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Background: There have been no systemic studies about right heart filling pressure

and right ventricular (RV) distensibility in patients with chronic thromboembolic

pulmonary hypertension (CTEPH). Therefore, we aimed to explore combinations of

echocardiographic indices to assess the stages of RV diastolic dysfunction.

Methods andResults: We recruited 32 healthy volunteers and 71 patients with CTEPH.

All participants underwent echocardiography, cardiac catheterization (in patients with

CTEPH), and a 6-min walk test (6MWT). The right atrial (RA) end-systolic area was

adjusted for body surface area (BSA) (indexed RA area). RV global longitudinal diastolic

strain rates (SRs) and RV ejection fraction (EF) were measured by speckle tracking and

three-dimensional echocardiography (3D echo), respectively. All 71 patients with CTEPH

underwent pulmonary endarterectomy. Of the 71 patients, 52 (73%) had decreased

RV systolic function; 12 (16.9%), 26 (36.6%), and 33 (46.5%) patients had normal RV

diastolic pattern, abnormal relaxation (stage 1), and pseudo-normal patterns (stage 2),

respectively. The receiver operating characteristic curve analysis showed that the optimal

cut-off values of early diastolic SR < 0.8 s−1 and indexed RA area > 8.8 cm2/BSA

had the best accuracy in identifying patients with RV diastolic dysfunction, with 87%

sensitivity and 82% specificity. During a mean follow-up of 25.2 months after pulmonary

endarterectomy, the preoperative indexed RA area was shown as an independent risk

factor of the decreased 6MWT distance.

Conclusions: Measuring early diastolic SR and indexed RA area would be useful in

stratifying RV diastolic function.

Keywords: chronic thromboembolic pulmonary artery hypertension, right ventricular diastolic dysfunction, early

diastolic strain rate, indexed right atrial area, right heart filling pressure
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INTRODUCTION

Pulmonary arterial hypertension (PAH), left heart failure
(HF), mechanical ventilation, and left ventricular assist
device implantation are associated with right HF (1–3). Early
recognition of right ventricular (RV) dysfunction may provide
opportunities to optimize treatment strategy and delay the
progression of heart failure. By the use of combined Doppler
transtricuspid flow velocities and annular tissue Doppler velocity,
RV diastolic dysfunction has been described (4). However, the
methods were limited in some patients due to undetermined
doppler patterns affected by heart rate, volume load, and other
factors. To date, many studies have reported some hemodynamic
indices of heart failure, including elevated central venous
pressure, pulmonary capillary wedge pressure, increased left or
RV pressure, and pulmonary artery pressure (PAP).

Recently, Mele et al. (5) reported 496 patients with HF
and found patients with high left heart filling pressure had a
worse prognosis than those with normal filling pressure and
noticed that high mean RA pressure (>8 mmHg) could identify
a subgroup of patients with worse prognosis. The relationship
between right heart filling pressure, RV function, and outcomes
in patients with PAH seem to be very important. As the right
heart filling pressure increases, the RV systolic and/or diastolic
dysfunction may deteriorate and influence clinical outcomes.

Our study aimed to explore echocardiographic parameters
in assessing RV diastolic function, to prove the correlations
between the right heart filling pressure and stages of RV
diastolic function, and to observe the outcomes in patients with
chronic thromboembolic pulmonary hypertension (CTEPH)
after pulmonary endarterectomy.

MATERIALS AND METHODS

Participants
The Institutional Review Board of Fuwai Hospital approved the
study protocol (January 16, 2018, No. 2018-991), which was in
accordance with the “Declaration of Helsinki.”

In total, 71 patients (mean age, 47.6 ± 13.6 years; 63% men)
who were diagnosed with CTEPH at Fuwai Hospital between
January 2018 and June 2020 were included. Their diagnosis
was based on echocardiography, CT, and cardiac catheterization.
None had a history of cancer. All these patients underwent
pulmonary endarterectomy. Pre- and post-operative medical
records of patients with CTEPH were collected.

Thirty-two healthy volunteers (mean age, 42.5 ± 8.0 years;
47% men) with no history of heart or lung diseases or symptoms
and with normal physical examination findings were selected
as control participants. Written informed consent was obtained
from all participants.

Echocardiography
Transthoracic echocardiography was performed using a 3–
4.5-MHz transducer (Vivid E95, GE Vingmed Ultrasound,
Horten, Norway). Measurements were performed according to
the American Society of Echocardiography guidelines for the

assessment of heart chambers (6). The right atrial (RA) end-
systolic area was traced in the apical four-chamber view and
adjusted for body surface area (BSA) (indexed RA area). RV end-
diastolic and end-systolic areas were measured in the apical four-
chamber view to calculate RV fractional area change (RV FAC).
Tricuspid annular peak systolic excursion (TAPSE) was obtained
using the M-mode echo of the lateral annulus.

Mitral and tricuspid inflow velocities were recorded. These
parameters included early filling velocity (E), atrial filling velocity
(A), E/A ratio, and deceleration time (DT). Mitral and tricuspid
annular systolic velocity (s’), early-diastolic velocity (e’), and late-
diastolic velocity (a’) were assessed in the apical four-chamber
view. The RV index of myocardial performance (RIMP) was
defined as the ratio of the sum of the isovolumic contraction
time and the isovolumic relaxation time (IVRT) divided by the
ejection time.

Images were further analyzed using two-dimensional speckle
echo software (EchoPAC, General Electric/Vingmed Ultrasound,
Horten, Norway) with a calculation of RV global longitudinal
strain (GLS), and early and late diastolic strain rates (SRs)
for the entire traced contour of the right ventricle (Figure 1).
Measurements were performed on an average of three beats.

Three-dimensional echocardiography (3D echo) was
performed at the cardiac apex using a matrix-array transducer
(4VC). All images were analyzed by four-dimensional RV
analysis software (EchoPAC version 20, TomTec Imaging, Inc.,
Munich, Germany). RV end-diastolic volume (EDV) and RV
end-systolic volume (ESV) were obtained. RV ejection fraction
(EF) was then measured as the percentage change of the volumes.

Right ventricular systolic dysfunction was defined when at
least two parameters were below the lower recommended limit
of normal [i.e., RVEF ≤ 40%, TAPSE ≤ 17mm, tricuspid valve
(TV) annular s’ ≤ 9.5 cm/s, FAC ≤ 35%, and/or GLS ≥ −20%]
(7). We followed the criteria established by the American Society
of Echocardiography for determining RV diastolic dysfunction in
adults, grading it as normal (E/A ratio > 0.8), stage 1 (impaired
relaxation: E/A < 0.8), stage 2 (pseudo normal: E/A 0.8–2.1
with E/e′ >6), and stage 3 (restrictive filling: E/A > 2.1 with
DT < 120ms) (4).

Hemodynamic Measurements
In this study, all patients underwent left- and right-sided cardiac
catheterization before or after echocardiography within 3 days.
RA pressure, RV pressure, and PAP were obtained during
systole and diastole. Left-heart catheterization was performed
to exclude significant coronary artery disease or left-sided valve
disease and to obtain LV pressure. Cardiac output was calculated
and was adjusted by BSA as a cardiac index. Pulmonary
vascular resistance was subsequently calculated and expressed
as dynes.s.cm−5.

Statistical Analysis
SPSS 24.0 was used for statistical analysis. Results were expressed
as mean (±standSD) unless stated otherwise. When comparison
among three groups was needed, a one-way ANOVA was
carried out. The independent samples t-test was chosen to
analyze differences between the two groups. The correlation was
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FIGURE 1 | A six-segment model of the right ventricle was created by the tracking algorithm after manual delineation of the endocardial border. The global

longitudinal strain rate (SR) (dotted line) is calculated by averaging the regional peak values. In this patient with chronic thromboembolic pulmonary artery hypertension

(CTEPH), the global early diastolic SR is severely depressed (0.27 s−1).

analyzed by performing a bivariate linear regression estimation.
The diagnostic accuracy was determined by receiver operating
characteristic (ROC) curve analysis. The chi-square test was used
to compare proportions. Differences were considered significant
if the p < 0.05.

RESULTS

CTEPH Groups vs. Normal Control
Participants
The baseline characteristics of all control participants and
medical records of patients with CTEPH are shown in Table 1.
In this study, 44 of 71 (62%) patients presented with New
York Heart Association (NYHA) function class III or IV heart
failure. Forty-nine (69%) patients completed the 6MWT. Among
the 71 patients with CTEPH, 22 patients had trace tricuspid
regurgitation (TR), 27 had mild TR, 17 had moderate TR,
and five had severe TR. Fifty-two patients had RV EF ≤

40%, 41 had TAPSE ≤ 17mm, 26 had TV annular s’ ≤ 9.5
cm/s, 42 had RV FAC ≤ 35%, and 52 had GLS <-20%. In
total, 52 patients presented with decreased RV systolic function.
Normal RV diastolic pattern, abnormal relaxation (stage 1), and
pseudonormal patterns (stage 2) were present in 12 (16.9%), 26

(36.6%), and 33 (46.5%) of 71 patients, respectively, based on the
TV E/A ratio, E/e’ ratio, and DT.

Correlation Between Echocardiographic
Indices and Right Heart Filling Pressure
Moderate correlations were found between PASP, mean PAP and
RIMP (R= 0.67 and 0.68, both p= 0.0001), IVRT (R= 0.60 and
0.60, both p = 0.0001), TV annular e’ (R = −0.62 and −0.61,
both p = 0.0001), early diastolic SR (R = −0.77 and −0.71, both
p = 0.0001), and indexed RA area (R = 0.73 and 0.72, both
p= 0.0001). The linear regressionmodel showed that the indexed
RA area was mostly impacted by increased PASP (β = 2.84,
p= 0.0001) and mean PAP (β = 1.4, p= 0.001), including RIMP,
IVRT, TV e’, early diastolic SR, indexed RA area, TV E/A ratio,
TV E/e’ ratio, and TV DT (Figure 2).

Receiver operating characteristic curve analysis showed that
the optimal cut-off values of early diastolic SR <0.8 s−1, RIMP
>0.45, IVRT >82ms, and indexed RA area >8.8 cm2/m2 had
the best accuracy in identifying RV diastolic dysfunction, with
sensitivities of 82, 97, 84, and 87; specificities of 84, 87, 87, and
82%; and areas under the curve of 0.91, 0.96, 0.90, and 0.86,
respectively (Figure 3). RV diastolic dysfunction was detected in
67 of 71 (94.4%) patients with CTEPH, when at least two novel
parameters were beyond the recommended limit of normal (i.e.,
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TABLE 1 | Mean values and SDs of the baseline characteristics of all participants

and preoperative general medical records of CTEPH patients.

Variables Control

(n = 32)

CTEPH

patients

(n = 71)

P-Value

Age, years 42.5 ± 8.0 47.6 ± 13.6 0.052

Male, no. (%) 15 (46.9%) 45 (63.4%) 0.134

SBP/DPB, mmHg 121/72 114/70 0.329

BMI 23.7 ± 2.4 23.3 ± 3.4 0.608

BSA 1.8 ± 0.2 1.8 ± 0.2 0.234

Blood glucose 5.0 ± 0.2 4.5 ± 0.6

Hemoglobin (g/dL) 130 ± 5.6 140 ± 20

Renal function

BUN (mmol/L) 4.5 ± 0.4 5.7 ± 1.6

Creatinine (mol/L) 61.8 ± 10.2 85.2 ± 16.0

Liver function

Total bilirubin (mol/L) 7.5 ± 2.5 17.2 ± 9.4

Direct bilirubin (mol/L) 1.4 ± 0.3 4.7 ± 3.9

NT pro-BNP 799.0 ± 882.1

(5 ∼ 4,585)

NYHA I 32 (100%) 0 (0%)

II 27 (38%)

III 42 (59.2%)

IV 2 (2.8%)

6MWT ≤300m 12 (24.5%)

300–375m 11 (22.4%)

375–449.9m 17 (34.7%)

≥450m 32 (100%) 9 (18.4%)

GFR ≥90 ml/min 32 (100%) 34 (47.9%)

60–89 ml/min 25 (35.2%)

30–59 ml/min 10 (14.1%)

15–29 ml/min 2 (2.8%)

CTEPH, chronic thromboembolic pulmonary hypertension; BMI, body mass index; BSA,

body surface area; BUN, blood urea nitrogen; NT pro-BNP, N-terminal prohormone of

brain natriuretic peptide; 6MWT, 6-minute walk test; GFR, glomerular filtration rate.

early diastolic SR <0.8 s−1, RIMP >0.45, IVRT >82ms, indexed
RA area >8.8 cm2/m2). Furthermore, early diastolic SR <0.31
s−1 and indexed RA area >10 cm2/m2 could further separate
stage 2 RV diastolic dysfunction from stage 1, with sensitivities
of 74% and 74%, and specificities of 27 and 53%, respectively.

Table 2 summarizes echocardiographic parameters assessing
RV systolic and diastolic function in normal control participants
and in patients with CTEPH with the normal or elevated right
heart filling pressures. The patients with CTEPH with mean RA
pressure ≤8 mmHg or RV diastolic pressure ≤4 mmHg had
better diastolic function indices than the patients with CTEPH
with mean RA pressure >8 mmHg or RV diastolic pressure
>4 mmHg (8, 9). With the elevation of mean RA pressure or
RV diastolic pressure, the proportions of the patients with RV
diastolic dysfunction increased, especially those with stage II,
with chi-square values of 4.89 (p = 0.08) and 11.86 (p = 0.003).
When early diastolic SR, indexed RA area, RIMP, and IVRT
were added, the detection rate of RV diastolic dysfunction was

increased, with chi-square values of 6.71 (p = 0.03) and 5.36
(p= 0.04).

Follow-Up
We followed 68 patients with CTEPH from 1 to 45 (25.2 ±

9.3) months after pulmonary endarterectomy. Three patients
were lost for follow-up after discharge. During the follow-up
period, three late deaths occurred (4.4%). One patient died from
advanced gastric cancer with gastrointestinal hemorrhage, and
two patients died from a lung infection, probably related to
residual pulmonary hypertension. Furthermore, 61 of 65 patients
(93.8%) were in NYHA I or II. Among the 65 patients, 57
(87.7%) patients had mild or trace TR, five (7.7%) patients
had mild-to-moderate TR, and the remaining three (4.6%)
patients had moderate TR. Finally, 34 of 63 (54%) patients
completed the 6MWT during follow-up. Compared with the
25 patients with a 6MWT distance ≥450m, the nine patients
whose 6MWT distance ranged from 375 to 499.9m had a
larger preoperative indexed RA area (14.2 ± 3.8 vs 10.1 ± 2.5,
p = 0.002). Univariate logistic regression analysis showed that
only preoperative indexed RA area was significantly associated
with the decreased 6MWT distance during follow-up among
all related factors, including preoperative mean PAP, PASP, TR
degree, early diastolic SR, RIMP, IVRT, the follow-up PASP, and
TR degree (p = 0.023). Furthermore, the multivariate logistic
regression model found that the preoperative indexed RA area
was an independent risk factor of the decreased 6MWT distance
during follow-up (Table 3).

DISCUSSION

This study analyzed the echocardiographic parameters assessing
RV diastolic performance and hemodynamic data measured by
right-heart catheterization. The main findings of this study are as
follows: (1) early diastolic SR and indexed RA area were useful
in stratifying RV diastolic dysfunction; (2) stages of RV diastolic
dysfunction were related to the degree of the increased right
heart filling pressure, and (3) preoperative indexed RA area could
predict postoperative 6MWT distance.

The criteria recommended by the American Society of
Echocardiography for RV diastolic function evaluation have been
described, with differences in the E/A ratio, E/e’ ratio, and DT.
However, some patients had overlapping E- and A-waves and
were markedly influenced by the respiratory cycle, especially
the patients with PAH or CTEPH. Consequently, this would
hamper the assessment of the appropriate and reproducible RV
diastolic function.

Additional Indices to Stratify RV Diastolic
Function
In an earlier report from our laboratory, we found good
correlations between PASP and echocardiographic parameters
assessing RV diastolic function (10). Our evaluation further
confirmed that PASP was significantly related to early diastolic
SR and indexed RA area.

Our study found that RV-impaired relaxation pattern (stage
1) mostly occurred in patients with CTEPH with normal right
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FIGURE 2 | Correlations between pulmonary artery systolic pressure (PASP) and early diastolic SR (A) and indexed right atrial (RA) area (B).

FIGURE 3 | Receiver operating characteristic (ROC) curve analysis finds the echocardiographic parameters to identify right ventricular diastolic dysfunction based on

early diastolic SR, indexed RA area, right ventricular index of myocardial performance (RIMP), and isovolumic relaxation time (IVRT).

heart filling pressure. The proportion of patients with stage 2 RV
diastolic dysfunction was higher among those with the increased
right heart filling pressure. RV diastolic dysfunction was an early
sign ofmyocardial remodeling in CTEPH, and it presented earlier
than the actual increase in RA or ventricular filling pressure (11).

In the chronic setting, as the ventricle thickens, RV
filling becomes more dependent on RA performance driven
by progressive perturbation of the normal Frank-Starling

mechanism to preserve cardiac output. With RV deteriorating
diastolic function, increased RA contractility and right heart
filling pressure caused the RA chamber to distend. Maniar et al.
(12) reported a 33% increase in RA elastance and a 45% increase
in RA-diastolic stiffness during acute RV pressure overload.
Nagueh et al. (13) confirmed that RA volume was significantly
related to mean RA pressure, and the specificity of minimal RA
volume (>30 mm3) for separating normal from elevated mean
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TABLE 2 | Right ventricular systolic and diastolic parameters of normal control participants and CTEPH patients with different right atrial and right ventricular pressures.

Variables Control CTEPH patients CTEPH patients

With RAMP ≤8 mmHg With >8 mmHg With RVDP ≤4 mmHg With >4 mmHg

(Group 1) (Group 2) (Group 3) (Group 4) (Group 5)

Numbers 32 52 19 46 25

PASP (mm Hg, by echo) 21.09 ± 3.09 76.06 ± 26.75a 91.80 ± 22.15a,j 73.98 ± 25.66a 92.11 ± 24.60a,h

RV EDV (ml, by 3D echo) 72.07 ± 18.16 129.67 ± 54.63a 157.86 ± 56.58a 136.63 ± 59.28a 140.31 ± 52.45a

RV EF (%, by 3D echo) 56.27 ± 3.13 33.89 ± 10.39a 29.90 ± 9.68a 33.65 ± 10.68a 31.27 ± 9.77a

RIMP 0.28 ± 0.09 0.71 ± 0.32a 0.63 ± 0.17a 0.66 ± 0.27a 0.75 ± 0.32a

TVE/A ratio 1.36 ± 0.25 0.97 ± 0.32a 1.26 ± 0.46j 0.95 ± 0.33a 1.21 ± 0.41i

TV annular e’ (cm/s) 11.58 ± 2.47 7.26 ± 1.89a 7.93 ± 3.01a 7.51 ± 2.09a 7.44 ± 2.57a

E/e’ ratio 4.94 ± 1.19 6.44 ± 2.61c 7.74 ± 2.63b 6.44 ± 2.88c 7.59 ± 1.98a

TV DT (ms) 262.09 ± 73.83 240.20 ± 92.32 220.07 ± 67.98 245.11 ± 89.86 210.94 ± 75.17d

IVRT (ms) 57.50 ± 18.46 122.88 ± 54.17a 97.66 ± 32.71a,j 112.93 ± 50.53a 119.29 ± 50.70a

Indexed RA area (cm2/m2 ) 6.82 ± 1.10 11.36 ± 3.47a 14.24 ± 4.73a,j 11.67 ± 3.82a 12.91 ± 4.33a

Early diastolic SR (s−1) 1.40 ± 0.39 0.51 ± 0.29a 0.65 ± 0.34a 0.52 ± 0.29a 0.57 ± 0.33a

Late diastolic SR (s−1) 1.14 ± 0.32 0.94 ± 0.29c 0.59 ± 0.32a,f 0.84 ± 0.28a 0.87 ± 0.40d

Mean RA pressure (mm Hg) 4.37 ± 2.34 12.00 ± 3.27e 5.76 ± 3.9 7.61 ± 4.8a

RV diastolic pressure (mm Hg) 1.20 ± 5.95 3.83 ± 4.06 −0.53 ± 5.12 6.91 ± 2.14g

RV diastolic pattern1 Normal 32 8 4 10 2

Stage 1 23 3 22 4

Stage 2 21 12(χ2 = 4.89) 15 18 (χ2 = 11.86)h

RV diastolic pattern2 Normal 32 2 2 3 1

Stage 1 22 2 20 4

Stage 2 28 15 (χ2 = 6.71) 24 (χ2 =5.36)i

CTEPH, chronic thromboembolic pulmonary artery hypertension; RAMP, right atrial mean pressure; RVDP, right ventricular diastolic pressure; PASP, pulmonary artery systolic pressure; 3D

echo, three-dimensional echocardiography; RV EDV, right ventricular end-diastolic volume; EF, ejection fraction; RIMP, right ventricular index of myocardial performance; DT, deceleration

time; IVRT, isovolumic relaxation time; RA area, right atrial area; SR, strain rate.

RV diastolic pattern1, based on the E/A ratio, E/e′ ratio, and DT.

RV diastolic pattern2, added early diastolic strain rate, indexed right atrial area, RIMP, and IVRT.

In comparison with group 1, aP = 0.0001; bP = 0.001; cP < 0.007; dP < 0.03.

In comparison with group 2, eP = 0.0001; fP = 0.001; jP ≤ 0.03.

In comparison with group 4, gP = 0.0001; hP < 0.01; iP ≤ 0.04.

TABLE 3 | The relations between the relative factors and the decreased 6MWT distance during follow-up based on logistic regression models, including preoperative

pulmonary artery systolic pressure (PASP), mean pulmonary artery pressure (PAP), indexed right atrial area, early diastolic strain rate, right ventricular index of myocardial

performance, isovolumic relaxation time, tricuspid regurgitation (TR) degree, the follow-up PASP, and TR degree.

Variables Univariate logistic regression model Multivariate logistic regression model

B Ward Exp (B) P-Value B Ward Exp (B) P-Value

PASP (mm Hg) 0.004 0.04 1.004 0.841 −0.080 0.757 0.923 0.384

PAP (mean, mm Hg) 0.024 0.50 1.024 0.479 0.173 1.225 1.189 0.268

Indexed RA area (cm2/m2 ) 0.319 5.193 1.375 0.023 3.383 3.949 1.606 0.036

Early diastolic SR (s−1) 0.649 0.266 1.913 0.606 1.830 0.946 6.235 0.331

RIMP −1.156 0.474 0.315 0.491 −3.034 0.417 0.048 0.519

IVRT (ms) −0.219 0.456 0.993 0.50 0.004 0.026 1.004 0.872

TR degree 0.802 0.721 2.057 0.37 −0.932 0.382 0.394 0.537

TR degree (FU) 0.975 −0.997 0.369 0.324 3.891 1.105 0.323 0.293

PASP (FU, mm Hg) 0.003 0.003 1.003 0.957 −0.223 1.853 0.800 0.173

PASP, pulmonary artery systolic pressure; PAP (mean), pulmonary artery mean pressure; RA area, right atrial area; SR, strain rate; RIMP, right ventricular index of myocardial performance;

IVRT, isovolumic relaxation time; TR, tricuspid regurgitation; FU, follow up.
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RAP (>8mmHg) was approximately 90%. ACanadian study (14)
showed that increased indexed RA volume (>33 ml/m2) and RA
area (>20 cm2) could detect elevated RV end-diastolic pressure
with a sensitivity of 90% and a specificity of 80%. Our study
confirmed that indexed RA area >8.8 and >10 cm2/m2 were
helpful to identify stage 1 and stage 2 RV diastolic dysfunction.
Unlike the findings of previous studies, we measured the indexed
RA area, instead of the indexed RA volume, since the accuracy of
RA volume was limited. Until now, the three-dimensional echo
software, which is used to measure RA volume, is developed for
LV analysis.

The early rapid and active filling depends more on the
ventricular myocardial relaxation which could be assessed by SR
accurately (15–17). Okumura et al. (18) found that early diastolic
SR is significantly correlated with the time constant of RV
relaxationmeasured by cardiac catheterization. Early diastolic SR
was an independent predictor of RV relaxation time in children
with PAH without intracardiac shunts.

Thus, the indexed RA area and early diastolic SR could be
used to evaluate the stages of RV diastolic function, especially
when the E/A and E/e’ ratios could not be accurately obtained. To
enhance the accuracy and reliability of RV diastolic dysfunction
assessments, the new diagnostic model was tested based on at
least two abnormal results of the four novel parameters in this
study, including indexed RA area, early diastolic SR, RIMP,
and IVRT.

Predictive Value of the Indexed RA Area
Recent data suggested that decreased 6MWT was associated
with lower LV EF, LV diastolic dysfunction, and increased left
atrial dimensions (19, 20). Some researchers found that RA
size and function correlated well with the functional capacity
of the patients with known right heart involvement, such as in
idiopathic PAH or chronic obstructive pulmonary disease (21,
22). Nógrádi et al. investigated 80 patients with systemic sclerosis
and reported that RA stiffness (ratio of TV E/e’ to RA reservoir
strain) was an independent predictor of 6MWT distance (21).
Faludi et al. (22) reported that RV diastolic function and RV
filling pressure significantly correlated with 6MWT distance,
and the indexed RA area was an independent predictor of
6MWT distance in patients with chronic obstructive pulmonary
disease. Our study found that markedly increased preoperative
indexed RA area could predict decreased exercise performance
of patients with CTEPH after pulmonary endarterectomy.
One possible explanation for this phenomenon is that the
larger RA size and higher right heart filling pressure may
impair atrial function more seriously and require longer
recovery periods or indicate irreversible impairment. The
RA size could reflect ventricular relaxation state and predict
exercise performance.

Study Limitations
This is a single-center study, albeit prospective, with some
limitations. RV diastolic function is determined by multiple
factors at the cellular, myocardial, and heart chamber size levels.
Right heart filling pattern and filling pressures reflect the net

balance of many variables. It is difficult to capture all these
variables by either invasive or non-invasive techniques. We feel
that RV diastolic dysfunction could not be adequately assessed by
a single parameter. Some investigators suggested that a diastolic
RV pressure increase by>4mmHg or end-diastolic pressure>10
mmHg could define RV diastolic dysfunction, but we did not
measure pressure waveforms generated by the pulmonary artery
catheters or monitor pressure-volume loops by conductance
catheters in this study.

CONCLUSIONS

We found that RV diastolic dysfunction is a common feature
in patients with CTEPH. Measurements of early diastolic SR
and indexed RA area were very helpful in stratifying RV
diastolic dysfunction. RV diastolic dysfunction preceded RV
systolic dysfunction and might occur earlier before the RA or
ventricular filling pressure increase. An increased preoperative
indexed RA area might predict a decreased postoperative
exercise performance.
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