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Abstract

Screening and early detection of pulmonary arterial hypertension (PAH) in connective tissue disease (CTD) are currently
recommended for early treatment. Exercise-induced pulmonary hypertension (EIPH) is thought to be a potential risk of
developing resting pulmonary hypertension. However, accurate diagnosis of EIPH is needed hemodynamics by right heart
catheterization during exercise. Therefore, we compared various parameters of EIPH group with non-EIPH group in patients
with CTD. This study aimed to investigate noninvasive predictors of EIPH. A total of 162 consecutive patients with CTD
who received screening of PAH was studied. Thirty-four patients with suspected PAH received right heart catheterization
(RHC) at rest. Twenty-four patients without PAH underwent RHC during exercise, and they were divided into the EIPH
group (n="7) and the non-EIPH group (n=17). Exercise tolerance such as 6-min walk distance and peak VO,/kg in the EIPH
group was lower than that in the non-EIPH group. For hemodynamics, pulmonary artery pressure, right atrial pressure, and
vascular resistance in the EIPH group were significantly higher than those in the non-EIPH group. In echocardiography,
RV Tei index in the EIPH group was significantly higher than that in the non-EIPH group (EIPH vs non-EIPH =0.42 [0.41,
0.47] vs 0.25 [0.20, 0.32], P=0.007). The receiver operating characteristics curve showed a cutoff value of RV Tei index
(0.41) with a sensitivity of 0.857 and specificity of 0.882. In conclusion, RV Tei index might be a feasible predictor of EIPH
in patients with CTD.

Keywords Exercise-induced pulmonary hypertension - Connective tissue disease - Echocardiography - Right ventricular
Tei index

Introduction survival of idiopathic/heritable PAH shows improvement

supported by pulmonary hypertension-targeted therapy [2].

Pulmonary hypertension (PH) is defined by a mean pulmo-
nary artery pressure (mean PAP)>25 mmHg and meas-
ured by right heart catheterization (RHC). Pulmonary
artery hypertension (PAH) is found in a subpopulation
of patients with PH. PAH is characterized hemodynami-
cally by the presence of pre-capillary PH, including mean
PAP > 25 mmHg, an end-expiratory pulmonary artery wedge
pressure (PAWP) <15 mmHg, and a pulmonary vascu-
lar resistance (PVR) >3 Wood units (WU) [1]. Currently,
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However, PAH associated with connective tissue disease
(CTD) has historically had a poor prognosis. Previously, the
1- and 3-year survival rates of patients with PAH and sys-
temic sclerosis (SSc-PAH) were reported as 78% and 47%,
respectively [3]. Humbert et al. observed a better progno-
sis in patients who were identified with PAH in an active
screening program compared with those identified in the
course of routine practice. They suggested the potential ben-
efit of intervention earlier in the course of PAH [4].

EIPH is thought to be an abnormal response of the pul-
monary circulation for increased cardiac output (CO) by
exercise, and it has a potential risk of developing resting PH
[5]. EIPH is assessed by several exercise protocols, meth-
ods, positions, and many cutoff values [6]. Herve et al. [7]
proposed new diagnostic criteria of EIPH using RHC with
a combined maximum mean PAP>30 mmHg and total
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pulmonary vascular resistance (TPR) >3 WU during exer-
cise. RHC during exercise is necessary for accurately diag-
nosing EIPH, but it is invasive and complicated. Therefore, a
noninvasive diagnostic method of EIPH is required in clini-
cal practice. Consequently, we compared various parameters
of EIPH group with non-EIPH group in patients with CTD.
This study aimed to investigate noninvasive predictors of
EIPH using the new criteria. We analyzed the associations
between EIPH and indices of echocardiography, the pulmo-
nary function test (PFT), the cardiopulmonary exercise test
(CPET), hemodynamics, and laboratory data in patients with
CTD.

Materials and methods

A total of 162 consecutive patients with CTD underwent
screening of PAH in Kagoshima University Hospital from
December 2013 to April 2017. Echocardiography was per-
formed in all of the patients, and 38 patients had tricuspid
valve regurgitation peak flow velocity (TR PFV)>2.8 m/s.
In 38 patients, 34 with symptoms suggesting PAH, including
dyspnea on effort, general fatigue, edema, and/or an abnor-
mal PFT (e.g., forced vital capacity %predicted [%FVC]/
diffusing capacity of the lung for carbon monoxide %pre-
dicted [%DLCO] > 1.6 or %DLCO < 60%), received RHC.
All of the patients underwent echocardiography, the 6-min
walk test, and a blood test, including plasma brain natriu-
retic peptide (BNP) levels and hemoglobin on admission.
Ventilation-perfusion scintigraphy and a high-resolution
chest computed tomography scan were performed before
RHC. The patients did not show chronic thromboembolic
disease and severe lung disease. PAH was diagnosed from
hemodynamics by RHC at rest (mean PAP >25 mmHg,
PAWP <15 mmHg, and PVR >3 WU). One patient had
left heart disease (PAWP > 15 mmHg) and 9 patients had
PAH. Among 34 patients, 24 did not show PAH and they
underwent RHC during exercise at the supine position.
Finally, they were divided into the EIPH group (n=7) and
non-EIPH group (n=17). EIPH was diagnosed with a mean
PAP > 30 mmHg and TPR >3 WU by hemodynamics at
exercise (Fig. 1). Furthermore, we compared various param-
eters of EIPH group with non-EIPH group in patients with
CTD. This study was approved by the clinical research eth-
ics board of Kagoshima University Hospital and informed
consent was obtained from all of the patients.

Echocardiography
In echocardiography, left ventricular end-diastolic dimen-
sion (LVDd) and left atrial dimension (LAD) were meas-

ured from the parasternal view. The left ventricular ejection
fraction (LVEF) was calculated using the modified Simpson
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method. Right ventricular end-diastolic dimension (RVDd)
of the basal and mid-right ventricle was measured from
apical 4-chamber view. Using the pulsed Doppler method,
early diastolic mitral inflow velocity (E) was measured at
the tips of the mitral valve leaflets, and early diastolic mitral
annular velocity (e’) was measured at the septal annulus.
The E/e' ratio was then calculated from these measurements.
TR PFV was measured for estimating RV systolic pressure.
The tricuspid annular plane systolic excursion (TAPSE) by
M-mode and tissue Doppler-derived tricuspid lateral annular
systolic velocity (TDI S*) were measured as parameters of
RV systolic function. Tricuspid inflow by pulsed-wave Dop-
pler was measured at end-expiratory during quiet breath-
ing. Among them, a tricuspid E/A ratio and deceleration
time were obtained as parameters of RV diastolic function.
The LV and RV Tei indices by pulsed-wave Doppler, which
comprehensively indicate systolic and diastolic function of
the ventricles, respectively, were commonly calculated using
the isovolumic relaxation time (IRT), isovolumic contrac-
tion time (ICT), and ejection time (ET) according to the
following formula: Tei index = (ICT 4+ IRT)/ET. Practically,
the Tei index was calculated by measuring 2 intervals (Tei
index = ([a — b]/b), where a is the interval between cessa-
tion and onset of mitral/tricuspid inflow and b is the ET of
LV/RV). Additionally, 3 consecutive beats were measured
and averaged for each measurement. All echocardiographic
measurements were stored and analyzed by a single experi-
enced cardiologist who was blinded to the other clinical and
demographic data. For reproducibility of measurements, 2
independent observers repeated 10 measurements of the Tei
index. Differences in the measurements by the 2 observers
were obtained to estimate interobserver variability. The same
observer repeated the 10 measurements, and intraobserver
variability was calculated.

Right heart catheterization

RHC was performed at the supine position. A balloon-
tipped, triple-lumen, fluid-filled 6 Fr Swan Ganz catheter
(Edwards/Biosensors) was introduced from the internal
jugular vein. A 4 Fr sheath was introduced from the radial
or brachial artery for continuous monitoring of arterial
pressure and blood gas analysis. Transducers were set at
the mid-axillary line and zeroed to atmospheric pressure.
PAWP, PAP, right ventricular pressure, and right atrial
pressure (RAP) were measured. Diastolic pulmonary vas-
cular pressure gradient (DPG) was calculated as diastolic
PAP-PAWP to examine the influence of left heart disease.
Additionally, mixed venous oxygen saturation (SvO,) and
arterial oxygen saturation (Sa0O,) were measured by 2-mL
samples of pulmonary and systemic artery blood. Cardiac
output (CO) was calculated by the Fick principle and CO/
body surface area yielded the cardiac index (CI). PVR was
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Fig. 1 Screening criteria of
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calculated as mean PAP-PAWP/CO and TPR was calculated
as mean PAP-RAP/CO. An electrocardiogram and arterial
oxygen saturation, which were measured by pulse oximetry,
were continuously monitored.

The patients which did not show PAH at rest underwent
RHC during exercise at the supine position. RHC and the
cardiopulmonary exercise test (CPET) were simultane-
ously performed to observe hemodynamics and respira-
tory changes during exercise. The exercise protocol by a
supine incremental cycle ergometer (Lode BV, Groningen,
Netherlands) is shown in Fig. 2. Four minutes of rest were
followed by 3 min of warming up in unloaded cycling. Sub-
sequently, work was continuously increased by the Ramp
method 10 W/min, and exercise was performed according
to a symptom-limited stress test. Hemodynamics (PAP,
systemic artery pressure, PAWP, and RAP), and blood gas
analysis (radial artery and pulmonary artery blood) were
measured before exercise, every 2 min during exercise, at

the peak point, and every 2 min after termination of exercise.
O, consumption (VO,) for calculation of CO was obtained
from CPET data. This examination was finished 6 min after
termination of exercise and we confirmed that hemodynam-
ics was restored at rest.

Statistical analysis

Results are expressed as median [25th, 75th percentiles]
values when the distribution was not parametric. Compari-
sons of baseline clinical characteristics between the EIPH
and non-EIPH groups were performed using the Wilcoxon
test for nonparametric data. Pearson’s Chi-square test was
performed to compare sex and World Health Organization
(WHO) function classification between the EIPH and non-
EIPH groups. The correlations between two variables were
examined by simple linear regression analysis. Statistical
significance was accepted at P <0.05. Statistical analysis
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Fig.2 Study protocol of the RHC during exercise. RHC during exer-
cise and CPET were performed simultaneously to observe hemody-
namics and respiratory change during exercise. Exercise was per-
formed according to a symptom-limited stress test. Hemodynamics,

was performed using JMP Statistical Discovery Software,
version proll (SAS, Cary, NC, USA).

Results

Characteristics of patients and clinical data are shown in
Table 1. There were no significant differences in age, height,
body weight, BSA, WHO functional class, hemoglobin, and
BNP levels between the EIPH and non-EIPH groups. Among
24 patients, 2 patients with SSc were orally administered a
prostacyclin analog (Beraprost sodium 60 pg) and endothe-
lin receptor antagonist (Bosentan 125 mg) for Raynaud’s
symptoms. No patients were administered diuretics. More
than half of the patients with CTD had SSc, with no sig-
nificant difference in type of CTD between the EIPH and
non-EIPH groups. In the pulmonary function test, there were
no significant differences between the EIPH and non-EIPH
groups. In the CPET, peak VO,/kg in the EIPH group was
significantly lower than that in the non-EIPH group (EIPH vs
non-EIPH=11.2 mL/min/kg [10.4, 11.9] vs 14.1 mL/min/kg
[12.3, 16.4], P=0.004). The 6-min walk distance (6MWD)
in the EIPH group was significantly shorter compared with
that in the non-EIPH group (EIPH vs non-EIPH =430 m
[403, 510] vs 523 m [298, 593], P=0.041).

We compared hemodynamics at rest and at exercise
between the EIPH and non-EIPH groups (Table 2). In
hemodynamics at rest, systolic PAP, mean PAP, RAP,
PVR, and TPR in the EIPH group were significantly higher
than those in the non-EIPH group (systolic PAP: EIPH vs
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blood gas analysis and echocardiography were measured before exer-
cise, every 2 min during exercise, at the peak point, and every 2 min
after termination of exercise. RHC right heart catheterization, CPET
cardiopulmonary exercise test, W watts

non-EIPH =29.0 mmHg [29.0, 31.0] vs 25.0 mmHg [21.5,
27.5], P=0.003; mean PAP: 19.0 mmHg [18.0, 21.0] vs
15.0 mmHg [13.0, 17.0], P=0.006; RAP: 7.0 mmHg [6.0,
7.0] vs 5.0 mmHg [3.5, 6.0], P=0.010; PVR: 2.5 WU [2.3,
3.4] vs 1.8 WU [1.4, 2.2], P=0.006; TPR: 3.4 WU [3.1,
4.0] vs 2.3 WU [2.2, 3.3], P=0.013). SvO, and the CI in the
EIPH group were significantly lower than those in the non-
EIPH group (SvO,: EIPH vs non-EIPH=68.1% [65.3, 69.1]
vs 72.5% [70.2,75.0], P=0.011; CI: 2.2 L/min/m? [1.9, 2.5]
vs 2.7 L/min/m? [2.4, 3.1], P=0.031). In hemodynamics
at exercise, systolic PAP, diastolic PAP, mean PAP, PAWP,
RAP, PVR, and TPR in the EIPH group were significantly
higher than those in the non-EIPH group (systolic PAP:
EIPH vs non-EIPH="70.0 mmHg [58.0, 73.0] vs 45.0 mmHg
[31.0, 47.5], P <0.001; diastolic PAP: 27.0 mmHg [20.0,
32.0] vs 18.0 mmHg [14.0, 22.0], P=0.017; mean PAP:
44.0 mmHg [40.0, 51.0] vs 29.0 mmHg [24.0, 36.0],
P<0.001; PAWP: 17.0 mmHg [14.0, 21.0] vs 11.0 mmHg
[7.5, 15.5], P=0.013; RAP: 10.0 mmHg [8.0, 14.0] vs
6.0 mmHg [4.0, 8.5], P=0.001; PVR: 3.4 WU [2.6, 3.7]
vs 1.4 WU [1.1, 2.0], P<0.001; TPR: 3.9 WU [3.5,4.1] vs
2.0 WU [1.7, 2.4], P<0.001). Similar to at rest, the CI at
exercise was significantly lower in the EIPH group compared
with the non-EIPH group (CI: EIPH vs non-EIPH=5.4 L/
min/m? [4.9, 6.3] vs 7.2 L/min/m? [6.3, 8.2], P=0.007). The
Amean PAP/ACO as an index of the pressure—flow rela-
tionship was significantly higher in the EIPH group than
in the non-EIPH group (Amean PAP/ACO: EIPH vs non-
EIPH =4.8 mmHg/L/min [4.4, 5.5] vs 1.6 mmHg/L/min
[1.2,2.4], P<0.001).
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Table 1 Patients characteristics EIPH (n=7) Non-EIPH (n=17) P value
in EIPH and non-EIPH groups
Age, years 71.0 [52.0, 78.0] 53.0 [44.0, 67.5] 0.152
Women, n (%) 7 (100) 17 (100) -
Height, cm 157.9 [144.7, 160.3] 156.3 [153.1, 160.0] 0.949
Weight, kg 59.0 [46.8, 68.8] 61.7 [48.6, 69.1] 0.800
Body surface area, m? 1.60 [1.47, 1.79] 1.65[1.45, 1.72] 0.727
WHO functional class (I/II/ITI/IV) 0/6/1/0 2/14/1/0 0.535
Diuretics, n (%) 0(0) 00 -
PAH-targeted therapy, n (%) 1(14.3) 1(5.9) 0.237
Oral prostacyclin analog, n (%) 1(14.3) 1(5.9) 0.237
Endothelin receptor antagonist, n (%) 1(14.3) 1(5.9) 0.237
Phosphodiesterase type 5 inhibitor, n (%) 0(0) 0(0) -
Type of connective tissue disease
Systemic sclerosis, n (%) 4 (58) 9 (53) 0.851
Systemic lupus erythematosus, n (%) 1(14) 4(24) 0.612
Mixed connective tissue disease, n (%) 2 (28) 2(12) 0.315
Sjogren syndrome, n (%) 0(0) 2(12) 0.343
Hemoglobin, g/dl 11.8 [10.9, 12.5] 11.7[11.0, 12.8] 0.567
Brain natriuretic peptide, pg/mL 46.0 [27.9, 93.6] 30.0 [15.2,49.4] 0.112
Pulmonary function test
%FVC, % 71.6 [69.4, 102.5] 91.1[82.8,99.8] 0.112
%FEV1.0, % 74.9 [72.9, 83.6] 78.0 [72.8, 83.5] 0.546
%DLCO, % 64.4 [54.0, 68.1] 68.6 [66.5, 78.0] 0.075
%FVC/%DLCO 1.2 1.0, 1.5] 1.3[1.1, 1.5] 0.657
Peak VO,/kg, mL/kg/min 11.2[10.4, 11.9] 14.1[12.3, 16.4] 0.004
Six-minute walk distance, m 430 [403, 510] 523 [298, 593] 0.041

Values are median [25th, 75th percentiles] when appropriate

%DLCO diffusing capacity of the lung for carbon monoxide %predicted, EIPH exercise-induced pulmo-
nary hypertension, %FVC forced vital capacity %predicted, %FEV1.0 forced expiratory volume in 1 s
%predicted, VO, oxygen consumption, WHO world health organization

Echocardiographic data in the EIPH and non-EIPH
groups are shown in Table 3. All of the patients were in
sinus rhythm during echocardiography. LVDd, LAD, LVEF,
mitral E/e’, RVDd, TR PFV, TAPSE, TDI S’, tricuspid E/A
ratio and deceleration time were not significantly differ-
ent between the EIPH and non-EIPH groups. The RV Tei
index in the EIPH group was significantly higher than that
in the non-EIPH group (0.42 [0.41, 0.47] vs 0.25 [0.20,
0.32], P=0.007) (Fig. 3). The mean differences of inter-
observer and intraobserver variability for the measurement
of the RV Tei index were measured (Tei index: 0.02 +0.02
or 5.5+5.5% and 0.01 +0.01 or 2.9 +2.9%, respectively).

The RV Tei index significantly and positively correlated
with systolic PAP (R=0.655, P=0.001) and mean PAP dur-
ing exercise (R=0.657, P=0.001). The RV Tei index in
patients with CTD was useful for predicting EIPH with an
area under the receiver operator curve value of 0.86. The
receiver operating characteristics curve showed an optimal
cutoff value for the RV Tei index of 0.41. Use of this cutoff
value resulted in a sensitivity of 0.857 and specificity of

0.882. Furthermore, the IRT was significantly prolonged
in the EIPH group compared with the non-EIPH group
(87.0 ms [61.0, 106.0] vs 44.0 ms [33.0, 57.5], P=0.008).
However, the ICT was not significantly different between the
EIPH and non-EIPH groups (39.0 ms [37.0, 58.0] vs 32.0 ms
[20.5, 47.0], P=0.227) (Fig. 4).

Subanalysis

The 6th (2018) World symposium on pulmonary
hypertension proposed the mean PAP>20 mmHg,
PAWP <15 mmHg, and PVR >3 WU as a hemodynamic
definition of pre-capillary PH. Therefore, we performed
subanalysis in patients with mean PAP <20 mmHg at rest.
In subanalysis, patients were divided into the EIPH group
(n=15) and non-EIPH group (n=16), and the RV Tei index
in the EIPH group was significantly higher than that in the
non-EIPH group (EIPH vs non-EIPH=0.41 [0.32, 0.47] vs
0.25[0.19, 0.30], P=0.047).
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Table 2 Hemodynamics in
EIPH and non-EIPH groups

EIPH (n=17) Non-EIPH (n=17) P value

Hemodynamics at rest
Arterial oxygen saturation, %
Mixed venous oxygen saturation, %
Heart rate, bpm
Systolic pulmonary artery pressure, mmHg
Diastolic pulmonary artery pressure, mmHg
Mean pulmonary artery pressure, mmHg
Pulmonary artery wedge pressure, mmHg
Right atrial pressure, mmHg
DPG, mmHg
Cardiac output, L/min
Cardiac index, L/min/m>
Pulmonary vascular resistance, Wood Unit
Total pulmonary resistance, Wood Unit
Hemodynamics at exercise
Arterial oxygen saturation, %
Mixed venous oxygen saturation, %
Heart rate, bpm
Systolic pulmonary artery pressure, mmHg
Diastolic pulmonary artery pressure, mmHg
Mean pulmonary artery pressure, mmHg

Pulmonary artery wedge pressure, mmHg

Right atrial pressure, mmHg
DPG, mmHg
Cardiac output, L/min

Cardiac index, L/min/m>

Pulmonary vascular resistance, Wood Unit
Total pulmonary resistance, Wood Unit

Pressure—flow relationship

Amean PAP/ACO, mmHg/L/min

96.7 [95.6, 96.7] 96.8 [96.1, 97.2] 0.265
68.1 [65.3, 69.1] 72.5[70.2, 75.0] 0.011
65.0 [63.0, 71.0] 73.0 [63.5, 83.0] 0.373
29.0 [29.0, 31.0] 25.0 [21.5,27.5] 0.003
11.0 [10.0, 14.0] 9.0[7.0, 11.0] 0.084
19.0 [18.0, 21.0] 15.0 [13.0, 17.0] 0.006
9.0 (9.0, 11.0] 8.0 [5.5, 10.0] 0.124
7.0 (6.0, 7.0] 5.0[3.5, 6.0] 0.010
2.0[1.0,3.0] 1.0 [0, 2.5] 0.437
3.5(3.1,4.2] 4.0 [3.7,4.9] 0.075
2.2[1.9,2.5] 2.712.4,3.1] 0.031
2.5[2.3,3.4] 1.8[1.4,2.2] 0.006
3.4 (3.1, 4.0] 2.3[22,3.3] 0.013
96.0 [93.1, 97.0] 96.0 [94.1, 96.9] 0.849
47.8 [46.6, 53.3] 50.7 [46.0, 55.9] 0.409
110.0 [101.0, 114.0]  117.0 [105.5, 144.0] 0.325
70.0 [58.0, 73.0] 45.0[31.0, 47.5] <0.001
27.0 [20.0, 32.0] 18.0 [14.0, 22.0] 0.017
44.0 [40.0, 51.0] 29.0 [24.0, 36.0] <0.001
17.0 [14.0, 21.0] 11.0[7.5, 15.5] 0.013
10.0 [8.0, 14.0] 6.0 [4.0, 8.5] 0.001
8.0 [6.0, 10.0] 7.0[4.0,8.5] 0.338
8.9 [6.6, 11.0] 10.5 [9.5, 14.6] 0.066
5.4[4.9,6.3] 7.216.3,8.2] 0.007
3.4[2.6,3.7] 1.4[1.1,2.0] <0.001
3.9[3.5,4.1] 2.0[1.7,2.4] <0.001
4.8[4.4,5.5] 1.6[1.2,2.4] <0.001

Values are median [25th, 75th percentiles] when appropriate

DPG diastolic pulmonary vascular pressure gradient, EIPH exercise-induced pulmonary hypertension,
Amean PAP exercise mean PAP-rest mean PAP, ACO exercise CO-rest CO

Discussion

The present study showed for the first time that the RV Tei
index was correlated with EIPH in patients with CTD. The
RV Tei index could be a noninvasive useful predictor of
EIPH in patients with CTD. The 6MWD and peak VO,/
kg, which are indices of exercise tolerance, were lower in
the EIPH group compared with the non-EIPH group. In
hemodynamics at rest, systolic PAP, mean PAP, RAP, PVR
and TPR in the EIPH group were significantly higher than
those in the non-EIPH group. Furthermore, SvO, and the
CI in the EIPH group were significantly lower than those
in the non-EIPH group. These results suggested that resting
hemodynamics were different between the EIPH and non-
EIPH groups. In hemodynamics at exercise, PAP, PAWP,
RAP, PVR, and TPR in the EIPH group were significantly
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higher than those in the non-EIPH group. These results are
reasonable because patients were divided into two groups by
hemodynamics at exercise. Although PAWP at exercise in
EIPH group was elevated, DPG at exercise was elevated too.
Consequently, we considered that EIPH group had impair-
ment of pre-capillary.

The previous definition of EIPH was mean
PAP >30 mmHg during exercise, and this criterion was used
in the definition of “primary” pulmonary hypertension [8].
However, mean PAP during exercise was found to be sig-
nificantly higher in older compared with young healthy sub-
jects [9]. Consequently, defining a cutoff value of mean PAP
for EIPH was difficult. Moreover, the previous definition of
EIPH lacked level, type, and posture of exercise, a cutoff
value for EIPH, and prognostic implications [10]. Therefore,
the new criteria for definition of EIPH using RHC combined
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Table 3 Echocardiographic data EIPH (n=7) Non-EIPH (n=17) P value
in EIPH and non-EIPH groups
End-diastolic left ventricular dimension, mm 42.9142.3,47.0] 43.6 [40.4, 46.9] 0.656
Left atrial dimension, mm 37.6 [31.8, 47.0] 33.2 [30.5, 38.4] 0.144
Left ventricular ejection fraction, % 77.1[62.9, 79.4] 70.5 [63.9, 74.0] 0.112
Mitral E/e’ 5.3[5.0, 6.5] 8.4[7.7,10.2] 0.135
Left ventricular Tei index 0.44 10.28, 0.58] 0.41[0.36, 0.47] 0.680
Basal RVDd, mm 32.1[31.0, 38.2] 33.0 [30.0, 36.7] 0.727
Mid RVDd, mm 25.9 [24.3, 32.0] 27.0 [24.8, 31.1] 0.799
Tricuspid regurgitation peak flow velocity, m/s 2.60 [2.33, 2.85] 2.451[2.12,2.69] 0.280
Tricuspid annular plane systolic excursion, cm 23.3[19.7, 28.5] 21.7 [20.6, 24.3] 0.657
TDI S’, cm/s 13.6 [11.6, 16.0] 13.5[11.4,14.7] 0.703
Tricuspid inflow
E/A 0.97 [0.64, 1.22] 1.09 [0.91, 1.37] 0.374
Deceleration time, ms 252 (222, 379] 189 [151, 249] 0.133
Right ventricular Tei index 0.4210.41,0.47] 0.25[0.20, 0.32] 0.007
Isovolumic contraction time, ms 39.0 [37.0, 58.0] 32.0[20.5, 47.0] 0.227
Isovolumic relaxation time, ms 87.0 [61.0, 106.0] 44.0 [33.0, 57.5] 0.008

Values are median [25th, 75th percentiles] when appropriate

EIPH exercise-induced pulmonary hypertension, mitral E/e’ ratio between early mitral inflow velocity and
mitral annular early diastolic velocity, RVDd end-diastolic right ventricular dimension, TDI S’ tissue Dop-
pler-derived tricuspid lateral annular systolic velocity

0.6
P =0.007
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Fig.3 Comparison of the RV Tei index between the EIPH and non-
EIPH groups. RV Tei index in EIPH group was significantly higher
than that in non-EIPH group (EIPH vs non-EIPH=0.42 [0.41, 0.47]
vs 0.25 [0.20, 0.32]; P=0.007). Values are shown as the median
[25th, 75th percentiles] when appropriate. EIPH exercise-induced
pulmonary hypertension, RV right ventricle

with maximum mean PAP and TPR during exercise were
proposed. These criteria have a high diagnostic accuracy of
pulmonary vascular disease with sufficient evidence [7, 11].
Loss of pulmonary vascular distensibility during exercise
reflects early pulmonary vascular disease and might be asso-
ciated with development of pulmonary vascular disease [12,

13]. Consequently, EIPH might occur by loss of pulmonary
vascular distensibility.

Screening and early detection of PAH are currently rec-
ommended in patients with CTD because delayed diagnosis
of CTD-PAH leads to an unfavorable outcome [3, 4, 14].
Stamm et al. [15] reported that EIPH using the new criteria
in patients with SSc might have worse trans-free survival
compared with those without EIPH. The effectiveness of
PAH-targeted therapy in patients with SSc and EIPH is
unclear. However, a pilot study reported that ambrisentan
treatment in patients with SSc and EIPH demonstrated
improvement in exercise hemodynamics and exercise capac-
ity [16]. Furthermore, an open-label study of ambrisentan
in patients with EIPH showed a significant improvement in
hemodynamics, G(MWD, and symptoms after treatment [17].
These previous findings suggested that treatment for EIPH
has a possibility to prevent progression of vascular remod-
eling and development of established PAH. Therefore, EIPH
should be considered to a risk of PAH, and detecting EIPH
in patients with CTD is important.

For echocardiographic assessment of the RV in adults,
the guidelines of American Society of Echocardiography
describe measuring RV chamber size, PAP, TAPSE, RV
fractional area change, TDI S’, the RV Tei index, and pulsed
Doppler of tricuspid inflow [18]. These echocardiographic
assessments of RV function are commonly used for patients
with PH in clinical practice. Exercise echocardiography is
used to detect and identify early-stage PH, even in patients
without PH at rest [19]. Echocardiographic estimations of
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Fig.4 Comparison of the ICT and IRT between the EIPH and non-
EIPH groups. ICT was not significantly different between the groups
(EIPH vs non-EIPH=39.0 ms [37.0, 58.0] vs 32.0 ms [20.5, 47.0],
P=0.227) (a). However, IRT was significantly prolonged in the
EIPH group compared with the non-EIPH group (EIPH vs non-

RV and pulmonary vascular function during exercise are
feasible with reasonable accuracy [20]. Although agreement
between echocardiographic and invasive measures of pulmo-
nary pressure during exercise is acceptable, the accuracy is
highly dependent on the quality of the TR envelopes [21].
The RV Tei index is a global estimate of systolic and dias-
tolic function of the RV, and this index can be measured
without TR and is reproducible. The RV Tei index, which is
obtainable only using pulsed-wave Doppler, appears to be
relatively independent of preload, afterload, and heart rate
[22]. Additionally, the findings about RV Tei index dem-
onstrate usefulness in assessing patients with PH [23-25].

We showed that the Doppler-derived RV Tei index at rest
was associated with EIPH in patients with CTD. Further-
more, the IRT which is the diastolic element of the RV Tei
index, in the EIPH group was significantly prolonged com-
pared with the non-EIPH group. However, there were no
significant differences in RV systolic function, such as ICT,
TAPSE, and TDI S’ between the groups. Moreover, even in
parameters of tricuspid inflow E/A ratio and deceleration
time as diastolic function were not significantly differences.
Hsu et al. [26] proved that RV sarcomere function in patients
with SSc-PAH was depressed. Moreover, a previous study
reported that patients with SSc had impaired RV diastolic
function regardless of PH [27]. Patients with EIPH in CTD
might have an RV diastolic dysfunction, and the RV Tei
index may be able to be detected it. Additionally, RV Tei
index may be sensitive more than tricuspid inflow as dias-
tolic function in patients with CTD. An RV Tei index greater
than 0.41 may predict EIPH and be useful for considering
further invasive examinations, such as RHC during exercise
in clinical practice.

@ Springer
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EIPH=87.0 ms [61.0, 106.0] vs 44.0 ms [33.0, 57.5], P=0.008) (b).
Values are shown as the median [25th, 75th percentiles] when appro-
priate. EIPH exercise-induced pulmonary hypertension, /CT isovolu-
mic contraction time, IRT isovolumic relaxation time

Limitations

This study has some limitations. First, the number of cases
was small, and we could not perform the multivariate anal-
ysis. A larger study is required to confirm our results in
the future. Second, we evaluated hemodynamics during
exercise by RHC. Therefore, we do not have echocardio-
graphic data during exercise in this study. We should per-
form RHC, CPET, and echocardiography simultaneously
during exercise in the next study. Third, we did not follow
the prognosis of the study patients. Therefore, we should
follow these patients to determine whether they develop
resting PH.

Conclusion

The RV Tei index is a useful tool for predicting EIPH
in patients with CTD. Additionally, the IRT which is the
diastolic element included in the RV Tei index was sig-
nificantly prolonged in EIPH. Patients with EIPH in CTD
may have RV diastolic dysfunction. An RV Tei index
greater than 0.41 may be helpful for considering further
examinations in patients with CTD. A further large study
is required to confirm that the RV Tei index is a predictor
of EIPH in patients with CTD.

Acknowledgements We would like to thank the technicians in
the Ultrasonic, catheter laboratory, and physiological tests in the
Kagoshima University Hospital.



Heart and Vessels (2019) 34:1509-1518

1517

Compliance with ethical standards

Conflict of interest The authors have no conflicts of interest to dis-
close.

References

10.

12.

Hoeper MM, Bogaard HJ, Condliffe R, Frantz R, Khanna D,
Kurzyna M, Langleben D, Manes A, Satoh T, Torres F, Wilkins
MR, Badesch DB (2013) Definitions and diagnosis of pulmonary
hypertension. J] Am Coll Cardiol 62:D42-D50

Ogawa A, Satoh T, Tamura Y, Fukuda K, Matsubara H (2017)
Survival of Japanese patients with idiopathic/heritable pulmonary
artery hypertension. Am J Cardiol 119(9):1479-1484

Condliffe R, Kiely DG, Peacock AJ, Corris PA, Gibbs JSR, Vrapi
F, Das C, Elliot CA, Johnson M, DeSoyza J, Torpy C, Goldsmith
K, Hodgkins D, Hughes RJ, Pepke-Zaba J, Coghlan JG (2009)
Connective tissue disease-associated pulmonary arterial hyper-
tension in the modern treatment era. Am J Respir Crit Care Med
179:151-157

Humbert M, Yaici A, de Groote P, Montani D, Sitbon O, Launay
D, Gressin V, Guillevin L, Clerson P, Simonneau G, Hachulla E
(2011) Screening for pulmonary arterial hypertension in patients
with systemic sclerosis: clinical characteristics at diagnosis and
long-term survival. Arthritis Rheum 63(11):3522-3530
Codullo V, Caporali R, Cuomo G, Ghio S, D’Alto M, Fusetti
C, Borgogno E, Montecucco C, Valentini G (2013) Stress dop-
pler echocardiography in systemic sclerosis: evidence for a role
in the prediction of pulmonary hypertension. Arthritis Rheum
65(9):2403-2411

Baptista R, Serra S, Martins R, Teixeira R, Castro G, Salvador MJ,
Pereira da Silva JA, Santos L, Monteiro P, Pego M (2016) Exer-
cise echocardiography for the assessment of pulmonary hyperten-
sion in systemic sclerosis: a systematic review. Arthritis Res Ther
18(1):153

Herve P, Lau EM, Sitbon O, Savale L, Montani D, Godinas L,
Lador F, Jais X, Parent F, Gunther S, Humbert M, Simonneau G,
Chemla D (2015) Criteria for diagnosis of exercise pulmonary
hypertension. Eur Respir J 46(3):728-737

Rich S, Dantzker DR, Ayres SM, Bergofsky EH, Brundage BH,
Detre MK, Fishman AP, Goldring RM, Groves BM, Koerner SK,
Levy PC, Reid LM, Vreim CE, Williams GW (1987) Primary
pulmonary hypertension: a national prospective study. Ann Intern
Med 107(2):216-223

Kovacs G, Berghold A, Scheidl S, Olschewski H (2009) Pulmo-
nary arterial pressure during rest and exercise in healthy subjects:
a systematic review. Eur Respir J 34(4):888-894

Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A,
Simonneau G, Peacock A, Noordegraaf AV, Beghetti M, Ghof-
rani A, Sanchez MAG, Hansmann G, Klepetko W, Lancelloti P,
Matucci M, McDonagh T, Pierard LA, Trindade PT, Zompatori
M, Hoeper M (2015) 2015 ESC/ERS Guidelines for the diag-
nosis 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 Euro-
pean paediatric and congenital cardiology (AEPC), international
society for heart and lung transplantation (ISHLT). Eur Respir J
46(4):903-975

. Naeije R, Noordegraaf AV, Kovacs G (2015) Exercise-induced

pulmonary hypertension: at last! Eur Respir J 46(3):583-586
Lau EMT, Chemla D, Godinas L, Zhu K, Sitbon O, Savale L,
Montani D, Jais X, Celermajer DS, Simonneau G, Humbert M,

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

Herve P (2016) Loss of vascular distensibility during exercise is
an early hemodynamic marker of pulmonary vascular disease.
Chest 149(2):353-361

Bloodworth NC, West JD, Merryman WD (2015) Microvessel
mechanobiology in pulmonary arterial hypertension: cause and
effect. Hypertension 65(3):483-489

Khanna D, Gladue H, Channick R, Chung L, Distler O, Furst DE,
Hachulla E, Humbert M, Langleben D, Mathai SC, Saggar R,
Visovatti S, Altorok N, Townsend W, FitzGerald J, McLaughlin
VV (2013) Recommendations for screening and detection of con-
nective tissue disease-associated pulmonary arterial hypertension.
Arthritis Rhem 65(12):3194-3201

Stamm A, Saxer S, Litchtblau M, Hasler ED, Jordan S, Huber LC,
Bloch KE, Distler O, Ulrich S (2016) Exercise pulmonary haemo-
dynamics predict outcome in patients with systemic sclerosis. Eur
Respir J 48(6):1658-1667

Saggar R, Khanna D, Shapiro S, Furst DE, Maranian P, Clements
P, Abtin F, Dua S, Belperio J, Saggar R (2012) Effect of ambrisen-
tan treatment on exercise-induced pulmonary hypertension in sys-
temic sclerosis: a prospective single-center, open-label pilot study.
Arthritis Rheum 64(12):4072-4077

Segreta SA, Lawler L, Opotowsky AR, Systrom D, Waxman AB
(2017) Open label study of ambrisentan in patients with exercise
pulmonary hypertension. Pulm Circ 7(2):531-538

Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD,
Chandrasekaran K, Solomon SD, Louie EK, Schiller NB (2010)
Guidelines for the echocardiographic assessment of the right heart
in adult: a report from the American society of echocardiography,
aregistered branch of the European Society of Cardiology, and the
Canadian Society of Echocardiography. J Am Soc Echocardiogr
23(7):685-713

. Lewis GD, Bossone E, Naeije R, Grunig E, Saggar R, Lancelloti

P, Ghio S, Varga J, Rajagopalan S, Oudiz R, Rubenfire M (2013)
Pulmonary vascular hemodynamic response to exercise cardio-
pulmonary disease. Circulation 128:1470-1479

Claessen G, Gerche AL, Voigt JU, Dymarkowski S, Schnell F,
Petit T, Willems R, Claus P, Delcroix M, Heidbuchel H (2016)
Accuracy of echocardiography to evaluate pulmonary vascular
and RV function during exercise. JACC Cardiovasc Imaging
9:532-543

van Riel AC, Opotowsky AR, Santos M, Rivero JM, Dhimitri
A, Mulder BJ, Bouma BJ, Landzberg MJ, Waxman AB, Sys-
trom DM, Shah AM (2017) Accuracy of echocardiography to
estimate pulmonary artery pressures with exercise: a simultane-
ous invasive-noninvasive comparison. Circ Cardiovasc Imaging
10(4):e005711

Tei C, Dujardin KS, Hodge DO, Bailey KR, McGoon MD,
Tajik AJ, Seward SB (1996) Doppler echocardiographic index
for assessment of global right ventricular function. ] Am Soc
Echocardiogr 9(6):838-847

Yeo TC, Dujardin KS, Tei C, Mahoney DW, McGoon MD, Seward
JB (1998) Value of a doppler-derived index combining systolic
and diastolic time intervals in predicting outcome in primary pul-
monary hypertension. Am J Cardiol 81(9):1157-1161

Sabbag I, Rudski LG, Therrien J, Hirsch A, Langleben D (2001)
Effect of chronic infusion of epoprostenol on echocardiographic
right ventricular myocardial performance index and its relation to
clinical outcome in patients with primary pulmonary hyperten-
sion. Am J Cardiol 88(9):1060-1063

Amano H, Abe S, Hirose S, Waku R, Masuyama T, Sakuma M,
Toyoda S, Taguchi I, Inoue T, Tei C (2017) Comparison of echo-
cardiographic parameters to assess right ventricular function in
pulmonary hypertension. Heart Vessels 32(10):1214-1219

Hsu S, Kokkonen-Simon KM, Kirk JA, Kolb TM, Damico RL,
Mathai SC, Mukherjee M, Shah AA, Wigley FM, Margulies KB,
Hassoun PM, Halushka MK, Tedford RJ, Kass DA (2018) Right

@ Springer



1518

Heart and Vessels (2019) 34:1509-1518

ventricular myofilament functional differences in humans with
systemic sclerosis-associated versus idiopathic pulmonary arterial
hypertension. Circulation 137(22):2360-2370

27. Lindqvist P, Caidahl KC, Neuman-Andersen G, Ozolins C, Ran-
tapaa-Dahlqvist S, Waldenstrom A, Kazaan E (2005) Disturbed
right ventricular diastolic function in patients with systemic scle-
rosis: a doppler tissue imaging study. Chest 128(2):755-763

@ Springer

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Predictors of exercise-induced pulmonary hypertension in patients with connective tissue disease
	Abstract
	Introduction
	Materials and methods
	Echocardiography
	Right heart catheterization
	Statistical analysis

	Results
	Subanalysis

	Discussion
	Limitations

	Conclusion
	Acknowledgements 
	References




