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Abstract
Objective
Previous studies demonstrated that connective tissue diseases-associated pulmonary arterial hypertension (CTD-PAH)
had a worse prognosis than idiopathic pulmonary arterial hypertension (IPAH), although the former one had better
haemodynamic profiles and right heart function. To find potential explanations for this contradictory phenomenon, we
compared the exercise pathophysiology of CTD-PAH with that of IPAH using cardiopulmonary exercise testing (CPET).

Methods
Ninety-three CTD-PAH patients were retrospectively enrolled and matched 1:1 with 93 IPAH patients according to age,
gender, body mass index, and body surface area. Multiple linear regression analysis was performed to adjust
confounding factors.

Results
CTD-PAH had higher rest heart rate (HR@Rest) and lower rest oxygen uptake/HR (VO,/HR@Rest) than IPAH.
During exercise, the peak power (Power@ Peak), VO,@ Peak, peak metabolic equivalents (METS@ Peak), peak minute
ventilation (VE@ Peak), peak tidal volume (VT @ Peak), HR@ Peak, peak systolic blood pressure (SBP@Peak) and peak
diastolic blood pressure (DBP@ Peak) of CTD-PAH were lower than those of IPAH. After adjustment, CTD-PAH still had
lower values of Power@ Peak, VO,@ Peak, METS@Peak, VT@ Peak, VO,/HR@Rest, DBP@ Peak and had higher
HR@Rest than IPAH.

Conclusion
CTD-PAH had more impaired ventilation, cardiac function and muscular strength (reflected by CPET-derived
parameters) than IPAH, in despite of better haemodynamic profiles and comparable heart structure (assessed by echo-
cardiography) and functional status (indicated by World Health Organisation functional class, N-terminal pro-brain
natriuretic peptide and six-minute walk distance).
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Introduction

Pulmonary arterial hypertension (PAH)
is a severe complication of connective
tissue diseases (CTD). Systemic scle-
rosis (SSc) is the most common under-
lying disease of CTD-PAH in western
countries (1-3), while systemic lupus
erythematosus (SLE) in east Asian
countries (4-6).

Both CTD-PAH and idiopathic PAH
(IPAH) fall within the group 1 pulmo-
nary hypertension (PH) (7). They also
have similar histological changes (8),
clinical presentation (7), prognostic
predictors (9, 10) and treatment algo-
rithms (7). Despite these similarities,
differences do exist between these two
distinct entities. Compared with IPAH,
patients with CTD-PAH have better
haemodynamic profiles and right heart
function (1), but have less favourable
responsiveness to treatment (11) and
worse prognosis (1).

Six-minute walk distance (6MWD) is
a widely used endpoint in clinical trials
for PAH. However, exercise capacity
of patients with CTD-PAH could also
be affected by non-PAH factors such as
concomitant musculoskeletal impair-
ment. This implies exercise pathophys-
iology may differ between CTD-PAH
and IPAH. In fact, the REVEAL study
reported that CTD-PAH had lower
6MWD than TPAH (1). Cardiopulmo-
nary exercise testing (CPET) is a use-
ful tool to reveal aberrant physiology
in PH, because it can objectively and
non-invasively assess the independent
and integrated exercise responses of the
cardiovascular and pulmonary systems
(12). Therefore, it may offer us useful
information that could partially explain
why CTD-PAH patients have worse
prognosis while having better haemo-
dynamic profiles and right heart func-
tion than IPAH. However, knowledge
on the CPET characteristics of CTD-
PAH is limited. Inspired by results from
the REVEAL study (1), we performed
further work using CPET to explore the
differences in exercise pathophysiology
between CTD-PAH and IPAH.

Materials and methods

This retrospective, single-centre study
was carried out at Fuwai Hospital,
China. The study protocol was ap-

proved by the Ethics Committee of Fu-
wai Hospital. Written informed con-
sent was obtained from each patient.

Study sample

We retrospectively reviewed the medi-
cal records of patients diagnosed with
CTD-PAH and IPAH from January
2012 to March 2019. We also collect-
ed data of echocardiography-suspect-
ed PH patients with normal invasive
pulmonary arterial pressure during the
same time interval. All included CTD-
PAH patients were matched 1:1 with
IPAH patients by age, gender, body
mass index and body surface area (us-
ing SPSS v. 23.0). The classification of
various CTDs were based on Ameri-
can Rheumatism Association criteria
for SLE (13), SSc (14), rheumatoid
arthritis (15), 2002 international clas-
sification criteria for primary Sjogren’s
syndrome (pSS) (16), and 1987 Sharp
criteria for mixed CTD (17). The es-
tablishment of CTD-PAH and IPAH
was based on the 2009 (before Janu-
ary 2016) or 2015 European Society
of Cardiology/European Respiratory
Society guideline for the diagnosis and
treatment of PH (7, 18). Normal pul-
monary arterial pressure was defined
as mean pulmonary arterial pressure
(mPAP) <25 mm Hg (7, 18). The dis-
ease course was defined as the time
interval between the onset of PAH
symptom (e.g. shortness of breath and
syncope) and receiving right-sided
heart catheterisation (RHC) at our cen-
tre. Exclusion criteria were: (a) patients
with undifferentiated CTD; (b) patients
without CPET data; (c) patients with
interstitial lung disease (ILD) and
mPAP <40 mm Hg (patients with ILD
and mPAP >40 mm Hg was considered
as group 1 dominant PH and included)
(19) (d) patients with anaemia.

Data collection

The following clinical data were col-
lected via electronic medical record
system by two independent reviewers:
(a) basic characteristics, including age,
gender, body mass index, body sur-
face area, disease course, respiratory
impairment, cardiac impairment, pul-
monary function test, World Health Or-
ganisation functional class (WHO FC),
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6MWD, N-terminal pro-brain natriu-
retic peptide (NT-proBNP), co-morbid-
ities, drug therapy, smoking and alcohol
intake history; (b) echocardiographic
and RHC variables; and (c) CPET vari-
ables. Any discordance was resolved by
the supervisors (QL and ZHL). These
data were compared between CTD-
PAH and IPAH, CTD-PAH and patients
with normal pulmonary arterial pres-
sure, and within CTD-PAH subgroups.

Protocol of echocardiography,

RHC and CPET

Transthoracic echocardiography was
performed by experienced ultrasonolo-
gists in the department of echocardi-
ography under the current guidelines
(20). Details for the protocol of RHC
and CPET have been well described in
our previous publications (21, 22). One
metabolic equivalent (MET) is defined
as =3.5ml O,/kg/min (23).

Statistical analysis

Continuous variables are presented as
mean + standard deviation or median
(interquartile range). Categorical vari-
ables are given as counts or percent-
ages. Comparisons between variables
of CTD-PAH and IPAH patients were
made using paired-sample t-test, Wil-
coxon signed rank test or McNemar’s
test, as appropriate. Comparisons be-
tween CTD-PAH and patients with nor-
mal pulmonary arterial pressure, and
within CTD-PAH subgroups were made
using independent-sample t-test, Mann-
Whitney U-test or Chi-square test, as
appropriate. To validate the differences
in CPET parameters between CTD-
PAH and IPAH groups, we performed
multiple linear regression analysis
(with “Enter” procedure) to adjust po-
tential confounding factors. A selected
CPET parameter entered as a depend-
ent variable; PAH aetiology, forced
vital capacity (FVC), smoking, mPAP,
pericardial effusion and ILD entered as
independent variables considering both
p-values of the variables and their clini-
cal significance. Each CPET parameter
entering the regression shared a same
set of independent variables. Systolic
pulmonary arterial pressure (SPAP)
(estimated by echocardiography) and
WHO FC were excluded from the mod-
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Table I. Basic characteristics of all patients.

Variable CTD-PAH (n=93) IPAH (n=93) Normal (n=38) p-value’
Age, years 412+ 12.1% 4112 48+159 0.450
Female gender 89 (95.7%)** 89 (95.7%) 25 (65.8%) 1.000
BMI, kg/m? 22.5+3.8* 223+3.1 242+39 0.998
BSA, m? 1.6 +£0.2%* 1.6+0.1 1.7+02 0.881
Disease duration, months 26.5 (5, 36) 33.6 (6, 36) - 0.576
Respiratory impairment

Interstitial lung disease 5 (54%) 0 0 0.063

Emphysema 2 (22%) 4 (4.3%) 0 0.625

Pulmonary infection 4 (4.3%) 1 (1.1%) 1 (2.6%) 0.375

chronic bronchitis 1 (1.1%) 2 (22%) 2 (53%) 1.000
Cardiac impairment

tricuspid insufficiency 10 (10.8%) 13 (14.0%) 9 (23.7%)  0.648

left ventricular dysfunction 2 (22%) 3 (32%) 0 1.000
Pulmonary function test

FVC, % predicted 83.2 & 14** 87.7+12 963+15.5 0.024

FEV1, % predicted 76.6 + 14 8** 795+ 14 91.5+16.6 0.174

FEV1/FVC ratio 08+0.1 08+0.1 0.8+0.1 0.487
WHO-FC 0.097

I-1I 37 (39.8%)** 49 (52.7%) 34 (89.5%)

-1v 56 (60.2%** 44 (47.3%) 4 (10.5%)
6MWD, m 4014 £107.1%* 420+939 490.3 £90.8 0.628
NT-proBNP, pg/ml 1251 (434.8,2536.5)** 1033.9 (450.3,2184.5) 91.6 (37,163.8) 0.384
Co-morbidities

Systemic hypertension 11 (11.8%)** 12 (12.9%) 16 (42.1%) 1.000

Diabetes mellitus 8 (8.6%) 5 (5.4%) 4 (10.5%)  0.581

Hyperlipidaemia 9 (9.7%) 4 (4.3%) 4 (105%)  0.109
Smoking 9 (9.7%) 2 (2.2%) 6 (158%)  0.065
Alcohol intake 8 (8.6%) 3 (32%) 6 (158%) 0.344
Drug therapy®

None 14 (15.1%) 8 (8.6%) - 0.263

Mono therapy 53 (57%) 65 (69.9%) - 0.120

Combination therapy 26 (28%) 20 (21.5%) - 0.429

Data are presented as mean + standard deviation, median (range) or number (percentage).

BMI: body mass index; BSA: body surface area; CTD-PAH; connective tissue disease-associated pul-
monary arterial hypertension; FEV1: forced expiratory volume in 1 second; FVC: forced vital capac-
ity; IPAH: idiopathic pulmonary arterial hypertension; NT-proBNP: N-terminal pro-brain natriuretic
peptide; WHO-FC: World Health Organisation functional class; 6MWD: 6-min walk distance.
‘Including endothelin receptor antagonists, phosphodiesterase type-5 inhibitors, prostacyclins and cal-
cium channel blockers.”CTD-PAH compared with IPAH.

*p<0.05, CTD-PAH compared with patients with normal pulmonary arterial pressure.

*p<0.001, CTD-PAH compared with patients with normal pulmonary arterial pressure.

el for their collinearity with mPAP and
pericardial effusion, respectively. No
severe collinearity problem was found
in our final model (variance inflation
factor values <2). The same procedure
was also performed within CTD-PAH
subgroups. A selected CPET parameter
entered as a dependent variable; CTD-
PAH subtype, sPAP, pulmonary vascu-
lar resistance (PVR), mean right atrial
pressure (mRAP) entered as independ-
ent variables considering both p-values
of the variables and their clinical sig-
nificance, and the collinearity was also
checked. A two-sided p-value <0.05
was considered statistically significant.
For multiple linear regression analysis,
we used Bonferroni’s correction (p-
value <0.05/n, n=times of testing) to

control the type I error rate (24). Data
analysis was performed using SPSS v.
23.0 (IBM SPSS Corp.; Armonk, NY,
USA).

Results

Basic characteristics

Ninety-three CTD-PAH patients, 93
IPAH patients and 38 patients with
normal pulmonary arterial pressure
were included in this study. Among
CTD-PAH patients, the numbers of
patients with SSc, mixed CTD, rheu-
matoid arthritis, pSS and SLE were 6,
9, 12, 33, and 33, respectively. Their
basic characteristics are summarised in
Table 1. Compared with IPAH group,
CTD-PAH group had lower values of
FVC (83.2+14 vs. 87.7+12 %predicted,
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p=0.024). CTD-PAH group also tended
to have higher prevalence of ILD (54
vs. 0 %, p=0.063), worse WHO FC
(I-1V: 60.2 vs. 47.3 %, p=0.097) and
more smokers (9.7 vs. 2.2 %, p=0.065).
Other basic characteristics, including
6MWD and NT-proBNP, did not differ
between these two groups. A subgroup
analysis within CTD-PAH patients was
also performed, yet the basic charac-
teristics between pSS and SLE patients
were comparable (see Supplementary
Table S1).

Echocardiographic and
haemodynamic parameters
Echocardiographic and haemodynamic
parameters of all patients are present-
ed in Table II. Compared with IPAH
group, CTD-PAH group had lower val-
ues of SPAP (84.5+23 vs.91.9+20.6 mm
Hg, p=0.014) and mPAP (46.8+11.3 vs.
55+13.2 mm Hg, p<0.001); however,
the proportion of patients with peri-
cardial effusion was greater in CTD-
PAH group (24.7% vs.7.5%, p=0.001).
Other parameters were comparable be-
tween these two groups. Additionally,
subgroup analysis showed no differ-
ence in echocardiographic and haemo-
dynamic parameters between pSS and
SLE patients, but there was a trend to-
ward higher values in SPAP (92.2+19.9
vs. 82.4+237 mm Hg, p=0.079) and
PVR (876.1£384.6 vs. 701.7+263.1
dynes/cm®, p=0.077) in pSS patients
(Suppl. Table S2).

CPET parameters

As shown in Table III, most CPET pa-
rameters at rest were comparable be-
tween CTD-PAH and IPAH groups,
except that CTD-PAH group had higher
rest heart rate (HR@Rest) (85.2+13.3
vs. 78.4£12.6 beat/min, p<0.001) and
lower rest oxygen uptake/HR (VO,/
HR@Rest) (3.3+0.6 vs. 3.6+0.1 mL/
beat, p=0.005). During exercise, CTD-
PAH group had lower values of Pow-
er@Peak (60.3+24.6 vs. 70.5+22.1
W, p=0.004), VO,@Peak (12+3.8 vs.
13.4+3.3 mL/min/kg, p=0.007), peak
METS (METS@Peak, 3.4+1.1 vs.
3.9+1, p=0.005), peak minute ventila-
tion (VE@Peak, 34.4+12.7 vs. 3999
L/min, p=0.005), peak tidal volume
(VT@Peak, 1.1+03 vs. 13203 L,
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Table II. Echocardiographic and haemodynamic parameters of all patients.

Variable CTD-PAH (n=93) IPAH (n=93) Normal (n=38) p-value *
Echocardiography

LVEF, % 65.1+72 649+6.1 64.1+4.7 0.558
LA, mm 30.1 £4.3** 30+4.2 346+4.6 0.861
LVED, mm 36.9 +5.8%* 362+52 46.1+5.6 0.358
RVED, mm 31.8+6.4%* 314+69 247+48 0.783
sPAP, mm Hg 84.5 £23** 91.9+20.6 462+94 0.014
Pericardial effusion 23 (24.7%)* 7 (7.5%) 0 0.001
RHC

$,0,, % 69.6 + 6** 688+7.9 77+43 0.579
mRAP, mm Hg 5(1.8,7) 4(2,7) 3(2,5) 0.344
mPAP, mm Hg 46.8 +11.3** 55+13.2 16 +4.1 <0.001
CI, L/min/m? 3.1+£0.7% 32+1 41+14 0.609
PVR, dynes/cm’ 798.7 +360.6** 933.7 +398 103.1+43.5 0.135
PCWP, mm Hg 6(4,9) 7(5,9) 8(6,9) 1.000

Data are presented as mean + standard deviation or median (range).

CI: cardiac index; CTD-PAH: connective tissue disease-associated pulmonary arterial hypertension;
IPAH: idiopathic pulmonary arterial hypertension; LA: left atrium dimension; LVED: left ventricular
end-diastolic diameter; LVEF: left ventricular ejection fraction; mRAP: mean right atrial pressure;
mPAP: mean pulmonary arterial pressure; PVR: pulmonary vascular resistance; PCWP: pulmonary
capillary wedge pressure. RHC: right-sided heart catheterisation; RVED: right ventricular end-dias-
tolic diameter; sSPAP: systolic pulmonary arterial pressure; S,O,: mixed venous oxygen saturation.
"CTD-PAH compared with IPAH. *p=0.001, CTD-PAH compared with patients with normal pulmo-
nary arterial pressure. **p<0.001, CTD-PAH compared with patients with normal pulmonary arterial

pressure.

p<0.001), HR@Peak (130.9+23.5
vs. 139.6+£20.1 beat/min, p=0.004),
peak systolic blood pressure (SBP@
Peak, 127.5+28.5 vs. 136+31.5 mm
Hg, p=0.049) and peak diastolic blood
pressure (DBP@Peak, 81.1+16.5 vs.
92.8+26.2 mm Hg, p<0.001). Subgroup
analysis indicated that most CPET pa-
rameters both at rest and during exer-
cise were comparable between pSS and
SLE patients, except that pSS patients
had lower SBP@Peak (124.1+£31.5
vs. 135£25.5 mm Hg, p=0.043) and
seemed to have lower oxygen uptake ef-
ficiency slope [OUES, 778.2+301.4 vs.
945+361.6 L/mL/log(1/min), p=0.065]
(Suppl. Table S3).

Multiple linear regression analysis

The conservative nature of Bonferroni’s
correction (p-value <0.05/n, n=times
of testing) limited the amount of CPET
parameters that could be tested. Thus,
we selected only 10 CPET parameters
for multiple linear regression analy-
sis, i.e. Power@Peak, VO,@Peak,
METS @Peak, VE@Peak, VT @Peak,
HR@Rest, HR@Peak, VO,/HR @Rest,
SBP@Peak and DBP@Peak (A two-
sided p-value <0.005 was considered
statistically significant for multiple
linear regression analysis). Meanwhile,

PAH aetiology, FVC, smoking, mPAP,
pericardial effusion and ILD entered
as independent variables considering
both p-values of the variables and their
clinical significance. Events per varia-
ble (EPV) is often used to estimate the
sample size needed in multiple linear
regression, and the lowest acceptable
EPV is usually considered as 10. Given
the sample size is 93 for both CTD-
PAH and IPAH, it is relatively safe for
us to put these 6 independent variables
into regression.

Table IV only shows the p-value for
aetiology of PAH in multiple linear
regression analysis, and results for all
independent variables are presented in
Supplementary Table S4. After adjust-
ing confounding factors, CTD-PAH
group still had lower Power@Peak,
VO,@Peak, METS @Peak, VT @Peak,
VO,/HR @Rest, DBP@Peak and higher
HR @Rest than IPAH group. There was
also a trend towards lower VE@Peak
(»=0.016) and HR@Peak (p=0.037) in
CTD-PAH group. However, the etiolo-
gy of PAH did not contribute to the dif-
ferences in SBP@Peak between CTD-
PAH and TPAH. The same regression
procedure was also performed within
CTD-PAH subgroups. We chose SBP@
AT, SBP@Peak and OUES entered
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Table III. CPET parameters of all patients.

Variable CTD-PAH (n=93) IPAH (n=93) Normal (n=38) p-value”
Power@AT, W 344 + 14.4* 38.8 +12.8 64.1 £18 0.022
Power@Peak, W 60.3 + 24.6%* 70.5 = 22.1 119.2 +£36.9 0.004
VO,@Rest, mL/min/kg 48 +09 49+ 1.1 48 £0.7 0.985
VO,@AT, mL/min/kg 9.2 + 3%* 10+23 14+£29 0.008
VO,@Peak, mL/min/kg 12 + 3.8%* 134 £33 212 +£52 0.007
METS @Rest 14+03 14+03 14+02 0.767
METS@AT 2.6 = 0.9%* 28 £0.7 4+£0.8 0.011
METS @Peak 34+ 1.1% 39+ 1 6.1 15 0.005
RER@Rest 0.8 +0.1 09 +0.1 09 +0.1 0.051
RER@AT 09 +0.1 09 +0.1 0.9 +£08 0.690
RER@Peak 1.1 +£0.1* 1.1 +£0.1 1.2 £0.1 0.175
VE@Rest, L/min 99 +2.1 102 +24 9.8 £2.7 0.365
VE@AT, L/min 198 £ 6.7* 20.7 £ 6.1 233 +59 0.488
VE@Peak, L/min 344 + 12,7 39+£99 46.7 =152 0.005
VT@Rest, L 0.6 +0.2 0.6 +0.1 0.6 £0.1 0.925
VT@AT, L 0.8 +0.3* 09+02 1+0.2 0.096
VT@Peak, L 1.1 £0.3* 1.3+03 1.5+04 <0.001
RF@Rest, 1/min 185 +42 19 +4.1 178 +4.1 0.457
RF@AT, 1/min 245+ 5.7 237 +£56 249 £54 0.338
RF@Peak, 1/min 313+59 31256 32.1 £6.7 0.842
HR @Rest, beat/min 852 + 13.2%* 784 £ 12.6 733 £132 <0.001
HR@AT, beat/min 106.7 £ 17 1049 = 16.5 1047 £17.3 0.425
HR@Peak, beat/min 130.9 + 23.5* 139.6 + 20.1 1422 £19.6 0.004
VO,/HR @Rest, mL/beat 33 +0.6" 36+09 43+09 0.005
VO,/HR@AT, mL/beat 49 + 1.5% 54+13 8.7 +£23 0.020
VO,/HR @Peak, mL/beat 52+ 1.5 55+14 98 £2.8 0.125
SBP@Rest, mm Hg 1042 + 14.4* 1082 £ 15.6 115 £19.1 0.144
SBP@AT, mm Hg 117.6 = 25.5* 123.6 + 27.7 126.5 +24.4 0.144
SBP@Peak, mm Hg 127.5 + 28.5* 136 £ 31.5 1472 £359 0.049
DBP@Rest, mm Hg 719 = 10.2 70.7 £ 12.6 718 £99 0.554
DBP@AT, mm Hg 776 £ 17.1 837 +21.2 83.2 +£20.2 0.041
DBP@Peak, mm Hg 81.1 = 16.5* 92.8 +26.27 90.1 +21.37 <0.001
P, CO,@Rest, mm Hg 28.4 + 4% 287 + 4.1 34.6 +4.1 0.705
P.,CO,@AT, mmHg 28.3 + 5.2%* 289 +49 399 +4.1 0.459
P.,CO,@Peak, mmHg 25.6 + 5.6** 25+53 394 +53 0.453
P.,;0,@Rest, mmHg 113.8 £ 5.6** 1141 £ 55 107.8 £6.5 0.764
P, 0,@AT, mmHg 116.2 + 6.2** 1155 +5.7 103 £5.3 0.456
P, O,@Peak, mmHg 1229 £ 5.3* 1237 £ 54 111 +£59 0.246
VE/VO,@Rest 359 + 5.8* 358 +£6.2 329 +8.7 0912
VE/VO,@AT 38.8 + 8.7%* 368 7.1 26.1 +£3.7 0.104
VE/VO,@Peak 50.6 + 10.2** 52.6 £+ 12.2 337 +5 0.223
VE/VCO,@Rest 423 £ 59** 415+ 64 365 +6.2 0.548
VE/VCO,@AT 42.8 + 10.1** 406 £ 7.7 293 +3.8 0.272
VE/VCO,@Peak 473 £ 11** 476 £ 11 29.6 +39 0.853
SpO,@Rest, % 95.1 £ 3.6** 962 + 1.8 972 1 0.231
SpO,@AT, % 93.9 + 4.7%* 943 +38 969 £1.5 0.869
SpO,@Peak, % 92.8 £ 5.7 894 + 109 955 +42 0.052
VE/VCO, slope, L/min/L/min 44.8 + 16.6** 40.8 £ 11.6 258 £3.6 0.100
VO,/WR slope, mL/(mineW) 3.9 (1,5.4)** 4.7 (28,6.2) 7.7 (6.8,8.7) 0.596
Lowest VE/VCO,, L/min 39.8 + 7.2%* 38+64 225 +39 0.239
OUES, L/mL/log(1/min) 834.9 + 312.2%* 894.8 +£ 3153 17552 4704 0.259

Data are presented as mean + standard deviation or median (range).

AT: anaerobic threshold; CPET: cardiopulmonary exercise testing; CTD-PAH: connective tissue dis-
ease-associated pulmonary arterial hypertension; DBP: diastolic blood pressure; HR: heart rate; IPAH:
idiopathic pulmonary arterial hypertension; METS: metabolic equivalents; OUES: oxygen uptake ef-
ficiency slope; P.CO,: end-tidal partial pressure of carbon dioxide; P;O,. end-tidal partial pressure
of oxygen; RER: respiratory exchange rate; RF: respiratory frequency; SBP: systolic blood pressure;
SpO,: oxygen saturation; VCO,: carbon dioxide output; VE: minute ventilation; VO,: oxygen uptake;
VT: tidal volume; WR: work rate.

*CTD-PAH compared with IPAH. *p<0.05, CTD-PAH compared with patients with normal pulmonary
arterial pressure. **p-0.001, CTD-PAH compared with patients with normal pulmonary arterial pres-
sure.” p<0.001, compared with rest by using paired-sample t-test.

CTD-PAH, sPAP, PVR, mRAP entered
as independent variables considering
both p-values of the variables and their

as dependent variables (A two-sided
p-value <0.016 was considered sta-
tistically significant), and subtypes of
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clinical significance. After adjusting
confounding factors, CTD-PAH sub-
types did not contribute to the differ-
ences in CPET parameters between pSS
and SLE patients (Suppl. Table S5).

Discussion

In the present study, the heart struc-
ture (indicated by echocardiography),
functional status (indicated by WHO
FC, NT-proBNP and 6MWD) were
comparable between CTD-PAH and
IPAH, whilst CTD-PAH even had bet-
ter haemodynamic profiles. However,
we found that CTD-PAH had worse
CPET-derived parameters (both at rest
and during exercise) than IPAH, indi-
cating that CTD-PAH had more im-
paired ventilation, cardiac function and
muscular strength.

Parameters associated with
cardiopulmonary function

HR, VO,/HR and DBP are parameters
closely associated with cardiopulmo-
nary function. VO,/HR@Rest was
lower in CTD-PAH group, reflecting
less oxygen extracted per heart beat
and stroke volume (25), which ex-
plained why HR@Rest was higher in
CTD-PAH group, to compensate for
decreased oxygen supply. This phe-
nomenon implied that cardiopulmonary
function differed between CTD-PAH
and IPAH even at rest. On the con-
trary, HR@Peak tended to be lower in
CTD-PAH group (p=0.026, p<0.005
was considered statistically significant
for multiple linear regression analy-
sis), which might indicate CTD-PAH
had poorer chronotropic response to
exercise than IAPH. The mechanisms
behind the higher HR@Rest and the
reduced chronotropic competence may
be partially attributed to the abnormal
diastolic function of both ventricles in
CTD (26). Henkens et al. reported that
higher HR@Rest was an independent
predictor of adverse prognosis for IPAH
(27). Moreover, chronotropic incompe-
tence was an independent prognostic
marker for patients with heart failure
(28). We therefore suspect that higher
HR@Rest and lower HR@Peak may
indicate worse prognosis of CTD-PAH
patients, but further studies are need to
verify this hypothesis. In healthy sub-
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Table I'V. Contribution of aetiology of PAH to the differences in CPET parameters between

CTD-PAH and IPAH.

Dependent variable B* SE’ p* p-value**
Power@Peak -12.684 3917 -0.259 0.001
VO,@Peak -1.766 0.587 -0.243 0.003
METS @Peak -0.492 0.170 -0.236 0.004
VE@Peak -4.711 1.936 -0.214 0.016
VT@Peak -0.165 0.048 -0.263 0.001
HR@Rest 8.311 2254 0318 <0.001
HR@Peak -8.287 3.940 -0.187 0.037
VO,/HR @Rest -0.451 0.133 -0.293 0.001
SBP@Peak -8.495 5.542 -0.140 0.127
DBP@Peak -13.131 3.940 -0.294 0.001

AT: anaerobic threshold; CPET: cardiopulmonary exercise testing; CTD: connective tissue disease;
DBP: diastolic blood pressure; HR: heart rate; IPAH: idiopathic pulmonary arterial hypertension;
METS: metabolic equivalents; PAH: pulmonary arterial hypertension; SBP: systolic blood pressure;
VE: minute ventilation; VO,: oxygen uptake; VT: tidal volume.

*Role of aetiology of PAH in multiple linear regression analysis (results for all independent variables
are presented in Supplementary Table S4).p<0.005 was considered statistically significant.

jects, exercise DBP usually remains
unchanged or is moderately reduced
due to vasodilatation of the vascular
bed (29). Ha et al. (30) reported that ex-
cessive elevation in exercise DBP was
associated with increased likelihood
of coronary artery disease. We found
that CTD-PAH, IPAH and patients with
normal pulmonary arterial pressure all
had elevated DBP during exercise, and
CTD-PAH had the lowest DBP@Peak.
Given that CTD-PAH group had the
most unfavourable CPET-derived pa-
rameters, we tended to consider the rel-
atively lower DBP@Peak in this study
as an adverse signal, which is opposite
to the results of Ha et al. (30). Although
the present study could not elucidate
the underlying mechanism of this phe-
nomenon, we suspect that concomitant
vasculitis may play an important role.

Parameters associated with
ventilation

VT and VE (VT x respiratory frequen-
cy) are ventilation-related parameters.
Herein, VT @Peak was lower in CTD-
PAH group, while CTD-PAH and IPAH
shared similar respiratory frequency.
Consequently, VE@peak tended to be
lower in CTD-PAH group (p=0.012,
p<0.005 was considered statistically
significant for multiple linear regres-
sion analysis). Meanwhile, these two
groups had similar VE/VCO,@AT,
VE/VCO, slope and lowest VE/VCO,,
which indicated that their ventilation
efficiency was comparable (31). Usual-
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ly, patients with PAH require increased
VE to compensate for ventilation-per-
fusion mismatch (32). Previous studies
demonstrated that CTD-PAH had lower
diffusion capacity for carbon monoxide
(amarker of capillary surface area) than
IPAH (1, 33). Moreover, Langleben et
al. (34) found that CTD-PAH had a
lower functional capillary surface area/
body surface area ratio than IPAH for
a given cardiac index. Theoretically,
CTD-PAH were supposed to increase
their VE to higher levels compared
with IPAH to compensate for the extra
loss of functional capillary surface area,
but what we found was exactly the op-
posite. We suspected that lower VT @
Peak in CTD-PAH may be attributed to
systemic inflammation-impaired respir-
atory muscular strength and pulmonary
elasticity. We also found that CTD-PAH
had lower FVC than IPAH, consistent
with previous studies (1, 33), which in-
dicated that CTD-PAH had more sever
restrictive problem. This further sup-
ported our hypothesis.

Parameters associated with

exercise intensity

Power and METS, two parameters that
reflect exercise intensity, were both
worse in CTD-PAH group. Power@
Peak is closely associated with muscu-
lar strength (35). Unfortunately, mus-
cular pain and weakness are common
in CTD, despite they might not be the
major clinical manifestations in some
subtypes (36, 37). Furthermore, Oliv-

eira et al. (38) reported that SSc pa-
tients without pulmonary impairment
have reduced exercise capacity. Be-
sides, METS is also routinely utilised
to provide a repertoire of activities that
patients can safely participate in. Con-
sidering the wide range of functional
classification (female patients with
2.8-4.4 METS could tolerate moderate
exercise intensity) (23), the difference
in METS@Peak between CTD-PAH
and TPAH was quite small (3.4+1.1
vs. 3.9+1.0 METS, p=0.003). In other
words, it may be hard for clinicians to
tell the differences in exercise capac-
ity between CTD-PAH and IPAH from
the limitation of daily activities. In
fact, the present study showed poorer
exercise capacity in CTD-PAH than in
IPAH, despite comparable WHO FC
and 6MWD between the two groups.

VO,@Peak

VO,@Peak is a parameter closely as-
sociated with pulmonary, cardiac, hae-
matologic, vascular, and mitochondrial
function (39). Compared with IPAH,
lower VO2@Peak in CTD-PAH group
may be considered as an overall mani-
festation of more severe impairment of
ventilation, cardiac function and mus-
cular strength.

Interestingly, we found that CTD-PAH
had worse CPET parameters both at
rest and during exercise than IPAH,
although CTD-PAH did have better
haemodynamic profiles. We offer a
hypothesis for this contradictory phe-
nomenon. It is known that many CTDs
directly affect the heart through direct
connective tissue deposition and mi-
crovascular dysfunction (for example,
the so-called systemic-sclerosis related
cardiomyopathy). This direct heart in-
volvement produces subclinical organ
damage which mainly targets right ven-
tricle (40) and could explain, through a
reduced subclinical systolic function
(41), the lower pressure in CTD-PAH
group. Therefore, we strongly suggest
doctors be vigilant against the “good”
haemodynamic profiles of CTD-PAH
when it comes to clinical decision-
making. Another interesting part is that
CTD-PAH patients included in the pre-
sent study seemed to be younger than
those in the REVEAL study (41.2+12.1
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vs. 57.1+£13.7 years) (1), which is con-
sistent with a cohort study conducted in
China (37.8+£10.4 years) (42).

Subgroup analysis

We found that pSS patients tended to
have higher sPAP and PVR than SLE,
which is consistent with the work by
Zhao et al. (42) They also reported that
pSS had worse survival rate than SLE
(42). In the first place, we observed
that pSS patients had lower SBP@Peak
and seemed to have lower OUES. Af-
ter adjustment, subtypes of CTD-PAH
did not contribute to the differences
in CPET parameters between pSS and
SLE patients. Given the limited in-
formation we can offer in the present
study, more extensive work is needed to
explain why pSS had a worse survival
rate than SLE.

Limitations

Several limitations of this study should
be noted. First, parameters of pulmo-
nary function test like diffusion capaci-
ty for carbon monoxide were not availa-
ble. Therefore, the clinical implications
of lower VT@Peak and VE@Peak in
CTD-PAH might not be thoroughly in-
terpreted. Second, we failed to obtain
follow-up information, which makes
the prognostic value of CPET parame-
ters such as HR@Rest and DBP@Peak
remain unknown. Third, Bonferroni’s
correction is quite conservative, which
limits the amount of CPET parameter
we could test. Therefore, parameters at
AT were not discussed in this study. Fi-
nally, the small sample size in the sub-
group analysis may make our results
less persuasive. Prospective studies
with bigger sample sizes are encour-
aged to explore why pSS had a worse
prognosis than SLE.

Conclusion

CTD-PAH had more impaired venti-
lation, cardiac function and muscular
strength (reflected by CPET-derived
parameters) than IPAH, although the
heart structure (indicated by echocar-
diography), functional status (indi-
cated by WHO FC, NT-proBNP and
6MWD) were comparable between
these two groups, and CTD-PAH even
had better haemodynamic profiles. In

Clinical and Experimental Rheumatology 2021

other words, CPET could detect im-
pairment of ventilation, cardiac func-
tion and muscular strength earlier than
echocardiography, WHO FC, 6MWD,
NT-proBNP and RHC in patients with
CTD-PAH. Our results highlighted the
usefulness of CPET for the manage-
ment of CTD-PAH.

Acknowledgements

This research article was supported
by National Natural Science Founda-
tion of China [81370326, 81641005];
Beijing Municipal Science and Tech-
nology Project [Z181100001718200];
Beijing Municipal Natural Science
Foundation [7202168] and National
Precision Medical Research Program
of China [2016YFC0905602].

References

1. CHUNG L, LIU J, PARSONS L et al.: Charac-
terization of connective tissue disease-asso-
ciated pulmonary arterial hypertension from
REVEAL: identifying systemic sclerosis as a
unique phenotype. Chest 2010; 138: 1383-94.

2. HUMBERT M, SITBON O, CHAOUAT A et al.:
Pulmonary arterial hypertension in France:
results from a national registry. Am J Respir
Crit Care Med 2006; 173: 1023-30.

3. MUKERIJEE D, ST GEORGE D, COLEIRO B et
al.: Prevalence and outcome in systemic scle-
rosis associated pulmonary arterial hyperten-
sion: application of a registry approach. Ann
Rheum Dis 2003; 62: 1088-93.

4. SHIRAI'Y, YASUOKA H, OKANO Y, TAKEUCHI
T, SATOH T, KUWANA M: Clinical character-
istics and survival of Japanese patients with
connective tissue disease and pulmonary ar-
terial hypertension: a single-centre cohort.
Rheumatology (Oxford) 2012; 51: 1846-54.

5. KANG KY, JEON CH, CHOI SJ et al.: Survival
and prognostic factors in patients with con-
nective tissue disease-associated pulmonary
hypertension diagnosed by echocardiogra-
phy: results from a Korean nationwide reg-
istry. Int J Rheum Dis 2017; 20: 1227-36.

6. HAO YJ,JIANG X,ZHOU W et al.: Connective
tissue disease-associated pulmonary arterial
hypertension in Chinese patients. Eur Respir
J2014; 44: 963-72.

7. GALIE N, HUMBERT M, VACHIERY JL et al.:
2015 ESC/ERS Guidelines for the diagnosis
and treatment of pulmonary hypertension:
The Joint Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the
European Society of Cardiology (ESC) and
the European Respiratory Society (ERS):
Endorsed by: Association for European Pae-
diatric and Congenital Cardiology (AEPC),
International Society for Heart and Lung
Transplantation (ISHLT). Eur Heart J 2016;
37:67-119.

8. HASSOUN PM: Pulmonary arterial hyperten-
sion complicating connective tissue diseases.
Semin Respir Crit Care Med 2009; 30: 429-
39.

9. QIAN J, WANG Y, HUANG C et al.: Survival
and prognostic factors of systemic lupus
erythematosus-associated pulmonary arterial
hypertension: A PRISMA-compliant system-
atic review and meta-analysis. Autoimmun
Rev 2016; 15: 250-57.

10. NGIAN GS, STEVENS W, PRIOR D et al.: Pre-
dictors of mortality in connective tissue dis-
ease-associated pulmonary arterial hyperten-
sion: a cohort study. Arthritis Res Ther 2012;
14: R213.

11. AVOUAC J, WIPFF J, KAHAN A, ALLANORE
Y: Effects of oral treatments on exercise ca-
pacity in systemic sclerosis related pulmo-
nary arterial hypertension: a meta-analysis of
randomised controlled trials. Ann Rheum Dis
2008; 67: 808-814.

12. GUAZZI M, ADAMS V, CONRAADS V et al.:
EACPR/AHA Joint Scientific Statement.
Clinical recommendations for cardiopulmo-
nary exercise testing data assessment in spe-
cific patient populations. Eur Heart J 2012;
33:2917-27.

13. HOCHBERG MC: Updating the American
College of Rheumatology revised criteria for
the classification of systemic lupus erythe-
matosus. Arthritis Rheum 1997, 40: 1725.

14. Preliminary criteria for the classification of
systemic sclerosis (scleroderma). Subcom-
mittee for scleroderma criteria of the Ameri-
can Rheumatism Association Diagnostic and
Therapeutic Criteria Committee. Arthritis
Rheum 1980; 23: 581-90.

15. ARNETT FC, EDWORTHY SM, BLOCH DA et
al.: The American Rheumatism Association
1987 revised criteria for the classification of
rheumatoid arthritis. Arthritis Rheum 1988;
31:315-24.

16. VITALI C, BOMBARDIERI S, JONSSON R et
al.: Classification criteria for Sjogren’s syn-
drome: a revised version of the European
criteria proposed by the American-European
Consensus Group. Ann Rheum Dis 2002; 61:
554-58.

17. SHARP GC: Diagnostic criteria for classifica-
tion of MCTD. In: KASUKAWA R, SHARP GC
(Eds.) Mixed connective tissue disease and
anti-nuclear antibodies. Amsterdam, Else-
vier, 1987; 23-32.

18. GALIE N, HOEPER MM, HUMBERT M et al.:
Guidelines for the diagnosis and treatment of
pulmonary hypertension: the Task Force for
the Diagnosis and Treatment of Pulmonary
Hypertension of the European Society of Car-
diology (ESC) and the European Respiratory
Society (ERS), endorsed by the International
Society of Heart and Lung Transplantation
(ISHLT). Eur Heart J 2009; 30: 2493-537.

19. KATO M, ATSUMI T: Pulmonary arterial hy-
pertension associated with connective tissue
diseases: A review focusing on distinctive
clinical aspects. Eur J Clin Invest 2018; 48.

20. RUDSKI LG, LAl WW, AFILALO J et al.
Guidelines for the echocardiographic as-
sessment of the right heart in adults: a report
from the American Society of Echocardiog-
raphy endorsed by the European Association
of Echocardiography, a registered branch of
the European Society of Cardiology, and the
Canadian Society of Echocardiography. J Am
Soc Echocardiogr 2010; 23: 685-713; quiz
786-688.

1069



Exercise pathophysiology of CTD-PAH / Y. Zhang et al.

21.

22.

23.

24.

25.

26.

217.

28.

TANG Y, LUO Q, LIU Z et al.: Oxygen uptake
efficiency slope predicts poor outcome in
patients with idiopathic pulmonary arterial
hypertension. J Am Heart Assoc 2017; 6:
€005037.

ZHANG HL, LIU ZH, WANG Y et al.: Acute re-
sponses to inhalation of Iloprost in patients
with pulmonary hypertension. Chin Med J
(Engl) 2012; 125: 2826-31.

JETTE M, SIDNEY K, BLUMCHEN G: Meta-
bolic equivalents (METS) in exercise test-
ing, exercise prescription, and evaluation of
functional capacity. Clin Cardiol 1990; 13:
555-65.

SEDGWICK P: Multiple hypothesis testing
and Bonferroni’s correction. BMJ 2014; 349:
26284.

SUN XG, HANSEN JE, OUDIZ RJ, WASSER-
MAN K: Exercise pathophysiology in pa-
tients with primary pulmonary hypertension.
Circulation 2001;104:429-435.

CADEDDU DESSALVI C, DEIDDA M: Dias-
tolic function in systemic sclerosis patients:
a neglected issue? J Am Coll Cardiol 2018;
72: 1814-16.

HENKENS IR, VAN WOLFEREN SA, GAN CT et
al.: Relation of resting heart rate to prognosis
in patients with idiopathic pulmonary arterial
hypertension. Am J Cardiol 2009; 103: 1451-6.
SANTOS M, WEST E, SKALI H, FORMAN DE,
NADRUZ WJ, SHAH AM: Resting heart rate
and chronotropic response to exercise: prog-
nostic implications in heart failure across the
left ventricular ejection fraction spectrum.

1070

29.

30.

31.

32.

33.

34.

35.

36.

J Card Fail 2018; 24: 753-62.

FLETCHER GF, ADES PA, KLIGFIELD P et al.:
Exercise standards for testing and training: a
scientific statement from the American Heart
Association. Circulation 2013; 128: 873-934.
HA JW, JURACAN EM, MAHONEY DW et al.:
Hypertensive response to exercise: a poten-
tial cause for new wall motion abnormality
in the absence of coronary artery disease.
J Am Coll Cardiol 2002; 39: 323-27.

SUN XG, HANSEN JE, GARATACHEA N, STOR-
ER TW, WASSERMAN K: Ventilatory efficien-
cy during exercise in healthy subjects. Am J
Respir Crit Care Med 2002; 166: 1443-8.
VALLERAND JR, WEATHERALD J, LAVENE-
ZIANA P: Pulmonary hypertension and exer-
cise. Clin Chest Med 2019; 40: 459-69.

JING ZC, XU XQ, BADESCH DB et al.
Pulmonary function testing in patients with
pulmonary arterial hypertension. Respir Med
2009; 103: 1136-42.

LANGLEBEN D, ORFANOS SE, GIOVINAZZO
M et al.: Pulmonary capillary endothelial
metabolic dysfunction: severity in pulmonary
arterial hypertension related to connective tis-
sue disease versus idiopathic pulmonary arte-
rial hypertension. Arthritis Rheum 2008; 58:
1156-64.

RADZEWITZ A, MICHE E, HERRMANN G et
al.: Exercise and muscle strength training and
their effect on quality of life in patients with
chronic heart failure. Eur J Heart Fail 2002;
4:627-34.

YAMADA T, STEINZ MM, KENNE E, LANNER

37.

38.

39.

40.

41.

42.

JT: Muscle weakness in rheumatoid arthritis:
the role of Ca(2+) and free radical signaling.
EBioMedicine 2017; 23: 12-19.

JACQUES T, SUDOL-SZOPINSKA I, LARK-
MAN N, O’CONNOR P, COTTEN A: Musculo-
skeletal manifestations of non-RA connective
tissue diseases: scleroderma, systemic lupus
erythematosus, Still’s disease, dermatomy-
ositis/polymyositis, Sjogren’s syndrome, and
mixed connective tissue disease. Semin Mus-
culoskelet Radiol 2018; 22: 166-79.

DE OLIVEIRANC, DOS SANTOS SABBAG LM,
UENO LM et al.: Reduced exercise capacity
in systemic sclerosis patients without pulmo-
nary involvement. Scand J Rheumatol 2007
36: 458-61.

GUAZZI M, BANDERA F, OZEMEK C, SYS-
TROM D, ARENA R: Cardiopulmonary ex-
ercise testing: what is its value? J Am Coll
Cardiol 2017; 70: 1618-36.

STRONATI G, MANFREDI L, FERRARINI A
et al.: Subclinical progression of systemic
sclerosis-related cardiomyopathy. Eur J Prev
Cardiol 2020 Apr 19 [Online ahead of print].
GUERRA F, STRONATI G, FISCHIETTI C et
al.: Global longitudinal strain measured by
speckle tracking identifies subclinical heart
involvement in patients with systemic sclero-
sis. Eur J Prev Cardiol 2018; 25: 1598-606.

ZHAO J, WANG Q, LIU Y et al.: Clinical char-
acteristics and survival of pulmonary arte-
rial hypertension associated with three major
connective tissue diseases: A cohort study in
China. Int J Cardiol 2017; 236: 432-37.

Clinical and Experimental Rheumatology 2021



