298 53 (17.8) Final HR (bpm), mean (SD) 288 87.1 (15.9)
Disease duration at inclusion AHR (bpm), mean (SD) 288 104 (11.2)
Since diagnosis (years), mean (SD) 298 9.1 8.1) Biological data
Since first non-Raynaud symptom 244 99 (8.5) Hemoglobin (g/dl), mean (SD) 291 134 (1.4)
tyears) mean (D) ESR (mm/h), mean (SD) 258 148 (15.3)
Since Raynaud phenomenon onset 279 15.6 (12.2)
(years), mean (SD) CRP (mg/L), mean (SD) 293 4.0 (4.7)
Immunological profile Creatinin (mg/L), mean (SD) 294 80 (2.8)
Anti-centromere antibodies, n (%) 291 163 (56.0) Estimated GFR (ml/min/1.73 m?), mean (SD) 294 89.1 (21.5)
Anti-topoisomerase | antibodies, n (%) 291 57 (19.6) Elevated Nt-pro-BNP, n (%) 290 43 (14.8)
Anti-RNA polymerase il antibodies, n (%) 201 7 (24) CK (IU), mean (D) 289 93 (595
Anti-RNP antibodies, n (96) 291 15 (52) Ferritin (ng/ml), mean (SD) 268 105.5 (1364)
Nailfold capillaroscopy Complement activation, n (%) 265 9 (34)
Specific organic microangiopathy, n (%) 109 98 (89.9) Transthoracic echocardiography
History of organ involvement Left ventricular ejection fraction (%), mean (SD) 250 628 6.7)
Interstitial lung disease Left ventricular diastolic dysfunction, n (%) 229 124 (54.2)
No ILD, n (%) 270 159 (58.9) Valvular heart disease, n (%) 244 41 (16.8)
Limited ILD, n (%) 270 82 (30.4) Peak TRV (m/s), mean (SD) 98 262 (0.54)
Extensive ILD, n (%) 270 29 10.7) RA-RV pressure gradient (mmHg), mean (SD) 206 274 (13.4)
Pulmonary arterial hypertension, n (%) 286 17 (59 Estimated sPAP (mmHg), mean (SD) 194 315 (13.1)
Scleroderma renal crisis, n (%) 285 1 0.4) RA area (cm?), mean (SD) 139 150 (46)
Digital ulcers (previously or at inclusion), n (%) 298 128 (43.0) IVC dilation and/or decreased VC collapse, n (%) 210 16 (76)
Acute venous thrombosis, n (%) 297 33 11.1) Pericardial effusion, n (%) 230 5 22
Acute arterial thrombosis, n (%) 297 39 (13.1) Pulmonary function tests
Chronic cardiovascular disease, n (%) 296 21 (7.1) TLC (% predicted), mean (SD) 276 96.2 (164)
Clinical evaluation at inclusion FVC (% predicted), mean (SD) 287 1035 (218)
Modified Rodnan skin score, mean (SD) 297 496 (5.95) FEV1 (% predicted), mean (SD) 286 95.1 218)
Telangiectasia, n (%) 275 199 72.4) FEV1/FVC (%), mean (SD) 286 792 (107)
NYHA functional class DLCO (% predicted), mean (SD) 285 70.0 (19.7)
Class I, n (%) 206 132 (446) KCO (% predicted), mean (SD) 278 809 (17.6)
Class Il n (%) 296 101 34.1) Composite scores
Class Ill, n (%) 206 57 19.3) EScSG-Al score, mean (SD) 289 1.16 (1.2)
Class IV, n (%) 296 6 0 Medsger severity score, mean (SD) 228 417 2.5)
Cardiovascular symptoms, n (%) 298 24 8.1 HAQ-DI score, mean (SD) 223 oe1 ©7)
Joint symptoms, n (%) 296 125 422) Treatments
Muscle symptoms, n (%) 297 57 (192) Negative chronotropic drugs, n (%) 293 87 (29.7)
6-minute walk test Positive chronotropic drugs, n (%) 293 10 (3.4)
Totl distance (), mean (50) BB 08 e, DLCO ifsing apacty o e ang for cabon monl, ESSGA European
Total distance (% predicted), mean (SD) 290 816 17.8) Scleroderma Study Group Activity Index, ESR erythrocyte sedimentation rate, FEV1 forced
expiratory volume during the first second, FVC forced vital capacity, GFR glomerular filtration
Initial SpO, (%), mean (SD) 280 98.1 1) rate, HAQ-DI Health Assessment Questionnaire—Disability Index, HR heart rate, ILD interstitial
Final SpO, (%), mean (SD) 275 97.5 (33) I;r;%:;isjs’sz {itr;ii:;ejr::i:’::g:: Ilt\nl(‘l{lfq infxo;;in:eza:iiﬁaigﬁfm sgﬁtfg:z:frof;\fafrgsp
ASpO; (%), mean (SD) 276 -0.58 2.72) ventricle, sBP systolic blood pressure, SD standard deviation, sPAP systolic pulmonary arterial
pressure, SpO, peripheral oxygen saturation, SSc systemic sclerosis, TLC total lung capacity, TRV
Initial Borg score, mean (SD) 294 04 (1.1 tricuspid regurgitation velocity, A variation of
Final Borg score, mean (SD) 294 25 2.2)
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Table 2 Nonadjusted and adjusted associations between 6MWD and SSc characteristics
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Nonadjusted Adjusted*

B (95% Cly p B (95% Cl) p
Male (vs female) 527 (218, 836) <107 769 (46.4; 107.4) <107
Age (per 1-year increment) -36 (-4.5;-2.8) <10°° -39 (-48;,-3.1) <10°®
Smoking history (vs no history) 31.8 6.9; 56.7) 0.01 -11.2 (-34.9;126) 0.36
BMI (per 1-kg/m? increment) 4.1 (-64; -1.7) <1073 -37 (-5.7;-16) <107
dcSSc (vs 1¢SSc) -0.7 (-32.8;31.5) 097 -40.2 (-69.7; -10.8) 0.008
Disease duration since diagnosis (per 1-year increment) -1.8 (-33;-03) 0.02 0.7 (-0.8;2.2) 0.38
Disease duration since first non-RP symptom (per -23 (-3.8;-0.7) 0.004 -0.7 (-2.3;0.8) 033
1-year increment)
Disease duration since RP onset (per 1-year increment) -1.2 (-2.2,-0.2) 0.02 04 (-0.5; 14) 0.38
ACA (vs no ACA) -234 (-48.1;1.3) 0.06 -9.8 (-35.5; 16.0) 046
ATA (vs no ATA) 0.1 (-31.0;31.3) 0.99 -24 (=315; 26.8) 087
ARA (vs no ARA) 47.2 (-33.2,127.7) 0.25 14.7 (-61.6; 90.9) 0.71
Anti-RNP antibodies (vs no anti-RNP antibodies) 37 (=52.2; 59.5) 0.90 -22.3 (-71.0; 26.4) 037
Abnormal nailfold capillaroscopy (vs normal) -18.1 (-86.7; 50.6) 0.61 -12.5 (-66.9; 41.8) 0.65
PAH (vs no PAH) -1318 (-1832; -80.3) <107° -1120 (-1559; -68.2) <107
ILD (vs no ILD) 0.02 0.08

Limited ILD 164 (-13.0;453) 14.2 (-13.8;42.2)

Extensive ILD -52.3 (-95.6; -9.0) -404 (=787, -2.1)

DU (previously or at inclusion) (vs no DU) 13.2 (-11.6; 38.0) 030 -106 (-33.7:126) 037
History of venous thrombosis (vs no history) -65.0 (-1034; -26.5) 0.001 -52.5 (-87.3; -17.6) 0.003
History of arterial thrombosis (vs no history) -736 (=109.0; -38.1) <1073 -435 (-764; -10.6) 0.01
History of cardiovascular disease (vs no history) -103.8 (-150.2; =57.5) <1073 -65.0 (-108.2; -21.8) 0.003
Modified Rodnan skin score (per 1-point increment) -04 (-24;1.7) 0.74 -09 (-3.1;1.3) 042
Telangiectasia (vs no telangiectasia) -124 (-41.0; 16.1) 039 134 (-12.6; 394) 031
NYHA functional class (vs class ) <107 <107

NYHA class Il -76.1 (-=100.1; -52.2) -61.7 (-83.8;, -39.6)

NYHA class Il -132.1 (-160.8; -103.3) -108.1 (-134.5;-81.7)

NYHA class IV -2274 (-303.1; =151.7) -216.0 (-281.6; -1504
Cardiovascular symptoms (vs no symptoms) -49.8 (-94.6; -4.9) 0.03 -335 (-73.3;6.2) 0.10
Joint symptoms (vs no symptoms) -294 (-54.3; -4.6) 0.02 -58 (-284; 16.8) 061
Muscle symptoms (vs no symptoms) -278 (-58.9; 3.4) 0.08 -16.1 (-44.0; 11.8) 0.26
Initial SpO, (per 1% increment) 149 (9.2, 20.7) <10°° 114 (6.3; 164) <107
Final SpO, (per 1% increment) 9.1 (55;12.8) <1073 7.2 (3.9;104) <107
ASpO, (per 1% increment) 47 (0.0; 94) 0.05 3.7 (-0.3;7.8) 0.07
Initial Borg score (per 1-point increment) =225 (-333;-11.7) <1073 =215 (-30.7; =12.3) <1073
Final Borg score (per 1-point increment) =177 (-23.0; -12.4) <107 -138 (-18.6; -8.9) <107
ABorg score (per 1-point increment) -159 (-22.1; -9.6) <1073 -104 (-16.3; —4.6) <107
Initial sBP (per 1-mmHg increment) -10 (-1.7,-0.2) 0.01 04 (-03;12) 0.26
Final sBP (per 1-mmHg increment) -06 (-1.2,0.1) 0.11 0.8 (0.1; 1.5) 0.02
AsBP (per 1-mmHg increment) 04 (-0.5; 1.3) 037 0.5 (-0.2; 1.3) 0.18
Initial dBP (per 1-mmHg increment) 9.1 (5.3;12.8) <1073 7.1 (3.9, 10.3) <1073
Final dBP (per 1-mmHg increment) 0.5 (-0.7; 1.8) 042 0.1 (-1.0;1.2) 091
AdBP (per 1-mmHg increment) 06 (-0.7; 1.8) 036 0.0 (=1.0; 1.1) 0.95
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Table 2 Nonadjusted and adjusted associations between 6MWD and SSc characteristics (Continued)
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Nonadjusted Adjusted*
B (95% Cly p B (95% Cl) p
Initial HR (per 1-bpm increment) -19 (-2.9; -0.9) <1073 -20 (-29,-12) <107
Final HR (per 1-bpm increment) -0.1 (-0.9;0.7) 0.86 0.1 (-0.6; 0.8) 0.85
AHR (per 1-bpm increment) 2.1 (1.0;32) <1073 25 (1.6; 3.5 <107
Hemoglobin (per 1-g/dl increment) 266 (18.0; 35.2) <10°° 199 (115; 282) <107?
ESR (per 1-mm/h increment) -23 (-3.1;,-15) <10°° -2.1 (-2.8,-13) <10°®
CRP (per 1-mg/L increment) -58 (-84; -3.3) <1073 -58 (-8.0; -3.5) <107
Creatinin (per 1-mg/L increment) -36 (-8.0; 0.8) 0.11 -34 (-7.3;0.5) 0.09
Estimated GFR (per 1-ml/min/1.73 m? increment) 1.1 06;1.7) <10™ 0.0 (-0.6; 0.5) 0.97
Elevated Nt-pro-BNP (vs normal Nt-pro-BNP) -954 (-1287; -62.1) <107 -66.5 (-984; —34.6) <107
CK (per 1-IU increment) 02 (0.0; 0.4) 0.11 02 (0.0; 0.3) 0.11
Ferritin (per 1-ng/ml increment) 0.0 (-0.1; 0.1) 0.55 0.0 (-0.1; 0.1) 0.84
Complement activation (vs no activation) 16 (-70.0; 73.3) 0.96 10.5 (=512, 72.1) 0.74
LVEF (per 1% increment) 2.1 0.2;4.1) 0.03 2.1 (04;3.8) 0.02
LVDD (vs no LVDD) -69.6 (-96.6; -42.7) <10°° -17.1 (-45.6; 11.4) 0.24
Valvular heart disease (vs no valvular heart disease) -225 (-593; 14.2) 0.23 26.2 (-7.5;59.9) 0.13
Peak TRV (per 1-m/s increment) -62.3 (=101.0; =23.6) 0.002 -332 (-674:1.1) 0.06
RA-RV pressure gradient (per 1-mmHg increment) -25 (-3 5) <1073 -1.8 (-2.8; -0.9) <107
Estimated sPAP (per 1-mmHg increment) -25 (-3 4) <107 -19 (=29, -09) <107
RA area (per 1-cm? increment) -47 (-8 2) 0.01 -46 (-84; -0.7) 0.02
Abnormal IVC (vs normal IVC) -26.0 (~79.7; 276) 034 -22.5 (-68.9; 24.0) 034
Pericardial effusion (vs no pericardial effusion) -574 (-154.7; 39.9) 0.25 -95.3 (-1883;-2.2) 0.05
TLC (per 1% increment) 1.0 0.3; 1.8 0.007 1.1 (04;1.8) 0.002
FVC (per 1% increment) 04 (-0.2; 0.9 0.20 12 0.7, 1.7) <107
FEV1 (per 1% increment) 03 (-0.3;09) 0.29 1.0 (0.5; 1.5 <107
FEV1/FVC (per 1% increment) 038 (-0.3; 2.0) 0.16 -0.2 (-1.3;0.9) 0.68
DLCO (per 1% increment) 14 (08;20) <107 15 (1.0, 20) <107°
KCO (per 1% increment) 0.7 0.0; 1.5 0.04 1.2 (06; 1.9 <107
EScSG-Al score (per 1-point increment) -164 (-26.2; -6.5) 0.001 -14.6 (-23.5; -5.7) 0.001
Medsger severity score (per 1-point increment) -10.8 (-16.3; -54) <1073 -829 (-99.8; -66.0) <107
HAQ-DI score (per 1-point increment) -104.6 (1220, -87.2) <107 -1 (-16.2; -6.1) <107
Positive chronotropic drug intake (vs no intake) -684 (-136.5; -0.3) 0.05 -387 (-986; 21.1) 0.21
Negative chronotropic drug intake (vs no intake) -48.1 (=74.7; -21.4) <1073 -15.3 (-4 0.5) 0.25

B coefficients expressed in meters

*Analyses adjusted on gender, age, BMI, disease duration, smoking history and SSc subtype
6MWD 6-minute walk distance, ACA anti-centromere antibodies, ARA anti-RNA polymerase Il antibodies, ATA anti-topoisomerase | antibodies, BMI body mass index,
Cl confidence interval, CK creatin kinase, CRP C-reactive protein, dBP diastolic blood pressure, dc diffuse cutaneous, DLCO diffusing capacity of the lung for carbon
monoxide, DU digital ulcers, EScSG-Al European Scleroderma Study Group Activity Index, ESR erythrocyte sedimentation rate, FEV1 forced expiratory volume during
the first second, FVC forced vital capacity, GFR glomerular filtration rate, HAQ-DI Health Assessment Questionnaire—Disability Index, HR heart rate, /LD interstitial
lung disease, /U international unit, /VC inferior vena cava, KCO diffusing coefficient for carbon monoxide, Ic limited cutaneous, LVDD left ventricular diastolic dysfunction, LVEF left
ventricle ejection fraction, NYHA New York Heart Association, PAH pulmonary arterial hypertension, RA right atrium, RP Raynaud phenomenon, RV right ventricle, sBP systolic
blood pressure, sPAP systolic pulmonary arterial pressure, SpO, peripheral oxygen saturation, SSc systemic sclerosis, TLC total lung capacity, TRV tricuspid regurgitation velocity, A

variation of

Parameters that were significantly and independently
associated with 6MWD were gender (p=58.9 (22.6;
95.2) m for men vs women, p=0.002), age (p=-2.8
(-3.9; —1.7) m per 1-year increment, p < 1073), BMI (B
=-2.7 (-5.1; -0.2) m per l-kg/m2 increment, p = 0.03),

history of arterial thrombosis ( =-39.6 (-77.9; -1.4) m

vs no history, p =0.04), PAH (p=-79.2 (-129.7;

—-28.8)

m vs no PAH, p=0.002), CRP (=-4.3 (-6.7; =1.9) m
per 1-mg/L increment, p< 10_3), initial HR (B=-1.1
(-2.2; =0.1) m per 1-bpm increment, p = 0.03) and AHR
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Table 3 Multivariate regression model assessing the associations between 6MWD and SSc characteristics

B (95% Cl) p
Male (vs female) 589 (22.6; 95.2) 0.002
Age (per 1-year increment) -28 (-3.9;-1.7) <1073
Disease duration since diagnosis (per 1-year increment) -0.7 (=2.5;1.0) 042
BMI (per 1-kg/m? increment) 2.7 (-5.1; =0.2) 003
Smoking history (vs no history) -8.2 (=339, 17.5) 0.53
History of venous thrombosis (vs no history) -108 (-486; 26.9) 0.57
History of arterial thrombosis (vs no history) -396 (=779, -14) 0.04
dcSSc (vs 1cSSc) -22.7 (-57.6;12.2) 0.20
PAH (vs no PAH) -79.2 (-129.7; -28.8) 0.002
ILD (vs no ILD) 0.15
Limited ILD 220 (-6.9; 50.9)
Extensive ILD -14.7 (-55.8; 26.4)
Joint symptoms (vs no symptoms) -16.5 (-416; 86) 020
Muscle symptoms (vs no symptoms) -75 (-40.6; 25.7) 0.66
Hemoglobin (per 1-g/dl increment) 9.2 (-08; 19.1) 0.07
CRP (per 1-mg/L increment) -43 (-6.7: -1.9) <107
Estimated GFR (per 1-ml/min/1.73 m? increment) 02 (-04; 0.9) 0.46
Initial HR (per 1-bpm increment) =11 (=2.2;-0.1) 0.03
AHR (per 1-bpm increment) 28 (18:38) <107
LVEF (per 1% increment) 12 (-0.5; 2.9) 0.15
Positive chronotropic drug intake (vs no intake) 14.2 (-44.3; 72.6) 0.63
Negative chronotropic drug intake (vs no intake) -253 (-52.3;1.7) 0.07

N=192. R*=0.59, adjusted R> = 0.54
B coefficients expressed in meters

6MWD 6-minute walk distance, BMI body mass index, CI confidence interval, CRP C-reactive protein, dc diffuse cutaneous, GFR glomerular filtration rate, HR heart
rate, ILD interstitial lung disease, Ic limited cutaneous, LVEF left ventricle ejection fraction, PAH pulmonary arterial hypertension, SSc systemic sclerosis, A

variation of

(P=2.8 (1.8; 3.8) m per 1-bpm increment, p<107°)
(Fig. 1). This model accounted for 59% of the variance of
the 6MWD.

A sensitivity analysis including the HAQ-DI score
revealed its independent association with the
6MWD (f=-77.1 (-101.3; —53.0) m per 1l-unit in-
crement, p < 107°%) (Additional file 2).

Discussion

In this cross-sectional study, we tried to identify the fac-
tors associated with the 6MWD in a large and fully char-
acterized population of SSc patients. Our results can be
summarized as follows: aside from demographic parame-
ters, we observed significant and independent associa-
tions of the 6MWD with AHR and resting HR, with
PAH and history of arterial thrombosis, and with CRP
levels; we found no independent association of the
6MWD with ILD or musculoskeletal involvement; and
in a sensitivity analysis, the HAQ-DI score was also in-
dependently associated with the 6MWD.

Although literature data are conflicting, the results of
our univariate analyses mostly confirm findings from
previous works, which observed associations of the
6MWD with age, BMI and cardiopulmonary parameters
(especially PFT and TTE), but no major influence of
musculoskeletal involvement [15-30]. Multivariate ana-
lyses from previous studies have also established age
[16], gender [18], HAQ scores [21] and CRP [19] as in-
dependent factors associated with the 6MWD. Inde-
pendent associations with dyspnea [16], initial and final
SpO, [18], initial Borg score [18] and DLCO [21, 28]
were also reported, but since our goal was to identify as-
sociations with specific organ involvements rather than
their mediators, we chose not to include these variables
in our multivariate model.

Association of the 6MWD with AHR

Association between the 6MWD and AHR has never
been studied previously in SSc. Interestingly, similar
findings were made in IPF [38] and PAH [39] patients,
where the variation in HR was found to be an important
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Fig. 1 Adjusted associations in a generalized additive model. Regression splines representing the adjusted associations in a generalized additive model
between the 6-minute walk distance (6MWD) and (a) variation of heart rate (AHR) during the test, (b) initial heart rate (HR) at the beginning of the test
and (c) C-reactive protein (CRP) levels. y axis corresponds to variation of 6BMWD as a function of the explanatory variables. Dashed lines correspond to 95%

80 % 100 110 5 10 15 20 2 30

Iniial HR (opm) CRP (mgl)

factor associated with the 6MWD as well as a valuable
prognostic marker.

Interpretation of this result in the context of the
6MWT is challenging. On the one hand, the lower in-
crease in HR observed in some SSc patients could sim-
ply indicate lower exercise intensity due to limited
functional capacities or a lack of motivation [40]. On the
other hand, it could also reflect an actual impairment of
the chronotropic response to exercise. Chronotropic in-
competence, defined as the inability to increase HR
above 80% of its predicted peak value during a maximal
exercise test, is a major cause of exercise intolerance in
various cardiopulmonary diseases [40, 41]. It is a com-
mon finding in patients with heart diseases (sick sinus
syndrome, atrial fibrillation, ischemic heart disease,
chronic heart failure), neurological disorders (through
autonomic dysfunction) or specific medication intakes
(such as P-blockers and nondihydropyridine calcium-
channel blockers) [40, 41].

Since the 6MWT is a submaximal exercise test, the
diagnosis of chronotropic incompetence cannot be made
here with certainty; and since detailed patient comorbid-
ities are not available, the causes for the impaired chron-
otropic response in our population cannot be
investigated fully. However, it is interesting to note that
negative chronotropic drug intake was not independ-
ently associated with the 6MWD in our patients, making
the hypothesis of a medication-induced chronotropic in-
competence unlikely. Conversely, SSc is frequently asso-
ciated with autonomic dysfunction [42] (especially in
terms of HR regulation [43]) and with a specific myocar-
dial disease [1], both of which could induce chronotropic
incompetence.

Overall, this result suggests that an impaired chronotro-
pic response could be an important factor associated with
exercise intolerance in SSc. Interestingly, Someya et al.
[44] showed in a previous work that the HR at the end of
the 6MWT was higher in SSc patients than in controls to
try and compensate for a decreased stroke volume. Thus,

it seems reasonable to assume this compensation mechan-
ism would be impaired in SSc patients with chronotropic
incompetence, resulting in lower exercise capacities. In
any case, this finding warrants further investigations, using
maximal incremental exercise tests.

Association of the 6MWD with resting HR

Interestingly, we found that both AHR and resting HR
are independently associated with the 6MWD. This re-
sult suggests that, during SSc, exercise capacities are
conditioned not only by the patient’s ability to increase
his or her HR during exercise, but also by his or her
baseline HR value.

Only two studies have so far tested the association of
the 6MWD with resting HR in SSc and they yielded dis-
crepant results [19, 29]. Our observation is supported by
similar findings in patients with nonidiopathic PAH and
chronic heart failure [39, 45].

Here again, interpretation of this result in the context
of our study is difficult. Heart rate is tightly regulated by
the autonomous system in order to adapt cardiac output
to situations of stress or exercise [41]. Thus, the reduc-
tion of physical performance in SSc patients with in-
creased resting HR could be suggestive of advanced
autonomic dysfunction (loss of balance between sympa-
thetic and vagal basal tones) and/or severe myocardial
disease (compensating mechanism for a decreased rest-
ing stroke volume), as implied by our previous result.
Alternatively, this could also indicate global decondition-
ing or performance anxiety.

Either way, further studies are needed to better appre-
ciate the pathophysiological implications of this result.

Association of the 6MWD with PAH but not with ILD

Our multivariate analysis also revealed a significant and in-
dependent association of the 6MWD with PAH, but not
with ILD. Interestingly, all previous studies that tested the
relation between the 6MWD and PH consistently found a
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shorter walked distance in PH patients [21, 30] or an associ-
ation with echocardiographic markers of PH [16, 19, 24, 29]
(with only one exception [18]). Conversely, data regarding
the influence of ILD on the 6MWD are more conflicting,
with some studies observing shorter 6MWD in SSc-ILD
patients [16, 30] and others reporting no significant
difference [20, 21]. However, accurate comparison with
previous works is challenging because of heterogeneity in
design and population (notably in PH diagnosis, ILD
definition and severity).

It is interesting to note that our result is in line with
several data pleading for a predominant importance of
pulmonary hemodynamic alterations over lung paren-
chymal involvement. In patients with IPF and PH, the
6MWD is significantly associated with hemodynamic
parameters measured during right heart catheterization
(RHC), but not with lung volumes assessed by spirom-
etry [46]. In SSc-ILD patients, gas transfer alteration has
a stronger prognostic value than lung volume reduction
[47, 48].

However, if this result confirms that PAH contributes to
impaired exercise capacities during SSc, we also observed
in a previous work that the 6MWD correlated poorly with
RHC parameters in SSc-PAH patients [49]. Taken to-
gether, these results suggest an impact of confounding
extracardiopulmonary factors on the walked distance.

Association of the 6MWD with HAQ-DI score

Another interesting finding of our study is the strong
association observed between the 6MWD and the HAQ-
DI score.

Several teams have already reported similar results,
both in univariate and multivariate regressions [21, 23].
Remarkably, in a previous work, Chow et al. [50] showed
that the HAQ-DI score was not associated with parame-
ters of cardiopulmonary severity in SSc patients with
PAH. This implies that the patient perception of disabil-
ity and functional limitation may not be entirely ex-
plained by the actual severity of the disease. Moreover,
the 6MWD has been shown to be associated with scales
of depression, anxiety and quality of life in several
cardiorespiratory diseases [45, 51].

Overall, these results suggest that if the 6MWD is
influenced to some extent by the objective severity of
organ involvements, it is also greatly conditioned by the
patient’s subjective impression of disability and quality of
life impairment.

Association of the 6MWD with CRP

An independent association between CRP levels and the
6WWD was observed in our population. A similar result
was also found in previous work by Schoindre et al. [19]
both in univariate and multivariate regressions, but not
by Deuschle et al. [21]. Interestingly, CRP levels are
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associated with the EScSG-AI score, Medgser severity
score and HAQ-DI score and with poorer prognosis in
SSc patients [52]. In line with our prior results, this ob-
servation could suggest that the 6MWD also captures
the overall disease activity and severity.

No major influence of the musculoskeletal involvement
on the 6MWD

Contrary to a common idea [9], it is interesting to note
that musculoskeletal involvement is not independently
associated with the 6MWD in our population. However,
we did not consider which sites were involved in pa-
tients with joint or muscle symptoms. Therefore, we
could not test the association between the 6MWD and
lower limb involvement, which could contribute to ex-
plain this negative result. The effect of joint and muscle
symptoms has been suggested previously in univariate
analyses [21, 25, 26] but has never been tested in multi-
variate regression. Interestingly, quadricipital strength
and joint involvement have been found to correlate both
with the 6MWD and with the HAQ-DI score in SSc pa-
tients [25, 26, 53], which suggests that this score may
also account for the musculoskeletal-induced disability
impacting on the 6MWD.

Our study draws strength from a large sample size and
an important number of variables collected.

Our study also has some limitations. We did not perform
incremental exercise testing to correlate the 6MWD with
objective physiological parameters collected during effort.
Similarly, we did not study autonomic dysfunction to help
explain the results observed with HR variation and AHR.

In our multivariate regression, we chose to include only
parameters relating to organ involvement (e.g., PAH and
ILD) and exclude variables mediating them (e.g, NYHA
class, PFT results and TTE data). Indeed, we believed
that inserting the latter in our model could mask
interesting associations of the 6MWD with organ
involvement.

Conclusion

Our work showed that, aside from demographic parame-
ters, AHR, resting HR, PAH, history of arterial throm-
bosis, CRP levels and HAQ-DI score are important
factors associated with the 6MWD in SSc, while pul-
monary interstitial and musculoskeletal involvements
seem to have no major influence. This suggests that the
6MWD should be interpreted not only as a marker of
cardiorespiratory severity, but also as a global assess-
ment of disease activity and patient disability. Further
studies are warranted to investigate the possibility of a
chronotropic incompetence as a cause for exercise in-
tolerance in SSc patients.
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Additional files

Additional file 1: presents additional methods, a complete list of
data collected during the study and a definition of each collected
item (DOCX 39 kb)

Additional file 2: is Table S1. presenting results of sensitivity analysis with
inclusion of the HAQ-DI score in our multivariate regression model assessing
the associations between 6MWD and SSc characteristics (DOCX 33 kb)
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