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Background: Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by organic
thrombotic obstructions in the pulmonary arteries with reduced pulmonary vascular reserve. This study
aimed to examine whether postural changes in ventilatory gas analysis parameters are useful for
assessing pulmonary hemodynamics in patients with CTEPH.
Methods: A total of 44 patients with newly diagnosed CTEPH (CTEPH group), 33 patients with improved
CTEPH (mean pulmonary arterial pressure [mPAP] <25 mm Hg), and 25 controls were enrolled. Patients
with improved CTEPH referred to patients without residual PH who were previously diagnosed with
CTEPH and already received optimal therapies. Various pulmonary function parameters were examined
in supine and sitting positions, and postural changes were calculated (A[supine — sitting]). In 32 patients
with CTEPH, we examined hemodynamic and ventilatory gas analysis parameters before the first balloon
pulmonary angioplasty (BPA) and during follow-up.
Results: Patients with CTEPH had significantly lower supine end-tidal carbon dioxide pressure (PgrCO2)
and APgpCO, than controls (both P<0.001), and these parameters were significantly correlated with
mPAP (R% = 0.507, P<0.0001 and R? = 0.470, P < 0.001, respectively). Supine PgrCO; and APgrCO, were
significantly lower in patients with improved CTEPH than in controls (both P < 0.001). Hemodynamic and
echocardiographic parameters were comparable in both groups. Furthermore, significant correlation
between the change in mPAP and change in supine PgCO, by BPA was noted (R? = 0.478, P < 0.001).
Conclusion: These results indicate that postural changes in ventilatory gas analysis parameters are useful
and non-invasive method for the evaluation of mPAP, which is one of the hemodynamic parameters of
CTEPH severity.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

pulmonary vascular reserve [4]. Recently, balloon pulmonary an-
gioplasty (BPA) has been reported to improve long-term prognosis

Pulmonary hypertension (PH) has a poor prognosis owing to
increased pulmonary arterial pressure (PAP), resulting in progres-
sive right heart failure [1—3]. Chronic thromboembolic pulmonary
hypertension (CTEPH) is a type of PH characterized by organic
thrombotic obstructions in the pulmonary arteries with reduced
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and respiratory function in patients with inoperable CTEPH [5—7].

Right heart catheterization (RHC) remains the gold standard for
diagnosing PH and assessing disease severity and response to
therapy. However, RHC is invasive and carries a small but well-
defined risk; furthermore, repeated RHC for follow-up imposes a
heavy burden on patients [8,9]. Despite being a non-invasive tool
for the screening and follow-up of patients with CTEPH, echocar-
diography may underestimate PAP in mild PH and is unable to
detect PH in the early stages [10,11]. Moreover, an increase in
resting PAP is a late marker of pulmonary vascular disease (PVD)
because approximately 50% of the pulmonary circulation is already
obstructed before an increase in resting PAP is detected [12—15].
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However, many current screening modalities depend on the
detection of PAP elevation and thus fail to identify a mild increase in
PAP at an early stage of PH. Hence, non-invasive methods for the
assessment of slight change in the pulmonary circulation and PVD
remain to be developed.

Postural change from sitting to supine position is known to
improve the ventilation/perfusion mismatch because of pulmonary
perfusion redistribution, reflecting the presence of functional pul-
monary vascular reserve [16]. Moreover, a decrease in pulmonary
vascular reserve leads to an attenuation of pulmonary perfusion
redistribution [4]. When perfusion redistribution was quantified
using single-photon emission computed tomography/computed
tomography (SPECT/CT) perfusion imaging, the quantification of
the degree of perfusion redistribution with postural change was
useful for assessing the functional vascular reserve of the pulmo-
nary circulation and correlated with PH severity, such as mean PAP
(mPAP), 6-min walk distance, and the World Health Organization
functional class [17]. Moreover, end-tidal carbon dioxide pressure
(PerCO3) as a non-invasive parameter in ventilatory gas analysis
reflects pulmonary blood flow and ventilation/perfusion mismatch
[18,19].

Thus, combining measures of postural changes in ventilatory gas
analysis parameters could be a non-invasive and simple method for
the assessment of mPAP, which is one of the parameters of CTEPH
severity. To develop a non-invasive method for the evaluation of
the degree of mPAP, the present study aimed to examine whether
postural changes in ventilatory gas analysis parameters are useful
for assessing pulmonary hemodynamics in patients with CTEPH.

2. Methods
2.1. Study subjects

A total of 44 patients with newly diagnosed CTEPH (CTEPH group), 33 patients
with improved CTEPH (mPAP <25mmHg after receiving optimal therapies
including vasodilator therapy and surgical therapies, BPA, or both), and 25 controls
were enrolled from September 2015 to October 2018. Patients with improved CTEPH
referred to patients without residual PH who were previously diagnosed with
CTEPH and already received optimal therapies, including vasodilator therapy and
surgical therapies, BPA, or both. A diagnosis of CTEPH was established based on
published clinical guidelines [3]. Controls pertained to those with suspected PH but
normal mPAP values. Patients with other associated forms of PH, a constant need for
supplemental oxygen (O;), or O, saturation of <85% in ambient air were excluded
from the analysis. We performed RHC, echocardiography, and ventilatory gas anal-
ysis with patients in sitting and supine positions within 3 days before or after RHC.

2.2. RHC

All patients underwent RHC with a 6-Fr Swan—Ganz catheter (Edwards Life-
sciences, Irvine, CA, USA) in the supine position. Pulmonary vascular resistance, mPAP,
cardiac output (CO), cardiac index (CI), stroke volume (SV), and stroke volume index
(SVI) were measured, with the CO and SV being determined using the indirect Fick
method. CI and SVI were calculated by dividing the CO and SV by the body surface
area. To calculate intrapulmonary shunt, we measured O, saturation/partial pressure
(Pa0y) in the artery and pulmonary artery, and blood gas analyses were performed
using arterial and pulmonary arterial blood samples obtained during RHC in room air.
Moreover, the shunt was calculated using the following standard formula [20]:

Qs/Qt = (CcO, — Ca0,)/(CcO, — CvOy)

where Qs represents the shunt flow; Qt, the systemic blood flow; CcO;, the
pulmonary capillary O, content; CaO,, the arterial O, content; and CvO, the mixed
venous O; content.

CcO, — Ca0, = Hb x 1.36 (1 — Sa03) +0.0031 (PA0; — Pa05)
CcOy — Ca0, = Hb x 1.36 (1 — SvO,) +0.0031 (PO, — PyO,)

where Hb refers to hemoglobin (g/dL); Sa0,, arterial O, saturation; SvO,, mixed
venous O, saturation; PpO,, alveolar O, partial pressure; PaO,, arterial O, partial
pressure; and PvO,, mixed venous O, partial pressure.

2.3. BPA

We performed a total of 127 BPA procedures (mean, 4.0 + 0.4 procedures per
patient) in 32 patients with newly diagnosed CTEPH (distal type and inoperable). All

patients with CTEPH who underwent BPA were included in the CTEPH group prior to
BPA. BPA was performed through the right femoral vein to treat the pulmonary
arterial branches [5]. Targeted vessels were selected based on comprehensive
findings, including webs, bands, abrupt narrowing, and complete obstructions, as
well as those derived from angiography, 3D-reconstructed computed tomography,
and intravascular imaging modalities such as optical coherence computed tomog-
raphy. The BPA procedure was limited to a maximum of three lobes per procedure
and was repeated at an interval of 4—8 weeks in all patients. BPA was repeated until
mPAP became <30 mm Hg.

2.4. Ventilatory gas analysis

Ventilatory gas analysis was performed using an expired gas analyzer (AE-100i;
Minato Medical Science, Osaka, Japan) with patients in sitting and supine positions.
Ventilatory gas analysis parameters such as minute ventilation (VE), tidal volume
(VT), respiratory rate, O, uptake, carbon dioxide output (VCO,), and PgrCO, were
continuously measured in all subjects using a breath-by-breath method. From these
data, derived variables, including VE/VCO, and the physiological dead space to VT
ratio, were calculated.

Patients wore the mask, and data were recorded in the sitting position for 5 min
and subsequently in the supine position for another 5 min. Expiratory gas analysis
was performed during the last 1 min at each position. Patients were instructed to
maintain normal tidal breathing during the analysis. Differences in various venti-
latory gas analysis parameters between sitting and supine positions were defined as
follows: (A[supine — sitting]).

2.5. Echocardiography

Study subjects underwent standard echocardiographic examination in accor-
dance with the recommendations by the American Society of Echocardiography and
the European Association of Echocardiography [21,22]. In addition, echocardio-
graphic parameters such as ejection fraction, right ventricular fractional area
change, tricuspid regurgitation pressure gradient, and tricuspid annular plane sys-
tolic excursion were measured.

2.6. Informed consent

All patients provided informed consent for their participation in the study. The
study was conducted in accordance with the Declaration of Helsinki principles, and
the study protocol (no. 2016-1-254) was approved by the ethics committee of
Tohoku University Graduate School of Medicine.

2.7. Statistical analyses

Results are expressed as means + standard deviation. Statistical analysis was
performed using SPSS version 21 (IBM Corp., Armonk, NY, USA). Comparisons be-
tween groups were performed using one-way analysis of variance. Postural changes
in ventilatory gas analysis parameters were examined using repeated-measures
analysis of variance with postural change as a within-subject effect and group as a
between-subject effect. The Bonferroni test was used for post hoc analysis when
significant differences were detected. The association between hemodynamic and
ventilatory gas analysis parameters was evaluated using Spearman’s correlation. A
two-sided P-value of <0.05 was considered statistically significant.

3. Results
3.1. Baseline subject characteristics

Baseline subject characteristics are summarized in Table 1. The
control group comprised patients with dyspnea and abnormal
echocardiographic parameters. Some patients had connective tissue
disease (n=13/25) and pulmonary embolism (n = 2/25). Hemody-
namic and echocardiographic parameters in the control and
improved CTEPH groups were comparable, whereas only the CI was
significantly lower in the improved CTEPH group. The intra-
pulmonary shunt value significantly differed among the three groups.
Furthermore, in ventilatory gas analysis, PerCO; in sitting and supine
positions significantly differed among the three groups (Table 1).

3.2. Changes in ventilatory gas analysis parameters between sitting
and supine positions

In the CTEPH group, PgrCO, significantly decreased with
postural change (P<0.001). In contrast, PerCO, increased with
postural change in the control and improved CTEPH groups
(P<0.001 and P=0.007, respectively). There was a statistically
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significant interaction with postural change in PgyCO; among the
three groups (interaction, P<0.001). VE/VCO, significantly
increased with postural change in the CTEPH group (P < 0.001) but
significantly decreased in the control group (P < 0.001).

3.3. Postural change in ventilatory gas analysis parameters in the
improved CTEPH and control groups

APg1CO, and AVE/VCO, significantly differed among the three
groups (Fig. S1). Moreover, the improved CTEPH group had signif-
icantly lower APgrCO, and significantly higher AVE/VCO, than the
control group (P<0.001 and P=0.007, respectively), although no
differences in hemodynamic and echocardiographic parameters or
respiratory functions were noted between the two groups (Table 1).

Table 1
Baseline characteristics of enrolled patients.
Characteristic Control Improved CTEPH CTEPH
(n=25) (n=33) (n=44)

Female:male (n) 23:2 27:6 35:9
Age (years) 62.3+16.0 653+11.3 672+124
mPAP (mmHg) 18.0+£3.5 20.0+3.1 38.1+93""
PVR (dyne-s-cm™) 155 + 56 229 + 86 702 +306"""
CO (mL/min) 4.05+1.10 3.75+1.03 3.29+0.98"
CI (L/min/m?) 2.76 +0.68 233+0.51" 2.16+£0.54"
SvO, (%) 71.7 +5.1 68.1+3.7 612+72""
PvO, (mmHg) 40.6 +3.4 37.2+23" 342435
Sa0, (%) 95.8+2.4 93.5+3.3 88.5+4.6 "
Pa0O, (mmHg) 86.0+11.6 70.1+10.7"" 56.7+10.0""
PaCO, (mmHg) 39.6+3.0 403 +3.7 36.0+5.17"
Shunt (%) 15.1+79 21.2+93" 30.6+93""
EF (%) 64.2+12.6 67.3+5.9 69.5+7.38
RVFAC (%) 422 +83 41.7+82 27.4+88""
TAPSE (mm) 213+45 21.0+28 18.1+3.9™
TRPG (mmHg) 33.6+119 349+153 69.6£27.9™¢
%DLco 83.2+245 84.1+16.6 92.6 +22.6
6MWD (m) 521+97 509 + 96 377 +1347
Sitting VE (L/min) 87+1.8 94+20 104+1.8"
Supine VE (L/min) 83+2.0 9.0+1.8 104+1.8""
Sitting RR (f/min) 17.9+4.7 16.6 £4.0 159+43
Supine RR (f/min) 15.1+4.1 15.7+5.0 16.6 +4.9
Sitting VD/VT 0.40 + 0.05 0.36+0.05" 0.37 +0.05
Supine VD/VT 0.38 + 0.06 0.35 +0.06 0.37 +0.06
Sitting PgrCO, (mmHg) 352+3.1 33.0+3.1 29.5+29"
Supine PgrCO, (mmHg) 37.5+3.4 33.8+3.6" 28.1+£3.07"
Sitting VE/VCO, 49.2+93 46.8+5.0 542 +7.8"
Supine VE/VCO, 432+83 44.1+105 57.6+93""
Targeted treatments for PH

PEA 1/33 (3.0%)

BPA 27/33 (81.8%)
Medication 14/33 (42.4%)

Monotherapy 7/33 (21.2%)

Dual therapy 3/33(9.1%)

Triple therapy 4/33 (12.1%)

Values are mean + SD.
6MWD = 6-min walk distance; BPA = balloon pulmonary angioplasty; CI = cardiac
index; CO = cardiac output; CTEPH = chronic thromboembolic pulmonary hyper-
tension; DLco = diffusing capacity of the lung for carbon monoxide; EF = ejection
fraction; mPAP = mean pulmonary arterial pressure; PaCO, = arterial CO, partial
pressure; PaO, = arterial O, partial pressure; PEA = pulmonary endarterectomy;
PerCO, = end-tidal CO, pressure; PvO,=mixed venous O, partial pressure;
PVR = pulmonary vascular resistance; RR =respiratory rate; RVFAC =right ven-
tricular fractional area change; SaO, = arterial O, saturation; SvO, = mixed venous
0, saturation; TAPSE = tricuspid annular plane systolic excursion; TRPG = tricuspid
regurgitation pressure gradient; VD/VT = physiological dead space to tidal volume
ratio; VE = minute ventilation; VE/VCO, = ventilation to carbon dioxide production
ratio.

" P <0.05 vs. control group.

" P <0.01 vs. control group.

¥ P<0.05 vs. improved CTEPH group.

¥ P<0.01 vs. improved CTEPH group.

3.4. Correlation between ventilatory gas analysis and
hemodynamic parameters

Supine PgrCO, and APgrCO, were significantly correlated with
mPAP in all study subjects (R =0.507, P<0.001 and R®=0.470,
P <0.001, respectively) (Fig. 1). Supine VE/VCO, and AVE/VCO,
were significantly correlated with mPAP (R? = 0.314, P <0.001 and
R%=0.214, P < 0.001, respectively).

To consider the effect of intrapulmonary shunt, the correlations
between intrapulmonary shunt and ventilatory gas analysis/he-
modynamic parameters were examined. Supine PgrCO, and
APgrCO, were correlated with intrapulmonary shunt (R? = 0.197,
P<0.001 and R>=0.270, P<0.001, respectively). In addition,
intrapulmonary shunt was significantly correlated with mPAP
(R*=0.292, P<0.001).

3.5. Change in ventilatory gas analysis and hemodynamic
parameters by BPA

We examined hemodynamic and ventilatory gas analysis pa-
rameters before the first BPA and during follow-up (40 + 18 weeks
after the first BPA, n =32) (Table 2). mPAP significantly decreased
after BPA (P < 0.001). CI was unchanged after BPA (P = 0.794). After
BPA, the heart rate was significantly decreased (P < 0.001), resulting
in a significant increase in SVI after BPA (P = 0.044) (Table 2). %DLco
significantly decreased after BPA (P =0.018).

Supine PgrCO, significantly increased after BPA (P <0.001).
Furthermore, a significant correlation between the change in mPAP
and change in supine PgrCO, was noted (R?>=0.478, P<0.001)
(Fig. 2).

4. Discussion

The novel findings of the present study are as follows: (1) supine
PerCO, and APgrCO, were significantly different among the three
groups; (2) supine PgrCO, and APgpCO, were associated with mPAP;
and (3) the improvement in mPAP was significantly correlated with
the change in supine PgrCO, among patients with CTEPH who
underwent BPA. To the best of our knowledge, this study is the first
to show that ventilatory gas analysis in different positions is useful
for the evaluation of mPAP, which is one of the parameters of CTEPH
severity.

4.1. Effect of postural change on ventilatory gas analysis parameters
in patients with CTEPH

Postural change from sitting to supine position usually improves
ventilation/perfusion mismatch because of the presence of pul-
monary vascular reserve and increased functional pulmonary blood
flow in healthy subjects [23—25]. These changes lead to an increase
in PgpCO7 and a decrease in VE/VCO,. Thus, postural change from
sitting to supine position significantly decreased VE/VCO, and
increased PgpCO; in the control group.

Conversely, in patients with CTEPH, we demonstrated that
PerCO, significantly decreased with postural change (P < 0.001). In
the CTEPH group, pulmonary vascular reserve was reduced, and it
did not result in posture-induced improvement in ventilation/
perfusion mismatch. Moreover, patients with CTEPH are known to
have intrapulmonary shunts, in which shunt flow via a pre-existing
arteriovenous anastomosis is increased by elevated PAP [26,27].
The effects of intrapulmonary shunts on pulmonary circulation and
gas exchange are made apparent by postural change, particularly in
the supine position [28]. In addition, the presence of intra-
pulmonary shunts leads to lower PgCO, and higher VE/VCO,
values [29]. Therefore, the reduction in PgrCO, with the change in
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Fig. 1. Correlation between ventilatory gas analysis and hemodynamic parameters. (A) Supine PgrCO, and mPAP, (B) APgrCO, and mPAP. mPAP = mean pulmonary arterial pressure;

PerCO, = end-tidal CO, pressure.

position from sitting to supine in the CTEPH group may be partially
explained by mechanisms that increase shunt flow in response to
postural change.

Our most notable finding was that postural change in supine
PerCO, and APgrCO, was significantly different among the three
study groups. In particular, supine PgpCO, and APgrCO, were
significantly lower in the improved CTEPH group than in the

Table 2
Patient characteristics before balloon pulmonary angioplasty and during follow-up.
Characteristic Before BPA During follow-up P-value
(n=32) (n=32)
mPAP (mm Hg) 36.5+88 232+43 <0.001
PVR (dyne scm™) 692 +290 328 + 149 <0.001
CO (mL/min) 3.55+1.03 3.51+0.89 0.839
CI (L/min/m?) 2.38+0.63 2.35+045 0.794
Heart rate (/min) 713 +10.7 62.3+9.0 <0.001
SV (mL/min/m?) 51.2+15.7 56.8 +15.2 0.011
SVI (mL/m?) 345+9.7 37.6+7.4 0.044
SvO- (%) 62.1+6.8 66.2+7.2 0.001
PvO, (mm Hg) 344+3.0 37.0+3.2 <0.001
Sa0, (%) 88.8 +4.5 93.4+32 <0.001
Pa0, (mm Hg) 57.9+9.2 71.0+ 108 <0.001
PaCO, (mm Hg) 35.8+3.4 392+46 <0.001
Shunt (%) 30.3+9.2 20.3+8.0 <0.001
EF (%) 69.5+7.8 68.7 + 6.0 0.700
RVFAC (%) 25.7+103 35.7+79 <0.001
TAPSE (mm) 18.9+49 214+36 0.063
TRPG (mm Hg) 74.8 +32.8 37.3+18.8 <0.001
%DLco 913 +155 85.0+16.1 0.018
Sitting PgrCO, (mm Hg) 30.5+3.0 338+23 <0.001
Supine PgrCO, (mm Hg) 292+32 342+26 <0.001
Sitting VE/VCO, 53.7+9.1 47.0+64 <0.001
Supine VE/VCO, 56.8 +12.4 46.1 +£6.8 <0.001
6MWD (m) 412+105 503 + 96 <0.001

Values are mean + SD.

6MWD = 6-min walk distance; BPA = balloon pulmonary angioplasty; CI = cardiac
index; CO = cardiac output; DLco = diffusing capacity of the lung for carbon mon-
oxide; EF=ejection fraction; mPAP=mean pulmonary arterial pressure;
PaCO, =arterial CO, partial pressure; PaO,=arterial O, partial pressure;
PerCO, =end-tidal CO, pressure; PvO,=mixed venous O, partial pressure;
PVR = pulmonary vascular resistance; RVFAC=right ventricular fractional area
change; SaO, = arterial O, saturation; SV =stroke volume; SVI= stroke volume
index; SvO, = mixed venous O, saturation; TAPSE = tricuspid annular plane systolic
excursion; TRPG = tricuspid regurgitation pressure gradient; VE/VCO, = ventilation
to carbon dioxide production ratio.

control group, whereas the hemodynamic and echocardiographic
parameters and respiratory functions were comparable between
these groups (Table 1, Fig. S1). Moreover, supine PgrCO; and
APgrCO, were associated with mPAP (Fig. 1). These findings suggest
that mild abnormalities in the pulmonary circulation can be
possibly detected using ventilatory gas analysis with postural
change and that low supine PgrCO, and APgrCO, may be more
useful, sensitive, and non-invasive markers for the evaluation of
mPAP.

4.2. Changes in hemodynamics and ventilatory gas analysis
parameters with BPA

As shown in Fig. 2, the improvement in mPAP by BPA paralleled
the improvement in supine PgrCO;. Thus, supine PgrCO, may be a
more useful parameter for the assessment of responses to treat-
ment in patients with CTEPH. In this study, intrapulmonary shunts
significantly decreased after BPA (P < 0.001) (Table 2). Therefore,
supine PgrCO, was considered to reflect a decrease in intra-
pulmonary shunts which leads to lower PgrCO; and higher VE/VCO,

N=32
R2=0.478
o P<0.001

PerCO2

6.0

In supine

4.0

Change

2.0

-10 0
(mmHg)

-20
Change inmPAP

-40 -30

Fig. 2. Correlation between change in supine PgrCO, and change in mPAP.
mPAP = mean pulmonary arterial pressure; PgrCO, = end-tidal CO, pressure.
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values with the improvement of the mPAP by BPA. Thus, supine
PerCO, was a useful non-invasive parameter to evaluate the degree
of change in mPAP by BPA.

Although CI was unchanged after BPA, the decrease in heart rate
after BPA induced a significant increase in SVI (Table 2). Aoki et al.
reported that the reduction in heart rate induced by hemodynamic
improvement may be associated with a reduction in CI after BPA
[5]. Thus, the reduction in heart rate induced by hemodynamic
improvement in this study may also be associated with no change
in CI after BPA. However, no evidence on such theory about the
change in CI has been reported; thus, further studies are required to
reveal the mechanisms involved.

Interestingly, the %DLco significantly decreased after BPA
(Table 2). This might be explained by the intrapulmonary shunt
effect. CTEPH is characterized by organic thrombotic obstructions
of the pulmonary arteries, which increase V/Q mismatch. However,
as pulmonary capillary blood volume is maintained by a compen-
satory blood flow increase to the non-occluded pulmonary artery
(increased blood flow and intra-pulmonary shunt), the DLco might
be near normal before BPA. Indeed, it has been reported that DLco is
often within the normal range in CTEPH patients [30]. An intra-
pulmonary shunt could contribute to the hypoxemia seen in
CTEPH [27,31]. Furthermore, BPA improves oxygenation through a
decrease in intra-pulmonary shunt [26]. In the present study, the
intrapulmonary shunt was significantly decreased after BPA, and
Sa0; and PaO; were significantly improved after BPA (Table 2).
Regarding the decrease of %DLco, it has been reported that the %
DLco remained unchanged or slightly decreased even after exten-
sive reperfusion with BPA or PEA [26,32]. In summary, due to the
effect of an intrapulmonary shunt, it is considered that %DLco
showed normal values due to compensatory blood flow increase to
the non-occluded pulmonary artery before BPA, and the decrease in
the %DLco was as a result of the intrapulmonary shunt after BPA
with hemodynamic improvements.

4.3. Usefulness of ventilatory gas analysis with postural change as a
non-invasive method

A previous study has shown that cardiopulmonary exercise
testing for exercise stress using ventilator gas analysis is a useful
diagnostic tool for the detection of CTEPH in patients with sus-
pected PH in whom echocardiography findings reveal no abnor-
malities [33]. However, exercise tests may occasionally add more
load than that expected by clinicians in critically ill patients with
PH.

In this study, the postural change method is simple, safe, and
feasible in clinical practice. Thus, APgrCO; and supine PgpCO, may
be useful as surrogate markers of mPAP, which is one of the pa-
rameters of CTEPH severity, particularly during follow-up.
Evidently, RHC remains an essential tool for the diagnosis and
assessment of PH. However, this method may potentially diminish
the frequency of RHC for the management of CTEPH.

4.4. Study limitations

The present study has several limitations. First, it is a single-
center study that included a relatively small number of patients.
Thus, the present findings need to be confirmed by future multi-
center studies with a large sample size. Second, our control group
did not comprise healthy individuals. All 25 patients belonging to
the control group had dyspnea, whereas some presented with
abnormal echocardiographic parameters. However, in all control
subjects, mPAP was under the hemodynamic definition of PH.
Therefore, showing the differences between patients with CTEPH
and controls with suspected PH is of even greater value. Third, we

did not measure CO using the direct Fick method in the present
study. As reported, the indirect Fick method is an acceptable
method but lacks reliability [3]. Thus, the indirect Fick method
might have affected our value of CO. However, in this study, PAP
was directly measured. Therefore, measurement of CO with the
indirect Fick method is independent of our findings demonstrating
a correlation between mPAP, one of the parameters of CTEPH
severity and PgpCO, in this study, and PgrCO, before and after
treatment. Finally, in the present study, treatments for improved
CTEPH were not unified, including surgical therapies, BPA, or both
and vasodilator therapy. These differences in therapies might have
affected ventilatory parameter measurements.

5. Conclusions

Ventilatory gas analysis in different positions is a useful and
non-invasive method for the evaluation of mPAP, which is one of
the hemodynamic parameters of CTEPH severity. This novel
method may have important clinical applications such as evalua-
tion of serial changes related to the clinical course or therapeutic
interventions in patients with CTEPH.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijjcard.2019.07.018.

Acknowledgment

This work was supported by Japan Society for the Promotion of
Science (JSPS) Grants-in-Aid for Scientific Research (KAKENHI)
(grant number 17K13047), Japan.

Funding sources

None of the funding source supported this study.

Declaration of competing interest

The authors report no relationships that could be construed as a
conflict of interest.

References

[1] M.M. Hoeper, E. Mayer, G. Simonneau, LJ. Rubin, Chronic thromboembolic
pulmonary hypertension, Circulation. 113 (2006) 2011-2020.

D. Jenkins, E. Mayer, N. Screaton, M. Madani, State-of-the-art chronic
thromboembolic pulmonary hypertension diagnosis and management, Eur.
Respir. Rev. 21 (2012) 32—39.

N. Galie, M. Humbert, J.L. Vachiery, et al., ESC Scientific Document Group. 2015
ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hyperten-
sion: 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 Paediatric
and Congenital Cardiology (AEPC), International Society for Heart and Lung
Transplantation (ISHLT), Eur. Heart. J. 37 (2016) 67—119.

G. Simonneau, A. Torbicki, P. Dorfmiiller, N. Kim, The pathophysiology of
chronic thromboembolic pulmonary hypertension, Eur. Respir. Rev. 26 (2017)
160112.

T. Aoki, K. Sugimura, S. Tatebe, et al., Comprehensive evaluation of the
effectiveness and safety of balloon pulmonary angioplasty for inoperable
chronic thrombo-embolic pulmonary hypertension: long-term effects and
procedure-related complications, Eur. Heart J. 38 (2017) 3152—3159.

M. Akizuki, N. Serizawa, A. Ueno, T. Adachi, N. Hagiwara, Effect of balloon
pulmonary angioplasty on respiratory function in patients with chronic
thromboembolic pulmonary hypertension, Chest. 151 (2017) 643—649.

I. Lang, B.C. Meyer, T. Ogo, et al., Balloon pulmonary angioplasty in chronic
thromboembolic pulmonary hypertension, Eur. Respir. Rev. 26 (2017) 160119.
A.R. Abreu, M.A. Campos, B.P. Krieger, Pulmonary artery rupture induced by a
pulmonary artery catheter: a case report and review of the literature,
J. Intensive Care Med. 19 (2004) 291—-296.

M.M. Hoeper, S.H. Lee, R. Voswinckel, et al., Complications of right heart
catheterization procedures in patients with pulmonary hypertension in
experienced centers, . Am. Coll. Cardiol. 48 (2006) 2546—2552.

[2

[3

[4

[5

(6

(7

[8

[9


https://doi.org/10.1016/j.ijcard.2019.07.018
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0005
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0005
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0005
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0010
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0010
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0010
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0010
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0015
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0020
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0020
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0020
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0025
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0025
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0025
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0025
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0025
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0030
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0030
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0030
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0030
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0035
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0035
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0040
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0040
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0040
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0040
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0045
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0045
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0045
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0045

154

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

M. Akizuki et al. / International Journal of Cardiology 296 (2019) 149—154

E. Griinig, A. Barner, M. Bell, et al., Non-invasive diagnosis of pulmonary hy-
pertension: ESC/ERS guidelines with updated commentary of the Cologne
consensus conference 2011, Int. J. Cardiol. 154 (2011) S3—12.

D. Gopalan, M. Delcroix, M. Held, Diagnosis of chronic thromboembolic pul-
monary hypertension, Eur. Respir. Rev. 26 (2017) 160108.

M. Demedts, M. Delcroix, R. Verhaeghe, Verleden GM, A Clinical Update. Eu-
ropean Respiratory Society Publications, Lausanne, Pulmonary Vascular Pa-
thology, 2004.

E.M. Lau, A. Manes, D.S. Celermajer, N. Galie, Early detection of pulmonary
vascular disease in pulmonary arterial hypertension: time to move forward,
Eur. Heart J. 32 (2011) 2489—2498.

K.S. Burrowes, A.R. Clark, A. Marcinkowski, M.L. Wilsher, D.G. Milne,
M.H. Tawhai, Pulmonary embolism: predicting disease severity. Philos. Trans.
A. Math Phys. Eng, Sci. 369 (2011) 4255—4277.

Frazier AA, Galvin ]JR, Franks TJ, Rosado-De-Christenson ML. From the archives
of the AFIP: pulmonary vasculature: hypertension and infarction. Radio-
graphics. 2000; 20: 491-524; quiz 530—1, 532.

J. Petersson, M. Rohdin, A. Sanchez-Crespo, et al., Regional lung blood flow and
ventilation in upright humans studied with quantitative SPECT, Respir.
Physiol. Neurobiol. 166 (2009) 54—60.

E.M. Lau, D.L. Bailey, E.A. Bailey, et al., Pulmonary hypertension leads to a loss
of gravity dependent redistribution of regional lung perfusion: a SPECT/CT
study, Heart. 100 (2014) 47—53.

A. Matsumoto, H. Itoh, Y. Eto, et al., End-tidal CO2 pressure decreases during
exercise in cardiac patients: association with severity of heart failure and
cardiac output reserve, J. Am. Coll. Cardiol. 36 (2000) 242—249.

Y. Yasunobu, RJ. Oudiz, X.G. Sun, J.E. Hansen, K. Wasserman, End-tidal PCO2
abnormality and exercise limitation in patients with primary pulmonary
hypertension, Chest. 127 (2005) 1637—1646.

J.F. Vodoz, V. Cottin, J.C. Glérant, et al., Right-to-left shunt with hypoxemia in
pulmonary hypertension, BMC Cardiovasc. Disord. 9 (2009) 15.

R.M. Lang, M. Bierig, R.B. Devereux, et al, Chamber Quantification Writing
Group; American Society of Echocardiography’s Guidelines and Standards
Committee; European Association of Echocardiography. Recommendations
for chamber quantification: a report from the American Society of Echo-
cardiography’s Guidelines and Standards Committee and the Chamber
Quantification Writing Group, developed in conjunction with the European
Association of Echocardiography, a branch of the European Society of Cardi-
ology, J. Am. Soc. Echocardiogr. 18 (2005) 1440—1463.

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

L.G. Rudski, W.W. Lai, ]. Afilalo, L. Hua, et al., Guidelines for the echocardio-
graphic assessment of the right heart in adults: a report from the American
Society of Echocardiography endorsed by the European Association of Echo-
cardiography, a registered branch of the European Society of Cardiology, and
the Canadian Society of Echocardiography, J. Am. Soc. Echocardiogr. 23 (2010)
685—713 (quiz 786—8).

R.V. Immink, N.H. Secher, C.M. Roos, F. Pott, P.L. Madsen, ].J. van Lieshout, The
postural reduction in middle cerebral artery blood velocity is not explained by
PaCO2, Eur. ]. Appl. Physiol. 96 (2006) 609—614.

Immink RV, Truijen ], Secher NH, van Lieshout JJ. Transient influence of end-
tidal carbon dioxide tension on the postural restraint in cerebral perfusion.
J. Appl. Physiol. (1985). 2009; 107: 816—23.

J. Gisolf, R. Wilders, R.V. Immink, ]J. van Lieshout, ].M. Karemaker, Tidal vol-
ume, cardiac output and functional residual capacity determine end-tidal CO2
transient during standing up in humans, J. Physiol. 554 (2004) 579—590.

T. Aoki, K. Sugimura, K. Nochioka, et al., Effects of balloon pulmonary angio-
plasty on oxygenation in patients with chronic thromboembolic pulmonary
hypertension - importance of intrapulmonary shunt, Circ. J. 80 (2016)
2227-2234.

C.G. Elliott, Pulmonary physiology during pulmonary embolism, Chest. 101
(1992) 1635—-171S.

AT. Lovering, JW. Duke, J.E. Elliott, Intrapulmonary arteriovenous anasto-
moses in humans-response to exercise and the environment, . Physiol. 593
(2015) 507—20.29.

X.G. Sun, J.E. Hansen, RJ. Oudiz, K. Wasserman, Gas exchange detection of
exercise-induced right-to-left shunt in patients with primary pulmonary
hypertension, Circulation. 105 (2002) 54—60.

K.M. Moser, W.R. Auger, P.F. Fedullo, S\W. Jamieson, Eur. Respir. J. 5 (1992)
334-342.

J.F. Vodoz, V. Cottin, J.C. Glérant, G. Derumeaux, C. Khouatra, A.S. Blanchet,
B. Mastroianni, J.Y. Bayle, ].F. Mornex, Cordier JF, BMC Cardiovasc. Disord. 9
(2009) 15.

K. Yanaka, K. Nakayama, T. Shinke, et al.,, Sequential hybrid therapy with
pulmonary endarterectomy and additional balloon pulmonary angioplasty for
chronic thromboembolic pulmonary hypertension, J. Am. Heart Assoc. 7
(2018), e008838.

M. Held, M. Griin, R. Holl, G. Hiibner, et al., Cardiopulmonary exercise testing
to detect chronic thromboembolic pulmonary hypertension in patients with
normal echocardiography, Respiration. 87 (2014) 379—387.


http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0050
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0050
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0050
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0050
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0055
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0055
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0060
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0060
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0060
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0065
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0065
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0065
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0065
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0070
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0070
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0070
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0070
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0075
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0075
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0075
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0075
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0075
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0080
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0080
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0080
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0080
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0085
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0085
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0085
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0085
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0090
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0090
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0090
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0090
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0095
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0095
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0095
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0100
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0105
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0110
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0110
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0110
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0110
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0115
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0115
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0115
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0115
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0120
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0120
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0120
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0120
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0120
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0125
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0125
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0125
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0130
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0130
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0130
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0130
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0135
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0135
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0135
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0135
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0140
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0140
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0140
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0145
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0145
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0145
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0145
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0150
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0150
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0150
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0150
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0155
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0155
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0155
http://refhub.elsevier.com/S0167-5273(19)30008-7/rf0155

	Usefulness of ventilatory gas analysis for the non-invasive evaluation of the severity of chronic thromboembolic pulmonary  ...
	1. Introduction
	2. Methods
	2.1. Study subjects
	2.2. RHC
	2.3. BPA
	2.4. Ventilatory gas analysis
	2.5. Echocardiography
	2.6. Informed consent
	2.7. Statistical analyses

	3. Results
	3.1. Baseline subject characteristics
	3.2. Changes in ventilatory gas analysis parameters between sitting and supine positions
	3.3. Postural change in ventilatory gas analysis parameters in the improved CTEPH and control groups
	3.4. Correlation between ventilatory gas analysis and hemodynamic parameters
	3.5. Change in ventilatory gas analysis and hemodynamic parameters by BPA

	4. Discussion
	4.1. Effect of postural change on ventilatory gas analysis parameters in patients with CTEPH
	4.2. Changes in hemodynamics and ventilatory gas analysis parameters with BPA
	4.3. Usefulness of ventilatory gas analysis with postural change as a non-invasive method
	4.4. Study limitations

	5. Conclusions
	Acknowledgment
	Funding sources
	Declaration of competing interest
	References


