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Abstract

Objective To determine whether changes in pulmonary vascular resistance (PVR) and changes in
pulmonary artery compliance (C,,) are associated with changes in exercise capacity assessed either by
changes in peak oxygen consumption (V'p,) or by changes in 6-min walk distance (6MWD) in patients
with chronic thromboembolic pulmonary hypertension (CTEPH) undergoing balloon pulmonary
angioplasty (BPA).

Methods Invasive haemodynamic parameters, peak V'o, and 6MWD were measured within 24 h, before
and after BPA (interval 3.1+2.4 months) in 34 CTEPH patients without significant cardiac and/or
pulmonary comorbidities, of whom 24 received at least one pulmonary hypertension-specific treatment.
Cpa was calculated according to the pulse pressure method: Cp,=((SV/PP)/1.76+0.1), where SV is the
stroke volume and PP is the pulse pressure. The resistance—compliance (RC)-time of the pulmonary
circulation was calculated as the PVR and C,, product.

Results After BPA, PVR decreased (562+234 versus 290+106 dyn-s-cm™>; p<0.001); Cpa increased
(0.90+0.36 versus 1.63+0.65 mL-mmHg™"; p<0.001); but RC-time did not change (0.325+0.069 versus
0.321+0.083 s; p=0.75). There were improvements in peak V'o, (1.11+0.35 versus 1.30+0.33 L-min™";
p<0.001) and in 6MWD (393+119 versus 432+100 m; p<0.001). After adjustment for age, height, weight
and gender, changes in exercise capacity, assessed either by peak V', or 6MWD, were significantly
associated with changes in PVR, but not with changes in Cp,.

Conclusions Contrary to what has been reported in CTEPH patients undergoing pulmonary
endarterectomy, in CTEPH patients undergoing BPA, changes in exercise capacity were not associated
with changes in Cp,.

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is an uncommon complication of pulmonary
embolism that results from occlusion of large pulmonary arteries by persistent thrombi and from distal
small-vessel vasculopathy [1]. The pulmonary vascular lesions lead to increased right ventricle (RV)
afterload and, as the condition progresses, result in reduced oxygen delivery due to inadequate cardiac output
that is clinically manifested by progressive limitation of exercise. Balloon pulmonary angioplasty (BPA) has
recently emerged as a valuable treatment option for carefully selected CTEPH patients [2, 3]. BPA improves
symptoms, exercise capacity and, in most cases, near-normalises pulmonary vascular resistance (PVR)
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measured at rest. Nevertheless, improvement in exercise capacity, assessed either by peak exercise oxygen
consumption (V'p,) or by distance walked in 6 min (6MWD), is highly variable between patients [4-6],
suggesting that factors other than changes in resting PVR may influence changes in exercise capacity.

Decrease in RV afterload is considered an important mechanism for improvement in exercise capacity after
intervention on pulmonary arteries [7]. In the absence of right heart failure, the two main components of
RV afterload are PVR and pulmonary artery compliance (C,,) [8]. It has been supposed that the PVR and
Cpa product (resistance—compliance (RC)-time) is unaltered in health and disease, meaning that C,, can
always be deduced from PVR. Nevertheless, the concept of unaltered RC-time in healthy and diseased
subjects has been questioned [8, 9], notably in CTEPH patients undergoing pulmonary endarterectomy
(PEA) whose RC-time has been found to be ~20% lower after surgery than before [10]. It is therefore
plausible that C,, provides information that PVR does not about right heart function and exercise capacity.

In the current study, our aims were 1) to study the relationship between exercise capacity (6MWD and
peak V') on the one hand, and pulmonary haemodynamic parameters (PVR and Cp,,) on the other, before
and after BPA, and 2) to study the effects of BPA on PVR, C,, and RC-time in order to question the
concept of a “constant” RC-time in patients with CTEPH undergoing BPA.

Methods

Subjects

All patients referred for BPA at our institution between March 2019 and November 2020 were considered
for inclusion. The eligibility criteria for BPA and the techniques used have been described elsewhere [11].
Patients included in the current study underwent two evaluations (pre- and post-BPA) including right heart
catheterisation, symptom-limited incremental cardiopulmonary exercise test and 6-min walk test within
24 h. To avoid factors other than BPA that may contribute to impact on exercise capacity, we excluded
post-BPA evaluations performed >3 months after the last BPA session. Patients who had any change in
pulmonary hypertension targeted therapy between the two evaluations were excluded from the analysis.
Patients with an obstructive ventilatory disorder and/or interstitial lung disease, and/or pulmonary arterial
wedge pressure (PAWP) >15 mmHg and/or with right heart failure were also excluded.

The study protocol was approved by the institutional review board (Comité de Protection des Personnes
Sud-Est V, 2013-A01036-39), and all patients were informed about the potential risks and benefits of BPA
and provided written informed consent.

Study procedures

All catheterisation measurements were performed in the supine position at rest with standard techniques.
Pressures were measured using a Swan—Ganz catheter (Edwards Lifesciences, Irvine, CA, USA) connected
to a pressure transducer. Pressure measurements were taken at end-expiration. Cardiac output (CO) was
measured by thermodilution; cardiac index was calculated as CO divided by the body surface area. PVR
was calculated as (mPAP — PAWP)/CO, where mPAP the mean pulmonary artery pressure. C,, was
calculated as (SV/PP)/1.76+0.1, where SV is the stroke volume (i.e. CO divided by cardiac beat frequency)
and PP is the pulse pressure (i.e. systolic pulmonary arterial pressure minus diastolic pulmonary arterial
pressure) [12]. The RC-time (in seconds), which characterises the decay of pulmonary arterial pressure in
diastole, was calculated as the PVR and C,, product (PVRXCy,).

Cardiopulmonary exercise tests were performed on an electronically braked cycle ergometer (Ergometrics
900; Ergoline, Bitz, Germany), as described previously [13], without adjunction of oxygen, even in
patients with arterial oxygen desaturation. Blood samples were drawn from the arterialised earlobe to
measure carbon dioxide (CO,) and oxygen at peak. Arterial carbon dioxide and arterialised CO, were
considered as equivalent, and appropriate corrections were made to estimate arterial oxygen from
arterialised oxygen [14]. Oxygen consumption (V'p,), carbon dioxide output and minute ventilation were
obtained breath-by-breath (Ergocard CPX; Medisoft, Sorrines, Belgium).

6-min walk tests were performed as described previously [15].

Statistical analysis

Results are presented as meantsp and n (%) for continuous and categorical data, respectively. Comparisons
of continuous parameters pre- and post-BPA were performed using the t-test for paired data. Categorical
parameters were compared using the McNemar test. Univariate regression analysis was used to study the
relationship between changes in peak V'o, and 6MWD, and changes in PVR and C,,. Multivariate
regression analysis was used to adjust for the effect of age, height, weight and gender to determine
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whether there was any effect of changes in PVR and C,, on changes in peak V', and 6MWD. Adjustment
for age, height, weight and gender were made a priori as these four parameters are known to influence
6MWD and peak V', [16, 17]. The same analyses (univariate and multivariate regression analyses) were
made with the SV/PP ratio instead of C,.

All analyses were performed using R software (version 3.6) and a p-value <0.05 was considered as
significant.

Results

The selection of patients is summarised in figure 1. For the 34 patients included in the analysis, the
meanztsp interval between the two evaluations was 3.1+2.4 months and the mean number of BPA sessions
was 4.7+1.7. After BPA, improvements in New York Heart Association functional class, N-terminal
pro-brain natriuretic peptide and haemodynamic parameters (in particular, mPAP, cardiac index and PVR)
were all significant (table 1).

After BPA, C,, increased significantly, but the RC-time did not change (table 1). Peak V', and 6MWD
increased significantly, by 0.19+0.20 L-min~' and 39460 m, respectively (table 2).

In univariate analysis, the only significant relationship was found between changes in peak V'o, and
changes in PVR (figure 2). The multivariate relationships between the two dependent exercise variables
(peak V'p, and 6MWD) adjusted for age, height, weight and gender on the one hand, and PVR and C,, as
independent variables on the other, are shown in table 3. Changes in peak V', and in 6MWD both had a
significant relationship with changes in PVR, but changes in exercise capacity did not have any significant
relationship with changes in C,,.

Similar results were found when C,,, was replaced by the SV/PP ratio (data not shown).

Discussion

In this study, we report that in CTEPH patients who have undergone BPA, changes in exercise capacity
assessed either by peak oxygen consumption (V'p,) or 6MWD were significantly associated with changes
in resting PVR, but not with changes in C,,. In addition, in these patients, PVR significantly decreased
and C,, significantly increased, but the PVR*C,, product (RC-time) did not change.

The association between improvements in pulmonary resistance and improvements in exercise capacity in
CTEPH patients receiving BPA has been sparsely studied, and results depend on the test used to quantify
exercise capacity [6]. In a group of 25 patients receiving BPA, Fukui et al. [18] reported that changes in
peak V'o, (but not changes in 6MWD) significantly correlated with changes in total pulmonary resistance.
KikucHr et al. [19] found that peak V', was negatively correlated with the mPAP—CO slope (measured

Patients referred for BPA between March 2019 and November 2020
n=91

No BPA v Absence of resting pulmonary hypertension (n=12)
v Patient refused BPA (n=2)

v

CTEPH patients undergoing BPA
n=77

Exclusion criteria .V Associated COPD (n=4), ILD (n=1) or LHF (n=7)
Change of PH-targeted therapy during study follow-up (n=8)

A
<

y

CTEPH patients undergoing BPA
n=57

v Fewer than two cardiopulmonary exercise tests during
the follow-up (refusal n=4; unable to perform n=4;
technical problem n=2; organisational concern n=9)

v Patient unable to perform pulmonary function tests (n=2)

v Missing value for cardiac beat frequency during right heart
catheterisation (n=2)

Incomplete workups

v

Studied patients
n=34

FIGURE 1 Flowchart of the study. BPA: balloon pulmonary angioplasty; CTEPH: chronic thromboembolic
pulmonary hypertension; ILD: interstitial lung disease; LHF: left heart failure; PH: pulmonary hypertension.
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TABLE 1 Clinical characteristics and haemodynamic parameters before and after balloon pulmonary

angioplasty (BPA) in the 34 included patients with chronic thromboembolic pulmonary hypertension

Pre-BPA Post-BPA p-value

Pulmonary hypertension targeted treatments

sGCs 21 (62) 21 (62) 1

ERA 9 (26) 9 (26) 1

PDES5i 1(3) 1(3) 1

None/single/double (%) 26/56/18 26/56/18 1
NYHA FC (I-11/111-1V) 13 (38)/21 (62) 33 (97)/1 (3) <0.001
NT-proBNP, pg-mL~* 181042732 392+454 0.002
Heart rate”, beats-min™* 78+14 7111 0.003
Systolic PAP, mmHg 7417 50+15 <0.001
Diastolic PAP, mmHg 24+7 17+7 <0.001
Mean PAP, mmHg 4249 3049 <0.001
Mean RAP, mmHg T3 538 0.03
PAWP, mmHg 10%2 10+3 0.80
Cardiac output, L-min~* 4.9+1.4 5.741.2 <0.001
Cardiac index, L'min~*m™2 2.740.7 3.140.5 <0.001
Svo,» % 63+7 69+4 <0.001
PVR, dyn-s-cm™> 5624234 290+106 <0.001
Cpay ML:-mmHg™* 0.90+0.36 1.63+0.65 <0.001
RC-time, s 0.325+0.069 0.321+0.083 0.75
SV/PP, mL-mmHg_1 1.40+0.63 2.70+1.15 <0.001

Data are presented as n (%) or meanzsp, unless otherwise stated. Continuous parameters were compared using
the paired t-test and categorical parameters were compared using the McNemar test. sGCs: synthetic guanylate
cyclase stimulator; ERA: endothelin receptor antagonist; PDE5i: phosphodiesterase type 5 inhibitor; NYHA-FC:
New York Heart Association functional class; NT-proBNP: N-terminal pro-brain natriuretic peptide; PAP:
pulmonary artery pressure; RAP: right atrial pressure; PAWP: pulmonary artery wedge pressure; S,o,: mixed
venous oxygen saturation; PVR: pulmonary vascular resistance; Cp,: pulmonary arterial compliance; RC:
resistance-compliance; SV: stroke volume; PP: pulse pressure. *: measured during right heart catheterisation.

during exercise testing) in a large group of 249 CTEPH patients receiving BPA. Umemoro et al. [20] failed
to find a significant correlation between changes in PVR and changes in 6MWD in a group of 70 CTEPH
patients receiving BPA. In accordance with all these findings, before adjustment for age, gender, height
and weight, we found a significant relationship between improvement in PVR and improvement in peak
V'o,, but not between improvement in PVR and improvement in 6MWD. This suggests that relationships
between changes in exercise capacity and changes in haemodynamic parameters depend at least in part on
the test used to quantify exercise capacity [6, 21].

In our study, we did not find any significant association (either in univariate or in multivariate analyses)
between changes in C,, (and in SV/PP ratio) and changes in exercise capacity measured either with peak
V', or with 6MWD. Our results are consistent with the recent study by Umemorto et al. [20] in which the
correlation coefficient between improvement in 6MWD and changes in Cp, was only 0.14 (p=0.26) in
CTEPH patients who had not received any BPA at baseline. In this latter study, changes in C,, were
however significantly and positively correlated with changes in 6MWD only in the very particular
subgroup of CTEPH patients who had achieved a mPAP <30 mmHg after having been treated previously
with BPA and who underwent additional BPA procedures [20]. This suggests that the relationship between
changes in exercise capacity and changes in Cp, (and PVR) are likely to be due, at least in part, to
patients’ haemodynamic characteristics. Indeed, as the PVR and C,, product is constant (see later), the
relationship between PVR and C,, is hyperbolic. Therefore, patients with low baseline PVR are likely to
have higher relative changes in C,, than those with high baseline PVR.

In a study involving 26 patients, AkasLAN et al. [22] reported that the percentage change in Cp, after BPA
accounted for 22% of the explained variability in the change in 6MWD after BPA [22]. Nevertheless, it
should be noted that the pre- and post-BPA characteristics of these 26 patients were rather unusual, as
improvement in 6MWD was major (median values from 320 to 450 m) despite a rather modest and
incomplete haemodynamic improvement (mPAP: from 47 to 37 mmHg; PVR: from 739 to
408 dyn-s-cm™).

https://doi.org/10.1183/23120541.00590-2022 4
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TABLE 2 Cardiopulmonary exercise testing (CPET) variables obtained at peak exercise and variables measured

during 6-min walk test (6MWT) before and after balloon pulmonary angioplasty (BPA)

Pre-BPA Post-BPA p-value
CPET
Vo, L'min~* 1.11+0.35 1.30£0.33 <0.001
Vo, mL-kg™min~* 14.543.8 17.1#4.1 <0.001
V'co,, mL'min~* 1.21+0.44 1.41+0.42 <0.001
Workload, W 7326 85+29 <0.001
RER 1.08+0.13 1.08+0.14 0.98
Lactate, mmol-L™* 5.0£1.9 5.2¢1.8 0.28
Heart rate, beats:min~* 133+17 138+15 0.02
V'E/V'coz 5717 47+11 <0.001
Physiological Vp/Vr, % 39+10 3310 <0.001
Pao0,, mmHg 61+10 69+14 <0.001
Paco,, mmHg 31+5 3444 <0.001
PETC02: mmHg 24+6 28+5 <0.001
Borg dyspnoea score 7.4+2.0 5.9£2.2 0.003
Borg leg fatigue 6.1£3.0 5.6+2.6 0.24
6MWT

6MWD, m 393+119 432+100 <0.001
Heart rate”, beats-min~* 114+21 11213 0.55
Spo,", % 87+5 88+4 0.09
Nadir Sy0.", % 865 8745 0.15
Borg dyspnoea score” 44421 3.0£2.0 0.002
Borg leg fatigue® 1.842.0 1.842.3 0.87

Data are presented as meanzsp, unless otherwise stated. Comparisons were made using the paired t-test. Vo :
oxygen consumption; V'co,: carbon dioxide output; RER: respiratory exchange ratio; V'g: minute ventilation;
Vp/Vr: dead space fraction of tidal volume; P,o,: oxygen arterial partial pressure; P,co,: carbon dioxide arterial
partial pressure; Perco,: end-tidal carbon dioxide pressure; 6MWD: 6-min walk distance; S,o,: oxygen saturation
measured by pulse oximetry. *: measured at end of 6MWT.

In CTEPH patients, the finding of a stable RC-time after BPA, which has already been observed by others
[20, 23], differs from findings established after PEA [10]. Indeed, after PEA, RC-time has been shown to
decrease, suggesting that the drop in PVR was not accompanied by a “proportional” increase in Cp,. One
possible explanation for the differences between patients undergoing BPA and PEA in terms of RC-time
could arise from structural changes in the pulmonary artery wall that occur after PEA and not after
BPA [24].

It has been shown in pigs and dogs that C,, determined using the pulse-pressure method applied to a
two-element windkessel model was the best approximation of true C,, both at baseline and after
pulmonary embolisation [12]; conversely, C,, determined using a three-element windkessel model (i.e.
including characteristic impedance) and SV/PP both overestimated true compliance [12]. As C,,
determined using the pulse-pressure method has been shown to correlate well with SV/PP [12], we chose
to estimate true Cp, using the following equation: Cp,,=((SV/PP)/1.76+0.1).

Reported RC-times in the literature have consistently demonstrated significant scatter around the mean,
suggesting that it is not appropriate to state that C,, can always been calculated from PVR (and vice versa)
[9]. In our study, we found rather low standard deviations of RC-time, with coefficient of variation
(100xsp/mean) of 21% before BPA and 25% after BPA, which are among the lowest of those previously
reported in CTEPH [9, 10]. In addition, we calculated values of RC-time that were up to two-fold lower
than values reported by others in CTEPH patients [20, 25]. Assuming that by definition, the RC-time
represents the time necessary for pressure to decrease in value to ~37% from pulmonary arterial notch
pressure to end-diastolic pulmonary arterial pressure, theoretically it takes three RC-times to complete 95%
of this pressure change [9]. Therefore, the values of RC-time found in our study, resulting in estimated
diastolic time of ~1 s, are physiologically realistic.

Our study has several strengths. Firstly, we did not include patients with cofounding factors with respect to
exercise capacity such as left heart failure, chronic airway obstruction or interstitial lung disease. Secondly,
we studied V', as a rough value after adjustment for selected confounding factors (age, height, weight and
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FIGURE 2 Correlations between the changes of the two physiological parameters used to quantify exercise
capacity: a, b) peak oxygen consumption (V'o,) and ¢, d) 6-min walk distance (6MWD) and the changes (A) in
a, ¢) pulmonary vascular resistance (PVR) and b, d) pulmonary artery compliance (Cp,) in chronic
thromboembolic pulmonary hypertension patients before and after balloon pulmonary angioplasty.

gender) and not as a percentage of a predicted value. We believe it is a strength because predicted values
for peak Vo, are poorly reliable for older people, i.e. for the age of our studied population [17]. In
addition, these factors (age, height, weight and gender) are also recognised to be independently associated
with Cp, [26].

Limitations exist in our study. It is a monocentric study involving a small population. Moreover, Cp, is
only an estimation of the true compliance, especially because the dynamic nature of the pulsatile
pulmonary arterial flow may induce a nonuniformly distributed compliance [26]. It is possible that other
methods that take into account the characteristic impedance of the proximal pulmonary artery, such as the
“energy balance method”, may be more appropriate [27].

Conclusion
Our report shows that contrary to what has been reported in CTEPH patients receiving PEA, improvements in
PVR, but not in Cp,,, are associated with improvements in exercise capacity in CTEPH patients receiving BPA.

https://doi.org/10.1183/23120541.00590-2022 6
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TABLE 3 Relationships between changes in peak oxygen consumption (Vo)) and in 6-min walk distance

(6MWD) as dependent variables, and changes in pulmonary vascular resistance (PVR) and pulmonary artery
compliance (Cps; calculated according to the pulse-pressure method)

Change in peak V', Change in 6MWD
B estimate” (95% Cl) p-value B estimate” (95% Cl) p-value
PVR —0.39 (—0.74- —0.05) 0.02 —0.42 (—0.79- —0.04) 0.03
Gender 0.10 (~1.10-1.31) 0.80 —0.36 (—1.03-0.31) 0.28
Weight —0.13 (—0.51-0.25) 0.16 0.42 (—0.14-0.84) 0.14
Height 0.46 (—0.13-1.05) 0.12 0.11 (—0.56-0.79) 0.73
Age 0.09 (—0.25-0.44) 0.58 —0.06 (—0.44-0.33) 0.76
Cpa —0.02 (—0.43-0.49) 0.90 0.16 (—0.24-0.55) 0.42
Gender 0.83 (—20.13-21.53) 0.92 —0.39 (—1.15-0.37) 0.30
Weight —0.52 (—0.89- —0.07) 0.02 0.19 (—0.21-0.59) 0.34
Height 0.52 (=0.15-1.19) 0.13 0.26 (—0.49-1.00) 0.50
Age —0.01 (—0.38-0.36) 0.95 —0.13 (—0.54-0.27) 0.36

Adjustment was made to selected morphometric variables that may influence exercise capacity. Bold type
represents statistical significance. *: coefficient that compares the strength of the effect of each individual
independent variable (i.e. PVR, C,,, gender, weight, height and age) to the dependent variables (i.e. peak V'o,
and 6MWD).

As our patients are representative of CTEPH patients receiving BPA in centres with recognised experience
of BPA [3], our results suggest that improvement in PVR should remain a therapeutic goal in most CTEPH
patients receiving BPA. Nevertheless, it remains to be determined whether C,, should be a relevant
end-point in CTEPH patients with near-normal baseline haemodynamic parameters and/or in patients with
chronic thromboembolic disease without resting pulmonary hypertension.
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