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Limited Exercise Capacity in Patients with Systemic
Sclerosis: Identifying Contributing Factors with
Cardiopulmonary Exercise Testing
Nihal Martis, Viviane Queyrel-Moranne, David Launay, Rémi Neviere, Jean-Gabriel Fuzibet,
Charles-Hugo Marquette, and Sylvie Leroy

ABSTRACT. Objective. Exercise limitation in patients with systemic sclerosis (SSc) is often multifactorial and
related to complications such as interstitial lung disease (ILD), pulmonary vasculopathy (PV), left
ventricular dysfunction (LVD), and/or peripheral/muscular limitation (PML). We hypothesized that
cardiopulmonary exercise testing (CPET) could not only suggest and rank competing etiologies, but
also highlight peripheral impairment.
Methods. Clinical, resting pulmonary function testing, and CPET data from patients with SSc referred
for exercise limitation between October 2009 and November 2015 were retrospectively analyzed in
this bi-center study. Patients were categorized as having ILD, PV, LVD, and/or PML based on CPET
response patterns and the diagnoses were matched with results from the reference investigations. The
latter consisted of transthoracic echocardiography, chest computed tomography scan, and right heart
catheterization (RHC).
Results. Twenty-seven patients presented with CPET profiles consistent with ILD (n = 16), PV 
(n = 15), LVD (n = 5), and PML (n = 19). None of the subjects had a normal CPET profile. There was
a statistically significant negative correlation between resting DLCO, on the one hand, and dead space
to tidal volume ratio and alveolar–arterial gradient [P(Ai-a)O2] on the other (p < 0.005). CPET
identified 90% of patients with a mean pulmonary arterial pressure at rest ≥ 21 mmHg measured by
RHC (n = 10). Peak P(Ai-a)O2, taken independently from other variables, was crucial in distinguishing
subjects with ILD from those without ILD (p < 0.05).
Conclusion. CPET is useful for the characterization of multifactorial exercise limitation in patients
with SSc and in identifying SSc-related complications such as ILD and PV. This study also identifies
PML as an underestimated cause of exercise limitation. (First Release November 1 2017; J Rheumatol
2018;45:95–102; doi:10.3899/jrheum.161349)
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Systemic sclerosis (SSc) is a rare connective tissue disease
of unknown origin that is characterized by fibrosis of the skin
and internal organs, microvasculopathy, and autoimmunity1.
While respiratory symptoms are rarely present in newly
diagnosed forms of the disease, more than 70% of patients
ultimately develop pulmonary involvement2. A common
symptom in patients with SSc, dyspnea is neither sensitive
nor specific for the identification of SSc-related complica-
tions such as interstitial lung disease (ILD), pulmonary
vasculopathy (PV), left ventricular dysfunction (LVD),
and/or peripheral/muscular limitation (PML). The mecha-
nisms of dyspnea in SSc are most often multifactorial and
interlinked. Diagnosis is further delayed by patients’
adaptation to dyspnea through exercise limitation. ILD and
pulmonary arterial hypertension (PAH) are known to be the
2 leading causes of death in patients with SSc3. Early
detection is therefore crucial for improving survival in SSc.
This, however, requires identifying the underlying etiologies
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of exercise limitation because treatment strategies and
followup are likely to differ.
    An American Thoracic Society/American College of
Chest Physicians (ATS/ACCP) statement presents cardiopul-
monary exercise testing (CPET) as a “global assessment of
the integrative exercise response involving the pulmonary,
cardiovascular, hematopoietic, neuropsychologic, and
skeletal muscle systems that is not adequately reflected
through the measurement of individual organ system
function”4. CPET has become a useful tool for the early
diagnosis and for the monitoring of treatment efficacy of
cardiopulmonary diseases (i.e., chronic obstructive pulmon-
ary disease and ILD). Exercise limitation should be investi-
gated in patients with SSc in whom cardiac, pulmonary, and
(vascular or skeletal) peripheral abnormalities are clinically
present only on exertion. Previous studies have shown that
CPET could help in the early detection of PAH and LVD, and
to differentiate these entities5,6,7. However, they focused on
classifying patients according to gas exchange patterns
without necessarily recognizing the effect of competing
mechanisms. Further, we aimed to determine the frequency
of peripheral impairment (i.e., deconditioning, SSc-related
PML, and peripheral vascular disease).
    The rationale behind our preliminary study was to assess
to what extent the combination of ILD, PAH, LVD, and PML
might explain exercise limitation in a given patient with SSc.
We therefore hypothesized that CPET could not only identify
competing etiologies, but also highlight peripheral impair-
ment. In addition, we sought to validate our hypothesis by
comparing our results, whenever possible, with those of
reference investigations.

MATERIALS AND METHODS
Study population and definitions. This collaborative project between the
university hospitals of Lille and Nice (France) was to retrospectively analyze
data from patients with SSc and dyspnea who underwent CPET from
October 2009 to November 2015. The patients all presented with dyspnea
for which imaging techniques, pulmonary function tests at rest (PFT), and/or
biological markers [i.e., brain natriuretic peptide (BNP), N terminal-proBNP,
hemoglobin, etc.] were unable to easily identify a cause for exercise
limitation or the main limiting factor. Infectious states were ruled out prior
to CPET. Dyspnea was graded according to the New York Heart Association
and/or the World Health Organization functional scales. All patients met the
2013 American College of Rheumatology/European League Against
Rheumatism (ACR/EULAR) classification criteria for SSc. They were
further classified according to limited or diffuse cutaneous subsets according
to LeRoy and Medsger8,9. Limited cutaneous SSc (lcSSc) is defined by either
limited skin thickness restricted to the fingers, hands, and/or forearms and/or
face, or the absence of skin thickness. On the other hand, diffuse cutaneous
SSc (dcSSc) refers to the involvement of regions proximal to the elbows and
knees and/or the torso. The extent of the cutaneous involvement was assessed
using the modified Rodnan score10. The flowchart (Figure 1) summarizes
the recruitment process. Patients with hemoglobin levels of < 10.5 g/dl were
not included in our study.
Resting PFT and 6-min walk test (6MWT). Spirometry, plethysmography,
and DLCO were conducted prior to CPET. Measurements of forced vital
capacity, forced expired volume in 1 s, and alveolar volume complied with
ATS/European Respiratory Society (ERS) standards11. The best value from

a minimum of 3 measurements was used. Additionally, DLCO values were
systematically adjusted for hemoglobin levels. The transfer coefficient
(KCO) is the value of the DLCO divided by the VA. All predicted values
are those recommended by the ATS/ERS study groups12,13.
      When available, data from the most recent standardized 6MWT
performed prior to CPET were recorded. The 6MWT were conducted based
on the 2002 ATS guidelines14. Performances were expressed in meters
(absolute value), but also as percentages of predicted distances calculated
according to the reference equations by Enright and Sherrill15.
CPET. CPET followed the 2001 ATS/ACCP guidelines and only subjects
without contraindications for CPET were tested4. System calibration was
performed prior to testing, in accordance with the established protocols16. A
maximal incremental protocol was used on a computer-controlled cycle
ergometry (Ergoline 800, SensorMedics, Logiciel Exp’Air, Medisoft; surface
electrocardiograph: Quinton Q710sx, Quinton Inc.). All subjects were given
a 2-min warmup phase at 10% of their predicted maximal work rate. The
objective was to sustain a 10-min effort. Respiratory rate, arterial oxygen
saturation (SpO2), and blood pressure were monitored from warmup until
recovery.
      Expired gases were analyzed throughout with an Ergocard Clinical
system (Medisoft). A 12-lead surface electrocardiograph (ECG) provided
continuous cardiac monitoring. SpO2 was measured by a pulse oximetry
probe placed on the earlobe. Arterial blood gas sampling (ABG) was
obtained by arterial or capillary access. The alveolar–arterial gradient or
P(Ai-a)O2 was calculated using arterial partial pressure of oxygen (paO2)
and carbon dioxide (paCO2) values from ABG at peak exercise (in room air).
Alveolar oxygen pressure (PAO2) was defined by the simplified gas
equation:

PAO2 = FiO2 × (Pb – 47) – (paCO2/RER)

where FiO2 is the fraction of inspired oxygen, Pb is the barometric pressure,
and RER is the respiratory exchange ratio. Peak P(Ai-a)O2 higher than 35
mmHg was considered abnormal4.
      Continuous recordings were done of end-tidal oxygen and carbon
dioxide, oxygen uptake (VO2), carbon dioxide output (VCO2), and the RER.
The modified Bohr equation was used to calculate the dead space to tidal
volume ratio (Vd/Vt). Also studied were ratios of minute ventilation to
maximal voluntary ventilation, HRpeak – HRrest to VO2peak – VO2rest (or
∆HR/∆VO2), with HR as heart rate, and the oxygen pulse. The oxygen pulse
is the ratio between oxygen uptake (VO2) and HR derived from Fick’s
equation: 

VO2/FC = SV × D[a-v]O2

where SV is the stroke volume and D[a-v]O2 the arteriovenous oxygen
difference. Predicted values were calculated from reference equations17,18.
The ventilatory threshold (VeT) was identified graphically using the venti-
latory equivalents method and/or the simplified “V-slope” method19,20. 
      Patients were all encouraged to give a maximal effort so as to reach
physiologic limitation, defined by 1 or more of the following criteria: a peak
oxygen (VO2peak) 2-min plateau, breathing reserve < 15%, HRpeak of more
than 90% of predicted, peak lactatemia > 7 mEq/l, VE/VO2peak > 35 or RER
> 1.15, peak metabolic acidosis (with pH ≤ 7.3), and/or patient exhaustion
(Borg scale ≥ 7). Predicted maximal HR was estimated by the following
equation: 

210 – 0.65 × [subject’s age in yrs]

Early termination of CPET reflected the accepted indications (i.e., chest pain
suggestive of ischemia, ischemic ECG changes, hypertension, respiratory
failure, etc.)4. VO2peak was selected based on the highest values obtained
from any 20-s measurement period21,22.
Categorizing subjects according to cardiopulmonary exercise response
patterns. For the purpose of our study, exercise response patterns refer to
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potential etiological diagnoses and patients were therefore classified as
having ILD, PAH, LVD, and/or PML. Each patient was classified based on
the diagnoses reported at the time of the examination. Diagnostic algorithms
formulated by Wasserman, et al were used22. The progressive increase in
dead space suggested pulmonary vascular disease in the absence of a high
respiratory rate. Further, a low oxygen pulse value led to the assumption that
the left ventricular ejection fraction was altered. Transthoracic echocar-
diogram (TTE) was used to distinguish between low oxygen delivery and
impaired oxygen extraction. Each case was subsequently reassessed by an
expert respiratory specialist who was blinded to the initial diagnoses.
Disagreement occurred in only 1 case and was resolved by a re-read from a
second expert respiratory specialist.
Imaging techniques and right heart catheterization (RHC). Computed
tomography (CT) scanning of the thorax was carried out in all patients and
was used to diagnose ILD. The staging system by Goh, et al was used to
classify disease as either limited or extensive based on an extent threshold
of 20%23. Cardiac MRI was not always performed.
      The decision to carry out RHC was based on the modified diagnostic
algorithm by Hachulla, et al24. TTE was performed for most patients and
was used to screen for PAH. The Bernoulli equation was used, when
possible, to calculate the estimated systolic pulmonary artery pressure
(sPAP). A maximal tricuspid regurgitant jet > 3.4 m/s with or without an
sPAP of > 50 mmHg was indicative of PAH. Similarly, a tricuspid regurgitant
jet ≤ 2.8 m/s with or without an sPAP of ≤ 36 mmHg was likely to rule out
PAH. For sPAP ranging from 36 mmHg to 50 mmHg, RHC was considered
according to clinical findings and results from resting PFT.
Statistical analysis. Continuous variables are expressed as median values
with their interquartile range. Extreme values were specified when appro-
priate. The chi-square test was used to study statistical relationships between
qualitative variables. Observed concordance between diagnoses made either
by CPET or reference investigations were expressed in percentages.

Spearman’s rank coefficient was used to assess correlation between quanti-
tative variables. McNemar’s test with Yates’s continuity correction was used
to compare sensitivity and specificity between groups. P values of < 0.05
were considered statistically significant using 2-sided tests. Statistical
analyses were performed with GraphPad Prism 6.2.
Ethics. Informed patient consent was gathered prior to CPET as part of
routine clinical practice and data were anonymized by the attending physi-
cians. In accordance with French regulation, approval by the institutional
review board was not required but the data were collected, stored, and
handled anonymously, as is usually the case in retrospective studies.

RESULTS
Clinical baseline data, resting PFT variables, and 6MWT.
Thirty-one patients were initially screened in this bi-center,
retrospective study. Four patients were subsequently
excluded from the analysis because of the lack of clinical and
imaging data (n = 2) and for not meeting 2013 SSc
ACR/EULAR criteria (n = 2; Figure 1). Twenty-seven
patients were finally included in the analysis. Baseline patient
characteristics are summarized in Table 1.
    Data from resting PFT identified 7 cases of obstructive
ventilator defects and 8 cases of restrictive ventilator defects.
There were no “mixed” obstructive-restrictive patterns. The
severity of the respiratory impairment did not always permit
plethysmography. Table 2 provides baseline PFT and 6MWT
data. Distances for 6MWT did not correlate with peak VO2,
HR, or work rate.
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Figure 1. Study flowchart. CPET: cardiopulmonary exercise testing; SSc: systemic sclerosis; CT: computed
tomography; ACR/EULAR: American College of Rheumatology/European League Against Rheumatism.
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Data from reference investigations. CT scan diagnosis of ILD
was possible in 18 cases, of which 8 were “extensive” forms.
There was no evidence of venoocclusive disease. TTE
suspected PAH in 7 cases and found LVD in 3 cases.
Pericardial complications were absent. RHC was performed
in 10 patients and diagnosed PAH in 6 cases. Cardiac MRI
was performed in only 6 cases and identified myocardial
scleroderma–related myocardial fibrosis in 1 patient.
CPET: overall assessment. CPET measurements are listed in
Table 2. Maximal testing was achieved in 21 cases, but gas
exchange profiles were interpretable for all 27 patients. We
failed to obtain ABG sampling in 4 patients for technical
reasons. 
    None of the subjects had normal CPET profiles. Aerobic
capacity was reduced as highlighted by a median workload
at 57% of its predicted value (equivalent to 3.7 metabolic
equivalent of task). Further, the VeT could not be determined

in 4 cases. Often, a combination of putative mechanisms
explained exercise limitation as illustrated by the Venn
diagram (Figure 2). A single mechanism was identified in
only 8 of the 27 tests.
    Overall, we noted 16 CPET diagnoses of ILD, 15 PV, and
5 LVD. Of interest, PML, as implied by impaired peripheral
oxygen extraction, was predominantly observed (n = 19).
There was not any statistical relationship between longterm
glucocorticoid intake and PML (p = 1.00).
Validity of CPET findings. There was a statistically significant
negative correlation between DLCO (percent of predicted)
and peak P(Ai-a)O2 (r = –0.71; 95% CI –0.87 to –0.39, p =
0.0002), and between DLCO and peak Vd/Vt (r = –0.42; 95%
CI –0.70 to –0.36, p = 0.0292). CPET identified impaired
lung function in 4 subjects with normal DLCO values.
Further, there was a negative tendency between KCO and
P(Ai-a)O2 (r = –0.43; 95% CI –0.72 to 0.0085, p = 0.0483).
The other variables of resting PFT did not significantly
correlate with those of CPET. 
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Table 1. Baseline characteristics of patients.

Variables                                                                            n = 27

Center, Nice/Lille                                                                18/9
Sex, female/male                                                                 24/3
Age, yrs, median (range)                                               59 (38–81)
BMI, kg/m2, median (IQR)                                           25 (22–28)
History of smoking                                                                9
NYHA score
    Class I                                                                               3
    Class II                                                                             13
    Class III                                                                             8
    Class IV                                                                            3
lcSSc/dcSSc                                                                        22/5
Overlap syndromes                                                                5
Antibodies
    Anticentromere                                                                 9
    Antitopoisomerase I                                                        11
    Other                                                                                10
Disease ≥ 5 yrs                                                                     16
Modified Rodnan score, median (IQR)                        4.5 (2.0–12)
Raynaud phenomenon                                                          26
Digital ulcers                                                                        14
Telangiectasia                                                                       16
Articular expression of the disease                                        6
Gastroesophageal reflux disease                                          17
Arterial hypertension                                                             7
History of SSc renal crisis                                                     0
Preexisting signs of right heart disease                                 3
ECG conduction blocks                                                         8
Dry cough                                                                              8
Hemoglobin, g/dl (IQR)                                         12.40 (12.08–13.73)
Creatinine, µmol/l (IQR)                                               71 (61–82)
BNP < 50 ng/l or NT-proBNP < 300 ng/l                             15
BNP 50–300 ng/l or NT-proBNP 300–1400 ng/l                  8
BNP > 300 ng/l or NT-proBNP > 1400 ng/l                          0

BMI: body mass index;  IQR: interquartile range; NYHA: New York Heart
Association; SSc: systemic sclerosis; lcSSc: limited cutaneous SSc; dcSSc:
diffuse cutaneous SSc; BNP: brain natriuretic peptide; ECG: electrocardio-
graph; NT-proBNP: N terminal proBNP.

Table 2. Summary of selected variables from resting PFT, 6MWT, and CPET.

Variables                                                          n              Median (IQR)

Resting PFT
FEV1, l                                                     27           1.82 (1.55–2.30)
FEV1, % predicted                                   27               81 (67–101)
FEV1/FVC, %                                          27               77 (69–101)
FVC, l                                                       27           2.62 (2.06–2.98)
FVC, % predicted                                     27               92 (72–107)
TLC, % predicted                                     17                83 (62–94)
DLCO, ml/mn/mmHg                              26         11.25 (7.87–16.01)
DLCO, % predicted                                  27                47 (37–68)
KCO, % predicted                                    27                60 (47–84)

6MWT
Distance, m                                               25             426 (400–492)
Distance (female patients), % predicted   22                84 (72–90)
Distance (male patients), % predicted       3                 92 (86–93)

CPET
Peak work rate, % predicted                     27        57.00 (50.00–79.80)
VeT, % peak work rate                             23                38 (25–55)
VO2 peak, ml/kg/mn                                27                13 (11–15)
VO2 peak, % predicted                             27                62 (53–78)
MET peak                                                 27              3.7 (3.0–4.4)
MHR, % predicted                                    27                80 (74–90)
ΔHR/ΔVO2 peak, %                                27       79.30 (61.20–101.90)
VO2/FC peak, % predicted                       27               80 (59–101)
P(Ai-a)O2 peak, %                                    23        40.80 (24.60–50.70)
P(Ai-a)O2 peak, % predicted                    23             200 (111–274)
Vd/Vt peak, % predicted                          27              133 (96–182)
VE/VCO2 VeT, %                                     23        40.20 (34.00–46.00)

PFT: pulmonary function tests; 6MWT: 6-minute walk test; CPET:
cardiopulmonary exercise test; FEV1: forced expired volume in 1 second;
FVC: forced vital capacity; TLC: total lung capacity; KCO: transfer coeffi-
cient (DLCO/alveolar volume); VeT: ventilatory threshold; VO2: oxygen
uptake; MET: metabolic equivalent of task; MHR: maximal heart rate;
ΔHR/ΔVO2: (HRpeak – HRrest) to (VO2peak – VO2rest) ratio; VO2/FC:
oxygen pulse; P(Ai-a)O2: alveolar-arterial gradient; Vd/Vt : physiological
dead space/tidal volume ratio; VE/VCO2: ventilatory equivalent for CO2.
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    A concordance of 80% between CPET and RHC for the
diagnosis of PAH appeared to be superior to that which was
calculated for TTE in relation to RHC (Table 3). CPET was
able to identify patients with measured mean PAP at rest
(mPAP) ≥ to 21 mmHg (90% concordance with RHC).
Similarly, a concordance of 78% was observed between
CPET and chest CT scan for the identification of ILD. For
“extensive” forms of ILD, there was a 100% concordance
between both techniques. CPET did, however, identify
additional ILD profiles in 2 patients with normal CT scans.
In both cases, exercise testing was maximal and there was no
evidence of PAH. ILD was overlooked by CPET analysis in
3 cases when the effort was not maximal and in 1 case of
PAH. On the other hand, CPET had an excellent negative
predictive value for the diagnosis of LVD (Table 3). Positive
predictive values for CPET diagnoses were at least 80%.

Diagnostic performances of CPET and the reference investi-
gations for ILD, PAH, and LVD were comparable.
Further assessment of PML. Table 4 compares 3 subgroups
of patients based on selected CPET variables and DLCO.
These subgroups were (A) patients with exclusively a PML
profile (n = 6); (B) those with PML or PML-associated
exercise limitations (n = 19); and (C) those without PML 
(n = 8). Patients could not be classified based on ventilatory
and cardiovascular variables alone. Neither the VE/VCO2 (at
VeT) ratio nor the difference PetCO2 (VeT) – PetCO2 (offset;
or ΔPetCO2) — taken independently — could differentiate
between patients with or without PAH. Only P(Ai-a)O2 and
DLCO helped to distinguish subjects with ILD from those
without ILD (p < 0.05).

DISCUSSION
Our study reflects daily medical practices and demonstrates
that CPET can accurately identify competing mechanisms in
patients with SSc presenting with limited exercise capacity.
CPET has an added value compared to resting PFT for
suggesting ILD, including in cases in which CT imaging is
unremarkable. Our results also suggest that peripheral/
muscular limitation is highly prevalent in patients with SSc.
Validity of CPET interpretation. The interpretation of CPET
relies on a pattern-based integrative approach. Our findings
illustrate the importance of variables at maximal exercising
such as P(Ai-a)O2 and Vd/Vt that require ABG at the peak
of exercise. We were able to show that peak P(Ai-a)O2 corre-
lates negatively with resting DLCO. This is a common
finding in ILD, including in SSc, that helps to validate the
quality of our data5,25,26. We have also shown that
VE/VCO2 (VeT) and ΔPetCO2 alone are not sufficiently
accurate for the analysis of multifactorial etiology of
exercise limitation. These variables have been extensively
studied, including in SSc, but they fail to quantitate and
appropriately classify etiologies when combined exercise
limitation is suspected6,27,28. For instance, the increase in
VE/VCO2 generally results from an increase in dead space
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Figure 2. Venn diagram illustrating the various combinations of CPET
diagnoses presented by the patients. There were 15 cases of PV, 16 cases of
ILD, 19 cases of PML, and 5 cases of LVD. CPET: cardiopulmonary
exercise testing; ILD: interstitial lung disease; PV: pulmonary vasculopathy;
PML: peripheral/muscular limitation; LVD: left ventricular dysfunction.

Table 3.Agreement (concordance) and validity of investigations. 

Variable tested                    mPAP ≥ 25 mmHg             mPAP ≥ 25 mmHg              mPAP, ≥ 21 mmHg                       ILD                                     LVD

Reference investigation                 RHC                                   RHC                                     RHC                          Chest CT scan                              TTE
No. subjects                                     10                                       10                                         10                                      27                                         27
Diagnostic method                        CPET                                   TTE                                    CPET                                CPET                                   CPET
Observed concordance                   80%                                    70%                                      90%                                   78%                                     96%
Sensitivity (CI 95%)              0.86 (0.42–1.0)                  0.67 (0.22–0.96)                   0.89 (0.52–1.0)                0.78 (0.52–0.94)                   1.00 (0.29–1.0)
Specificity (CI 95%)           0.67 (0.094–0.99)                0.75 (0.19–0.99)                   1.0 (0.025–1.0)                0.78 (0.40–0.97)                   0.96 (0.79–1.0)
PPV (CI 95%)                       0.86 (0.42–1.0)                   0.8 (0.28–0.99)                     1.0 (0.63–1.0)                 0.88 (0.62–0.98)                  0.75 (0.19–0.99)
NPV (CI 95%)                     0.67 (0.094–0.99)                 0.6 (0.15–0.95)                   0.5 (0.013–0.99)               0.64 (0.31–0.89)                    1.0 (0.85–1.0)
McNemar, p value                          0.48                                    1.00                                      1.00                                   0.68                                      1.00

P value for McNemar’s test with Yates’ continuity correction (comparisons between diagnostic method and its reference investigation). mPAP: mean pulmonary
arterial pressure; ILD: interstitial lung disease; LVD: left ventricular dysfunction; RHC: right heart catheterization; CT: computed tomography; TTE: transthoracic
echocardiogram; CPET: cardiopulmonary exercise test; PPV: positive predictive value; NPV: negative predictive value.  
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ventilation that is seen in cases of ILD, PAH, and even
LVD6,22,29. Unlike Dumitrescu, et al6, we believe that
VE/VCO2 cannot distinguish PAH from LVD in patients with
SSc and that PetCO2 is, more often than not, underestimated
in hyperventilating patients22. To the best of our knowledge,
ours is the first study that considers the multifaceted aspect
of exercise limitation in SSc, unlike previous works that
chose to identify and characterize the predominant
mechanism.
    There was an excellent concordance between the
diagnoses made by CPET and results from the reference
investigations. This strengthens our belief that its sensitivity
makes CPET an appropriate tool for identifying SSc-related
cardiovascular, respiratory, and peripheral complications.
Early diagnosis of PV and ILD. CPET can provide better
knowledge of SSc-associated PAH through the study of gas
exchange profiles on consecutive tests. In fact, diagnosis of
PV in patients who were not suspected of having PAH on
TTE was established based on CPET profiles6. In our study
population, CPET suggested PV in patients who had an
mPAP of 21 mmHg or higher assessed by RHC. One should
bear in mind that the clinical significance of mPAP between
21 mmHg and 24 mmHg is unclear and that close followup
is currently recommended for patients with connective tissue
disorders and/or family history of PAH30,31. Further, when
associated with systematic exercise RHC, CPET was able to
identify ILD, PAH, and LVD in patients with SSc limited
exercise capacity7. Our study further suggests that CPET
might be used to better identify patients who require RHC —
a diagnostic procedure that is not without risks.
    Resting PFT could underestimate lung involvement in

SSc32. Reduced DLCO has been shown to be an excellent
predictor of PAH, especially in patients with lcSSc, but it also
happens to be associated with ILD33,34,35. Widened
P(Ai-a)O2 at peak exercise, when considered independently,
can help separate ILD and early PV from LVD and peripheral
vascular limitations. This is in keeping with the analysis by
Walkey, et al7. Similarly, Schwaiblmair, et al have shown that
CPET was superior to resting PFT in predicting cardiopul-
monary abnormalities5. This is reflected in our series:
widened P(Ai-a)O2 identified 4 patients with ILD and/or PV
for whom resting lung volumes and DLCO were normal. Our
findings are also compatible with what has been previously
described in the early detection of idiopathic pulmonary
fibrosis (IPF) with CPET36.
    Early detection of ILD, however, can be challenging when
CPET is submaximal or when competing factors lead to its
premature discontinuation prior to the widening of
P(Ai-a)O2. This, in part, explains the imperfect diagnostic
concordance between CT imaging and CPET in our series.
Peripheral impairment. We found that most of the patients
in our series had abnormal peripheral oxygen-extraction and
oxygen-transport profiles that suggested circulatory and/or
muscular limitations. In several patients, the reduction of
work rate, a decreased peak VO2 and lower VeT (in some
cases, its absence) were suggestive of substantial exercise
limitation and muscle hypoxia. To our knowledge, circulatory
impairment to exercise in SSc has only been addressed in a
study by Sudduth, et al, but has not been further charac-
terized37. Despite the relatively small study population (15
patients), the authors of that study had the merit of
highlighting a lesser known and often underestimated cause
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Table 4. Comparison of 3 subgroups of patients based on selected CPET variables and DLCO. Group A patients are those with exclusively a PML profile (n =
6), Group B are those with PML or PML-associated exercise limitations (n = 19), and Group C are those without PML (n = 8). Median values with their IQR
are given.

                                                                                                       Group A                       Group B                         Group C                                   p
                                                                                                                                                                                                                A vs B     A vs C    B vs C

Metabolic variables
    nv = 33                                          MET                                 4.4 (3.7–5.4)                 3.7 (3.0–4.4)                   3.6 (3.0–4.8)              ns             ns            ns
    nv = 33                                VO2 (peak) ml/kg                    71.5 (62.3–78.5)               68 (54–78)                 57.0 (44.8–83.5)           ns             ns            ns
Ventilatory variables
    nv = 28                       VE/VCO2  (VeT), %predicted           40.2 (31.7–44.5)           39.6 (33.4–45.3)             41.0 (35.0–46.0)           ns             ns            ns
    nv = 33                          Vd/Vt  (peak) %predicted           108.5 (77.43–152.0)      127.4 (94.7–163.3)         166.2 (99.5–228.0)         ns             ns            ns
Cardiovascular variables
    nv = 33                                  ∆HR/∆VO2, %                      73.6 (57.2–91.1)          87.5 (66.1–102.0)            63.1 (57.2–99.3)           ns             ns            ns
    nv = 33                        VO2/HR (peak), %predicted           92.5 (80.5–107.8)         80.0 (60.0–103.0)            75.0 (58.0–91.8)           ns             ns            ns
Gas exchange variables
    nv = 33                      P(Ai-a)O2 (peak)*, %predicted        101.0 (66.0–125.5)       127.0 (98.0–262.0)        250.5 (188.8–323.8)     0.6621     0.0177    0.0684
    nv = 28                             PetCO2 (VeT), mmHg                 35.0 (29.0–38.5)           38.5 (33.4–42.8)             32.0 (28.9–35.8)           ns             ns            ns
   nv = 33                       Resting DLCO**,%predicted           68.0 (56.5–82.3)           64.0 (37.0–73.0)             44.0 (25.0–53.0)        0.7625     0.0498    0.2140

* P value for the Kruskal-Wallis test: 0.0120. ** P value for the Kruskal-Wallis test: 0.0478. CPET: cardiopulmonary exercise test; PML: peripheral/muscular
limitation; MET: metabolic equivalent of task; VeT: ventilatory threshold; VO2 (peak): oxygen uptake at peak exercise; HR: heart rate; ΔHR/ΔVO2: 
(HRpeak – HRrest) to (VO2peak – VO2rest) ratio; VE/VCO2 (VeT): ventilatory equivalent for CO2 at VeT; Vd/Vt (peak): physiological dead space/tidal volume
ratio at peak exercise; P(Ai-a)O2 (peak): alveolar-arterial gradient at peak exercise; PetCO2 (VeT): end tidal CO2 pressure at VeT; nv: no. values; ns: non-signifi-
cant; %predicted: percent of predicted value; IQR: interquartile range. 
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of exercise limitation in SSc. The cause of this peripheral
limitation remains difficult to assess. Fick’s equation [VO2
= HR × SV × D(a–v)O2] exposes the limits of the interpre-
tation of CPET profiles, because the diagnostic approach
does not take into account D(a–v)O2 — a variable that
cannot be measured in the clinical setting. It is highly
probable that D(a–v)O2 is affected by an SSc-related
systemic vasculopathy.
    Muscle involvement has rarely been studied other than in
SSc-related myositis38. Muscle histological studies, when
performed, usually describe nonspecific myositis and necro-
tizing myositis, often associated with angular atrophic
esterase-positive fibers39. None of the patients in our series
had biological evidence of myolysis and none presented with
clinical myositis. Peripheral limitation in SSc can be
explained not only by associated myopathy and decondi-
tioning, but also by subclinical profibrotic manifestations.
Interestingly, previous studies have shown that muscle
involvement in SSc impairs survival and is associated with
cardiorespiratory complications40,41. Early detection of PML
can lead to an early implementation of respiratory and
muscular rehabilitation.
Limits. The major limit of our study is its retrospective design
and the lack of standardized procedures. However,
reappraisal of each case by an expert respiratory specialist
substantiated the initial CPET diagnoses. For clarity’s sake,
we opted to consider the 4 etiologies that are presented in this
paper. Exercise limitation being multifactorial, the clinical
context was taken into account when assessing the impor-
tance of 1 mechanism over another. Missing clinical and
biological data were more problematic. For instance,
complete serological profiles of SSc (i.e., anti-PM-Scl or
anti-RNA-polymerase III antibodies) and echocardiographic
variables (i.e., right atrial surface) that may have helped us
further classify patients were lacking. Patients included in
our study had various treatments whose modifications were
not always clearly outlined in medical records. We were
therefore unable to study the effect of CPET on therapeutic
decisions.
    The number of subjects in our series is modest and reflects
difficulties in recruiting patients with rare diseases, as seen
in other studies on CPET in SSc. Selection bias is limited
even though there is an overrepresentation of lcSSc (in
keeping with its prevalence) that did not permit the
comparison of CPET profiles between lcSSc and dcSSc
forms.
    Our study demonstrates that CPET is useful in the
diagnostic investigation of exercise limitation in patients with
SSc. It is a noninvasive technique that provides information
that is not available with more conventional diagnostic
strategies and it can lead to modifications in treatment.
Additionally, normal CPET profiles could reduce unnec-
essary examinations. Longterm followup with serial CPET
might identify early pulmonary or vascular impairment.

Finally, peripheral impairment is probably underestimated in
patients with SSc. For this reason, the effect of cardiorespi-
ratory rehabilitation needs to be further studied.
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