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Background: The role of arterial stiffness in the pathophysiology of chronic thromboembolic
pulmonary hypertension (CTEPH) is unclear. The cardio-ankle vascular index (CAVI) is a novel
arterial stiffness index reflecting stiffness of the arterial tree from the origin of the aorta to the
ankle, independent from blood pressure at the time of measurement. CAVI reflects functional
stiffness, due to smooth muscle cell contraction or relaxation, and organic stiffness, due to
atherosclerosis. Here, we report the case of a patient with an increased CAVI due to CTEPH and
the improvement after riociguat administration and balloon pulmonary angioplasty (BPA).
Case Presentation: A 65-year-old man suffered from dyspnea on exertion, and he was
diagnosed with distal CTEPH. The mean pulmonary artery pressure (mPAP) was 51 mmHg,
and the initial CAVI was 10.0, which is high for patient’s age. In addition to right ventricular
dysfunction, left ventricular dysfunction was observed as reduced global longitudinal strain
(GLS-LV). After riociguat administration, CAVI decreased to 9.1 and GLS-LV improved
from —10.3% to —17.3%, although pulmonary hypertension remained (mPAP 41 mmHg).
Subsequently, a total of five BPA sessions were performed. Six months after the final BPA,
mPAP decreased to 19 mmHg and GLS-LV improved to 19.3%. The patient was symptom
free and his 6-minute walk distance improved from 322 m to 510 m. CAVI markedly
decreased to 5.8, which is extremely low for his age.

Conclusion: These observations suggested that arterial stiffness as measured by CAVI was
increased in CTEPH, potentially deteriorating cardiac function because of enhanced afterload.
The mechanism of the increase of CAVI in this case of CTEPH was obscure; however, riociguat
administration and BPA might improve the pathophysiology of CTEPH partly by decreasing CAVI.
Keywords: cardio-ankle vascular index, chronic thromboembolic pulmonary hypertension,
arterial stiffness, ventricular afterload

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is an intractable disease
caused by organized thrombi in the pulmonary arteries, and its prognosis is extremely
poor without treatment.' The predominant cause of pulmonary artery obstruction in
CTEPH is organized thrombi in the large pulmonary arteries. It has also been
suggested that small vessel remodeling of the pulmonary muscular arteries can be
involved in the pathophysiology of CTEPH; however, the precise mechanism remains
unclear.”
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Involvement of arterial stiffness in the pathophysiology
of CTEPH has been suggested using pulse wave velocity
(PWV) as an index of arterial stiffness.> However, the PWV
is dependent on blood pressure (BP) at the time of
measurement.*> Therefore, investigation of the role of arter-
ial stiffness in the pathophysiology of CTEPH has been
complicated. Recently, the cardio-ankle vascular index
(CAVI) was developed as a novel arterial stiffness index,
which has several unique features, including 1) independence
from BP at the time of measurement, 2) measurement of
arterial stiffness from the aortic root to the ankle, and 3)
reflection of both organic stiffness, due to atherosclerosis,
and functional stiffness, due to vascular smooth muscle cell
contraction or relaxation.®” The role of CAVI as a surrogate
marker of atherosclerosis has been established.® Moreover,
CAVI may also be useful as a circulation parameter of the
systemic circulation, especially as an indicator of left ven-
tricle (LV) afterload.” Recently, Radchenko et al reported that
arterial stiffness evaluated by CAVI was significantly higher
in patients with pulmonary arterial hypertension (PAH) than
in healthy subjects.'® These findings suggest that increased
arterial stiffness may increase afterload of LV and may affect
cardiac function in patients with pulmonary hypertension
(PH) including CTEPH. Therefore, arterial stiffness may
play an important role in the pathophysiology of CTEPH.
Here, we report the case of a patient with CTEPH with an
elevated CAVI who had recovered from hemodynamically
abnormal conditions. The CAVI showed marked improve-
ment after treatment with riociguat and subsequent balloon
pulmonary angioplasty (BPA) (Figure 1 A—C). We present the

B

changes in CAVI during those treatments for CTEPH and

discuss their meaning.

Case Presentation

A 65-year old man with a two-year history of dyspnea on
exertion was referred to our hospital. He had a history of
hypertension and used conventional prescription drugs.
A transthoracic echocardiogram (TTE) showed severe PH,
and lung perfusion scintigraphy showed multiple segmental
perfusion defects, which are consistent with CTEPH
(Figure 2A). There was no coagulopathy evident from
blood tests. After 3 months of anticoagulant therapy with
warfarin, we performed right heart catheterization. The
mean pulmonary artery pressure (mPAP) was 51 mmHg,
and pulmonary vascular resistance (PVR) was 13.6 wood
units (Figure 3). Cardiac output (CO) was decreased (CO
3.32 L/min, cardiac index 1.82 L/min/m”), whereas pul-
monary capillary wedge pressure was in the normal range
(Table 1). Pulmonary angiography showed organized
thrombi in the segmental or subsegmental pulmonary
arteries (Figure 1A). These findings were consistent with
distal type CTEPH.

At the time of the CTEPH diagnosis, the CAVI was
10.0, indicating arterial stiffness. This value was high for
his age since the normal CAVI value in healthy Japanese
males in their sixties is 8.63+0.81."" Although his BP
was in the normal range, systemic vascular resistance
(SVR) was enhanced (Figure 3). Right ventricular (RV)
dysfunction due to severe PH was detected as enlarge-
ment of the right ventricle (RV) and reduced tricuspid

Before BPA

Balloon dilatation

After BPA

Figure | Pulmonary angiography. (A) Before BPA, (B) during balloon dilatation, (C) after BPA. Organized thrombi in the segmental and subsegmental pulmonary arteries (arrow).

Abbreviation: BPA, balloon pulmonary angioplasty.
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Figure 2 Lung perfusion scintigraphy before treatment (A) and after treatment (B).
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Figure 3 Clinical course of the patient and changes in various circulation para-
meters and CAVI.

Abbreviations: BPA, balloon pulmonary angioplasty; WHO-FC, World Health
Organization functional class; SVR, systemic vascular resistance; mPAP, mean pul-
monary artery pressure; PVR, pulmonary vascular resistance; CAVI, cardio-ankle
vascular index; sBP, systolic blood pressure; BNP, brain natriuretic peptide; CO,
cardiac output.

B

e

After treatment

annular plane systolic excursion (TAPSE), which was
14.3 mm by TEE (Table 2). Moreover, the enlarged RV
compressed the interventricular septum, which was
shifted leftward (Figure 4A and B). Although his LV
ejection fraction was within the normal range, LV dia-
stolic dysfunction was detected (e’ 2.3 cm/sec and E/e’
16.5, Table 2). It is possible that both the shifted septum
and the enhanced CAVI may cause LV dysfunction. In
addition, global longitudinal strain on the left ventricle
(GLS-LV) was examined to further investigate the LV
function.'” GLS-LV at diagnosis of CTEPH was 10.3%,
indicating that LV dysfunction and the impairment of
longitudinal strain (LS) was observed in both septal
and non-septal LV segments (Figure 4C).

According to angiographic findings, there were many
surgically inaccessible lesions. Therefore, we decided to
perform BPA. Administration of riociguat, a soluble gua-
nyl acid cyclase (sGC) stimulator that leads to increased
cGMP generation with subsequent vasodilation, was
started to decrcase mPAP as far as possible before the
BPA. Subsequently, symptoms improved from the World
Health Organization functional class (WHO-FC) III to II,
and brain natriuretic peptide (BNP) level was normalized
(Figure 3). After riociguat administration, mPAP and PVR
decreased, and CO increased (mPAP 51 mmHg to 41
mmHg, PVR 13.6 wood units to 5.5 wood units, CO 3.3
L/min to 4.8 L/min, Figure 3). The CAVI also improved
from 10.0 to 9.1 after riociguat administration, along with
the reduction of SVR (26.2 wood units to 18.2 wood
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Table | Changes in Clinical Parameters from Diagnosis of CTEPH Until 12 Months

Time (Months)
Diagnosis of CTEPH (Before Riociguat 1 2 3 4 5 6 12 (6m After BAP)
Administration)
Riociguat 3mg |[3mg |[3mg|3mg| 3mg | 3mg 3 mg
BPA session @ ® ® ® ®
CAVI 10.0 7.3 9.1 7.8 8.2 7.8 7.0 5.8
sBP (mmHg) 124 126 134 128 127 129 121 117
dBP (mmHg) 76 74 79 77 79 87 80 67
mBP (mmHg) 92.0 91.3 | 973 | 940 | 950 | 101.0 | 93.7 83.7
HR (beat/min) 72 72 58 63 72 62 70 67
sPAP (mmHg) 86 69 54 45 45 36 32
dPAP (mmHg) 35 13 15 12 10 I 8
mPAP (mmHg) 51 41 30 26 26 21 19
mRAP (mmHg) 5 10 6 6 6 7 5
PCWP (mmHg) 6 15 I I 13 9 10
ClI (L/min/m?) 1.82 262 | 405 | 255 | 278 | 2.90 2.57
6MWD (m) 322 339 355 390 405 450 510

Abbreviations: CTEPH, chronic thromboembolic pulmonary hypertension; BPA, balloon pulmonary angioplasty; CAVI, cardio-ankle vascular index; sBP, systolic blood
pressure; dBP, diastolic blood pressure; mBP, mean blood pressure; HR, heart rate; sPAP, systolic pulmonary artery pressure; dPAP, diastolic pulmonary artery pressure;
mPAP, mean pulmonary artery pressure; mRAP, mean right atrium pressure; PCWP, pulmonary capillary wedge pressure; Cl, cardiac index; 6MWD, 6-minute walk distance.

Table 2 Changes in Echocardiographic Findings

Before
Riociguat

Administration

After Riociguat
Administration
(Before BPA)

After BPA
(6M After BPA)

LVEF (%) 73 79 65
e’ (cm/sec) 23 42 42
Ele’ 16.5 14.0 14.0
GLS-LV (%) -10.3 —-17.2 -193
LAD (mm) 30 30 30
TRPG (mmHg) 78 53 18
TAPSE (mm) 14.3 14.0 17.0

Abbreviations: BPA, balloon pulmonary angioplasty; LVEF, left ventricular ejection
fraction; E, peak early diastolic transmitral flow velocity; €’, peak early diastolic
annular velocity; E/e’, ratio of E to e’; GLS, global longitudinal strain; LV, left
ventricle; LAD, left atrial diameter; TRPG, tricuspid regurgitation pressure gradient;
TAPSE, tricuspid annular plane systolic excursion; 6MWD, 6-minute walk distance.

units), but BP did not decrease (Figure 3). TTE also
indicated that GLS-LV improved to 17.2%, and the com-
pression of the LV was released, but PH and RV enlarge-
ment still existed (Figure 4D-F).

Finally, a total of five BPA sessions were performed
with no complications. Before the final session, mPAP had
decreased to 21 mmHg, and CAVI decreased gradually.
Six months after the final BPA, mPAP was 19 mmHg,
which was within the normal range (Figure 3). Lung
perfusion defects detected by scintigraphy had improved
markedly (Figure 2B). Symptoms improved to WHO-FC

class I, and the 6-minute walk distance improved from
322 m to 510 m (Table 2). Moreover, CAVI decreased to
5.8, which was extremely low for his age (Figure 3).
Enlargement of the RV and TAPSE were improved after
treatment, and GLS-LV remained within the normal range
(Figure 4G-I and Table 2).

At the CTEPH diagnosis, the patient had angiotensin
receptor blocker (ARB) for hypertension, however, ARB
was discontinued due to hypotension after riociguat
administration. Before treatment, his lipid profile was
with in the normal range [total cholesterol 185 mg/dl,
triglyceride 124 mg/dl, high-density lipoprotein choles-
terol 43 mg/dl, low-density lipoprotein cholesterol (LDL-
C) 123mg/dl]. Although LDL-C level slightly decreased to
111 mg/dl after treatment, any drugs which could affect
CAVI value such as statin, were not added during treat-
ment period.

Discussion

The main findings concerning arterial stiffness in this case
were: 1) initial CAVI value before treatment was relatively
high for his age, 2) both riociguat administration and
subsequent BPA decreased the CAVI value along with
improvement of hemodynamics, and 3) CAVI value had
remained extremely low up to 6 months after the final BPA
session.
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Before riociguat
administration

After riociguat
administration

After BPA

Figure 4 Changes in echocardiographic findings during treatment. Apical 4-chamber view, short axis view and bull’s-eye showing segments of the left ventricle to determine
GLS are shown in order. Before riociguat administration (A—C), after riociguat administration (D-F) and after BPA (G-I).

Abbreviations: BPA, balloon pulmonary angioplasty; GLS, global longitudinal strain.

The initial CAVI in the presented case was 10.0, which
suggested that organized atherosclerosis was advanced in
this case of CTEPH. However, CAVI improved within one
month after riociguat administration. It is difficult to ima-
gine that one month was enough time for atherosclerosis to
regress to the point of decreasing the CAVI. Furthermore,
CAVI decreased following monthly BPA. These results
strongly suggested that CAVI was initially increased due
to vascular smooth muscle cell contraction in CTEPH.
This enhancement of functional stiffness may probably
be explained by sympathetic nerve activation, arising
from reduced cardiac output due to severe PH and
increased physical and/or mental stress caused by severe
dyspnea and hypoxia.'*'* Thus, the functional stiffness
could be enhanced in right heart failure patients including
CTEPH which are prone to hypotension due to their low

cardiac output state. Importantly, the functional stiffness
enhancement could be evaluated by CAVI.

On the other hand, enhanced arterial stiffness is thought
to result in high afterload on the LV, which can deteriorate LV
function. Recently, Kishiki et al reported that patients with
PAH had LV dysfunction, detected as reduced GLS-LV and
LV diastolic dysfunction, in addition to right heart dysfunc-
tion, and the LV dysfunction was strongly associated with
mortality.'> They also reported that the LS was impaired in
both septal and non-septal LV segments. This result suggests
that the LV dysfunction was caused not only by interventri-
cular effect due to RV pressure and/or volume overload but
also by other factors that affect the LV function in patients
with PAH. In this case of CTEPH, impairment of the LS was
also detected in both septal and non-septal segments of the
LV segments before treatment (Figure 4C). After riociguat
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administration, mPAP and PVR were decreased, but PH and
RV enlargement persisted, whereas the CAVI and SVR
decreased and CO increased (Figure 3, Figure 4D and E).
In addition, GLS-LV was markedly improved (Figure 4F).
Additionally, Namba et al reported that high CAVI values
were independently associated with LV diastolic
dysfunction.'® In this patient, enhanced CAVI may have
affected his LV diastolic function, which may impair GLS-
LV.

Riociguat has a strong vasodilating effect through the
stimulation of sGC and subsequent increased production
of cyclic guanosine monophosphate. But it was reported
that improvement of PH in patients with inoperable
CTEPH by riociguat was limited; the mean reduction of
mPAP was —4+7 mmHg in the CHEST-1 trial.'” The
vasodilating effect of riociguat may thus work on the
systemic circulation in these patients. Similarly, in the
present case, it is possible that riociguat predominantly
dilated systemic peripheral arteries and reduced afterload
on the LV, resulting in improved cardiac function and
pulmonary circulation. In spite of the strong vasodilating
effect of riociguat, the reason why BP did not decrease
after riociguat administration, in this case, was that the
improvement of CO might have offset a decrease of BP
due to the vasodilating effect on systemic arteries.

BPA is a new promising therapeutic strategy for
patients with inoperable and distal-type CTEPH. BPA
has been developed in the last decade, and CTEPH has
become a curative disease even in inoperable
patients.'®!? In principle, BPA directly improves pulmon-
ary circulation but does not directly affect systemic arter-
ial stiffness. However, in this case, CAVI was further
decreased by additional BPA. Although the effect of
riociguat administration might explain this decline of
CAVI, BPA may have an additional effect on systemic
arterial stiffness by improving the pulmonary circulation.
It is possible that this improved pulmonary circulation
caused the improvement of the systemic circulation, pro-
viding good oxygenation and sympathetic nerve deactiva-
tion by relief of the stress. Tatebe et al reported that CAVI
improved after BPA, along with hemodynamic improve-
ment and improvement of various systemic disorders in
CTEPH patients.”

remains unclear, CAVI may be indirectly improved as

Although the precise mechanism

a result of the improvement of various systemic disorders
in addition to hemodynamic stabilization. This case
report is novel in that, both riociguat and BPA improved
CAVI, and discussed the relationship between CAVI and

cardiac function especially LV function evaluated by
GLS-LV.

In the current case, the improvement of CAVI was
maintained over six months by riociguat and BPA, along
with improvement in conventional hemodynamic para-
meters such as mPAP, PVR, CO, and SVR. These results
suggest that systemic arterial stiffness may be involved in
the pathophysiological mechanism of CTEPH. Enhanced
arterial stiffness evaluated by CAVI may provide new
insight into these mechanisms. As shown in this case,
serial assessment of arterial stiffness by CAVI may be
a useful afterload indicator that has different unique fea-
tures from conventional afterload indicators, such as blood
pressure and vascular resistance. In addition, both rioci-
guat and BPA were effective in relieving arterial stiffness.
In patients with CTEPH, increased arterial stiffness may
affect cardiac function as a result of increased afterload.
Evaluating arterial stiffness using CAVI, the pathophysio-
logic condition could be understood in more detail, which
may lead to appropriate treatment selection for CTEPH
patients. In addition, observing the changes in CAVI may
be a useful index to evaluate the therapeutic effect of
riociguat and/or BPA non-invasively. This report high-
lights that further studies are required to clarify the precise
mechanisms of this disease.
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