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ABSTRACT

Background and Objective: The most feared complication of uncorrected secundum Atrial Septal Defect (ASD)
is pulmonary arterial hypertension (PAH). Pulmonary vascular resistance (PVR) is crucial in detecting precapil-
lary pulmonary hypertension (PH) to guide the need for PAH-specific therapy. There is a change in the cut-off
value of PVR according to the recently updated PH guideline. How echocardiographic PVR (PVR.u,,) correlates
to PVR by right heart catheterization (RHC) (PVR_,u,) according to the new guidelines has not been known. The
aim of this study is to determine the reliability of PVR.q,, in detecting PAH in Uncorrected Ostium Secundum
ASD based on the current updated guideline and to help screen the high PVR group. Methods: 429 ostium secun-
dum ASD in the COngenital HeARt Disease in Adult and Pulmonary Hypertension (COHARD-PH) registry was
divided into three groups according to the PVR. PVR.,, was calculated using Abbas’ Formula and compared the
its gold standard, the PVR_,4,. The correlation between the two methods was analyzed. The Bland-Altman plot
was used to analyze the agreement between the two methods. Receiver operating characteristics (ROC) analysis
was used to determine the PVR.4,, cut-off value for high PVR. Results: The majority of the population (63.5%)
had high PVR. Female gender dominated the study population (84%). PVR..,, was significantly correlated with
PVR . (r = 0.6225, p < 0.0001). Bland-Altman plot among all groups and in subgroups analysis showed a wide
range of agreement. PVR..,, underestimated PVR .y, 5.124 WU. In subgroup analysis, PVR,,, overestimated
PVR i, 0.35 WU in those with PVR < 2 WU. In the second and third groups, PVR.,, underestimated PVR .,
0.52 and 10.77 WU, respectively. Conclusion: PVR.,, is reliable in predicting high PVR in uncorrected secun-
dum ASD. However, there is a wide range of agreement. PVR.,, cut-off value of >1.62 WU showed good dis-
criminatory power in determining high PVR.
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1 Introduction

Atrial Septal Defect (ASD) is the most common form of congenital heart disease (CHD) found in adults.
The slow progression of the disease is the unique characteristic of ASD so it remains undiagnosed until
young adulthood [1]. In the COngenital HeARt Disease in Adult and Pulmonary Hypertension
(COHARD-PH) registry, secundum ASD constitutes the majority population in this hospital-based
registry (73.4% of all population). The majority of patients (66.9%) in COHARD-PH suffered from
pulmonary arterial hypertension (PAH) [2]. PAH may commonly develop in uncorrected ASD due to
chronic volume overload to the pulmonary circulation. It can also cause pulmonary vascular remodeling
and lead to irreversible pulmonary vascular disease, the most feared complication of uncorrected left-to-
right shunt [3].

According to the European Society of Echocardiography (ESC) guideline on Pulmonary Hypertension
2015, pulmonary hypertension (PH) is diagnosed if the mean pulmonary arterial pressure (mPAP)
>25 mmHg at rest in right heart catheterization (RHC). Pulmonary artery hypertension (PAH) is
diagnosed if the pulmonary artery wedge pressure (PAWP) <15 mmHg and pulmonary vascular resistance
(PVR) >3 Woods Unit (WU) without other causes of precapillary PH [4]. In the recent ESC guideline on
PH, the lower limit of mPAP is lowered to >20 mmHg and PVR > 2 WU [5,6]. Echocardiography has
not been studied in predicting PH based on the new criteria of mPAP >20 mmHg instead of >25 mmHg
and PVR > 2 WU rather than >3 WU.

PVR is an important variable in the diagnosis of precapillary PH. PVR is significant in determining the
diagnosis, management, and prognosis of adult congenital heart disease (ACHD) patients. PVR is crucial in
the diagnosis of PH in the ACHD population, in order to differentiate group 2 PH associated with left heart
disease from other groups. RHC remains the gold standard in the calculation of PVR in ACHD [5,7].
Nevertheless, in developing countries, the availability of cardiac catheterization laboratories is limited.
Besides, echocardiography is widely available, easy to perform, and less costly. Doppler
echocardiography using Abbas’ Formula has been known to be strongly correlated with invasively
measured PVR. However, PVR using Abbas’ Formula has a mean difference of 2.07 WU and wide
standard deviation in ASD with PVR < 3 WU. The sensitivity and specificity of the Abbas method in
PVR > 3 WU are 100% and 31.5%, respectively [2,7,8].

PVR is an important parameter to obtain because it determines the need for PAH-specific drugs in ASD-
associated PAH. The American Society of Echocardiography (ASE) recommendation suggests the use of the
Abbas formula for assessing echocardiographic PVR. Non-invasive estimation of PVR should not be used to
replace invasively measured PVR [9]. However, not all centers have the invasive modality. In addition,
echocardiography is widely available and easier to perform in a bedside setting. We aimed to investigate
whether echocardiographic PVR could help screen patients with high PVR who need PAH-targeted
therapy in uncorrected secundum ASD.

Due to the new definition of PAH according to the 2022 ESC guideline on PH, we aimed to assess the
reliability of echocardiographic PVR to diagnose PAH based on the recent guideline in uncorrected ostium
secundum ASD and to help screen for the high PVR group.

2 Methods and Patients

2.1 Study Population

COHARD-PH registry is a prospective, single-center, observational study enrolling adult patients with
CHD and CHD-related PH at Dr. Sardjito Hospital in Jogjakarta, Indonesia. In this registry, patients who
were suspected of having CHD and CHD-related PH performed a variety of diagnostic procedures to
confirm their CHD and CHD-related PH. The subjects are recruited from outpatient clinics and inpatient
wards in sequence. Enrollment and monitoring have been conducted since July 2012 to the present. Since
July 2012, enrollment and follow-up have been conducted. This registry consisted of patients over 18 years
of age. Uncorrected ostium secundum ASD with complete echocardiographic and catheterization data were
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included. ASD other than ostium secundum were excluded. If another shunt lesion or obstructive lesion were
excluded. In this study, 429 ostium secundum ASD patients were included. The population was divided into
three groups, i.e., group 1 (PVR <2 WU), group 2 (PVR >2-3 WU), and group 3 (PVR >3 WU). This research
was approved by the ethical committee of the Faculty of Medicine, Public Health, and Nursing at Universitas
Gadjah Mada with Approval No. KE/FK/0275/EC on 20 February, 2023. Informed consents were obtained
from each patient before they were included in the registry.

2.2 Procedures

Along with a physical exam, an electrocardiogram (ECG), and a chest X-ray, patients also conducted an
interview. Patients suspected of having CHD underwent transthoracic echocardiography (TTE) as the main
diagnostic test. Based on the most recent recommendations, TTE assessed the probability of PH. In certain
cases, the agitated saline contrast echocardiography was carried out if the TTE study revealed any
uncertainties concerning septal abnormalities or shunts. Transoesophageal echocardiography, also known
as TOE, was carried out on patients whose ASD had been confirmed using TTE. The G.E. Vivid 7, G.E.
Vivid S6, G.E. T8, G.E. E95 (G.E. Healthcare, Pittsburgh, PA, USA), Philips HD 15, Philips Epiq 7, and
Philips Epiq CVx (Philips N.V., Amsterdam, Netherlands) were used for the TTE and TOE examination.
Cardiologists serving as consultants carried out the TTE and TOE examinations’ validation and
confirmation in this registry-specific center. Guidelines from the ASE and the European Association of
Echocardiography (EAE) were followed in the acquisition, validation, and confirmation of the images.
The interobserver variability coefficients of the cardiologist consultants were investigated, and the results
revealed >80% agreement. At the time of the initial visit, a two-dimensional echocardiogram and a
Doppler measurement were done. Using Abbas’ Formula, PVR by echocardiography was determined [10]:

PVR = 10 x 22 max 4 14
TVIrvor

After TTE and TOE confirmation of ASD and inclusion in the registry, all patients underwent RHC.
Cardiologist consultants carried out the RHC on unsedated patients following standard protocols. In
RHC, hemodynamics was calculated, PAH was identified, and the septal defect closure method was
decided based on the RHC result. The indirect Fick method was employed to determine the cardiac
output by hospital procedure. Using the equation: pulmonary blood flow (Qp)/systemic blood flow
(Qs) = (aorta saturation — mixed vein (MV) saturation)/pulmonal vein (PV) saturation-pulmonary artery
(PA) saturation, the flow ratio was obtained. A MV saturation was determined to be as follows:

(4 x SVC saturation) + IVC saturation
4

MV saturation =

The pulmonary vascular resistance index (PVRi) was determined using the following formula:
mPAP — mLAP

PVRi =
Op

B O, consumption (mL/min)

Op = : |
PV saturation — PA saturat
136 x 10 x Hemoglobin x ( V satura lonloo satura 10n>

PVRi
Body Surface Area

PVR =

2.3 Statistical Analysis
For statistical computation, MedCalc Version 20.014 was used. Patients with echocardiographically
measurable tricuspid regurgitation (TR) were analyzed statistically (patients without TR were excluded).
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Initially, the correlation between echocardiographic PVR and invasively measured PVR was evaluated using
Pearson’s correlation, with p < 0.05 indicating significance. Using the Bland-Altman test, the mean
difference + standard deviation (SD) between echocardiography and RHC was determined. We assessed
the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy
of echocardiographic PVR for diagnosing precapillary PH. The receiver operating characteristics (ROC)
curve and Youden index were utilized to establish the ideal new cut-off value of echocardiographic PVR
as a screening tool for high PVR (>2 WU) according to the latest guideline. Continuous data were
reported as either mean and standard deviation (SD) or median and interquartile range, depending on the
normality of the data distribution. The category data were reported as numerical values and percentages.

3 Results

3.1 Patients Characteristics

Between 2002 and 2022, 1272 ASD patients were included in the COHARD-PH registry. Of these
patients, 1,021 patients (80.27%) were diagnosed with secundum ASD. Of these patients, 681 patients
(66.70%) had complete RHC data, of whom 429 patients had echocardiographic PVR data (Fig. 1). The
age of the study population ranges from 17 years old to 69 years old. Females dominated the study
population (84.0%). Likewise, all the study groups were dominated by females. The median body mass
index (BMI) was 19.53 kg/m? (range from 11.72 to 37.11 kg/m?).

1272 Atrial Septal Defect
(ASD) Patients in
COHARD-PH Registry

251 Other than
L _________ > Secundum ASD

N

1021 Secundum ASD
Patients

340 Secundum ASD
_________ > Patients without RHC
\ 4
681 Secundum ASD
Patients with complete RHC
data

252 patients with
incomplete
echocardiography data

\ 4

429 Secundum ASD Patients
with complete
Echocardiography data

2 2 \2
157 patients Group 1 66 patients Group 2 206 patients Group 3
(PVR 1, <2 WU) (2 WU<PVR_,4,<3 WU) (PVR >3 WU)

Figure 1: Study population flow chart

Among all the study population, 157 patients (36.60%) had normal PVR. As many as 66 patients
(15.40%) were not diagnosed as PAH based on the former ESC PH guideline, but based on the recent
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ESC PH guideline, was moved to the high PVR group. The largest patient population (48%) had been already
diagnosed as PAH based on both the former and recent ESC PH guidelines. The patients who are now moved
to the PAH groups were slightly older than other groups (median age was 37 years old, youngest age was
18 years old, and oldest age was 66 years old). The BMI was slightly higher in the second group. The
majority of the population (63.40%) had high PVR based on the recent ESC PH guideline (Table 1).

Table 1: Baseline characteristics of the study population

All patients PVR <2 WU (Group 1) PVR>2-3 WU (Group2) PVR>3 WU (Group 3) p-value
n (%) 429 (100) 157 (36.6) 66 (15.4) 206 (48.0)
Age (years) 35 (17-69) 32 (17-69) 37 (18-66)* 36 (18-69)* 0.002*
Female (n, %) 345 (84.0) 121 (77.1) 49 (74.2) 175 (84.9) 0.067
Body mass index (BMI) 19.53 (11.72-37.11) 19.84 (14.67-31.25)*  20.9 (12.49-37.11) 18.74 (11.72-31.96)*  0.00001*
Echocardiographic data
TRV e (/) 3.49 (0.93-7.0) 2.90 +0.59™" 3.29 +0.82"1 4.44 +0.89™1 <0.001*
TRG (mmHg) 48.72 (3.46-196.0)  33.0 (3.46-95.26)"" 40.83 (14.0-111.0)"1 82.27 (10.89-196.0)"1  <0.000001*
PVRccho 2.09 (0.4-16.09) 1.42 (0.4-5.7)"" 1.75 (0.89-4.67)"" 4.16 (0.88-16.09)"7 <0.000001*
Right heart
catheterization
mPAP (mmHg) 33.0 (7.0-114.0) 23.0 (7.0-104.0) 28.0 (15.0-48.0) 52.0 (19.6-114.0) <0.000001*
PVR (WU) 2.84 (0.04-100.0) 1.29 (0.04-2.0) 2.5 (2.03-3.0) 10.94 (3.04-100.0) <0.000001*
Flow ratio 2.39 (0.45-70.5) 3.6 (1.13-70.0) 2.4 (0.65-6.77) 1.6 (0.45-6.9) <0.000001*

Note: TRV ,ax: peak velocity of tricuspid regurgitation; TRG: tricuspid regurgitation gradient; PVRc,o: echocardiographic pulmonary vascular
resistance; mPAP: mean pulmonary arterial pressure; PVR: pulmonary vascular resistance. Numbers with the same symbol (*,AY) indicate the
significance between the two calculation results on the same row.

3.2 PVR Estimated by Echocardiography and PVR by Right Heart Catheterization

In the correlation test, echocardiographic PVR (PVR,,,) Was significantly correlated with PVR by RHC
(PVR . (r=10.6225, p < 0.0001). Nevertheless, PVR.;,, underestimated PVR ., 5.124 WU. In sub-group
analysis, PVR,, overestimated PVR .4, 0.35 WU in those with PVR <2 WU (group 1). However, in group
2 and group 3, PVR,,, underestimated PVR_,¢, 0.52 and 10.77 WU, respectively (Figs. 2-5).
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Figure 2: Bland-Altman plot PVR estimated by echocardiography vs. PVR by RHC among all study
populations (Bias = 5.124, SD 10.59, lower limit of agreement —15.65, upper limit of agreement 25.897)
(p <0.0001)
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Figure 3: Bland-Altman plot PVR estimated by echocardiography vs. PVR by RHC in group 1 (Average
difference/Bias —0.35 WU, lower limit of agreement —1.73, upper limit of agreement 1.03, p < 0.0001)
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Figure 4: Bland-Altman plot PVR estimated by echocardiography vs. PVR by RHC in group 2 (Bias
0.52 WU, lower limit of agreement —1.14 WU, upper limit of agreement 2.18 WU (p < 0.0001))
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Figure 5: Bland-Altman Plot for PVR estimated by echocardiography vs. PVR by RHC in group 3 (Bias
10.77 WU (95% CI 8.97-12.57). Lower limit of agreement —14.94 WU, upper limit of agreement
36.48 WU, p < 0.0001)
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When a high PVR is defined as >2 WU, the sensitivity of PVR estimated by echocardiography slightly
increases (74.63% vs. 70.39%) compared to if a high PVR is defined as >3 WU. However, the sensitivity
decreases if the PVR cut-off is lowered to 2 WU (85.99% vs. 94.61%). PPV is comparable in both cut-off
values (90.22 vs. 92.36%). NPV is reduced than using the former cut-off PVR wvalue (66.18% vs.
77.57%), and so is the accuracy (78.79% vs. 82.98%).

ROC analysis of echocardiographic PVR showed an area under the curve (AUC) of 0.672 (p < 0.0001)
(Fig. 6). The optimal cut-off echocardiographic PVR to determine high PVR was >1.62 WU (95%
Confidence Interval (CI) >1.38 to >1.82), sensitivity 63.64%, and specificity 70.7%.
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Figure 6: ROC curve of PVR estimated by echocardiography to predict PAH

4 Discussion

PVR can serve as a dependable alternative for pulmonary vascular disease in individuals with CHD at a
specific stage. The key factors influencing vascular resistance are transitional and muscular arterioles, which
have smooth muscle cells in their walls and allow the vasoreactivity required to regulate pulmonary blood
flow. Ohm’s law is applied hydraulically to calculate the PVR [11].

mPAP — LAP _ PCWP
Op Op

Although PVR by RHC is the gold standard, PVR can be assessed noninvasively by Doppler
echocardiography. Invasive PVR is measured by Ap and Qp. In echocardiography, Ap is substituted by
tricuspid regurgitation velocity (TRV), whereas Qp is quantified using TVIryot As peak TRV increases,
systolic pulmonary arterial pressure (SPAP) increases. It is widely acknowledged that, in the absence of a
large pulmonary systolic gradient, the right ventricular (RV) systolic pressure measured from Doppler peak
TRV corresponded well with invasive pulmonary arterial systolic pressure (PASP). Furthermore, it was
previously understood that a non-invasive Doppler-derived metric that took into consideration the area of
the aortic valve and the velocity time integral (VTI) of the aortic root had a significant association with
cardiac output measured by catheterization [10,11]. Analysis of Qp is crucial for PVR estimation because
increased PVR and hyperkinetic PAH both have the potential to raise PASP. TVIgyor serves as a

PVR =
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replacement for Qp. A conformational shift in TVIgyor, Which causes mid-systolic notching and early
deceleration of pulmonary flow and results in a reduced right ventricular ejection time, reflects an increase
in PVR. TVIryor declines while PVR rises. In numerous research, TRV/TVIryor has been verified as an
estimation of PVR ., [12]. However, Doppler echocardiography as a non-invasive measurement has
drawbacks due to the limitation of acoustic windows especially in evaluating pulmonary circulation, and is
operator-dependent [11].

According to the underlying lesion, a variety of processes contribute to the gradual vascular remodeling
that causes PAH in CHD. A common cause of this is a significant left-to-right shunt defect in CHD, resulting
in elevated shear stress, endothelial dysfunction, proliferation, and gradual alteration of the pulmonary
vessels, all contributing to the onset of PAH [13].

Pulmonary vascular disease is the most unwanted complication in ASD and other shunt lesions. Our
study reported a surprisingly higher percentage. The bulk of patients belong to the high PVR group in
our study (63.4%). A systematic review conducted in 2018 reported the prevalence of PAH before ASD
closure varies from approximately 30%—70% [14]. PAH CHD associated with left-to-right shunt exhibits
significant variation in outcome, depending on the severity and reversibility of vascular remodeling [15].
Although there seem to be more factors, the hemodynamic impact of increased pulmonary blood flow is
the most widely known predisposing factor for developing PAH in ASD. Large ASD patients may
experience long lifespans free of PAH. In middle age, some people experience arrhythmias or right heart
failure without any indication of PAH. On the other hand, a tiny percentage of individuals with mild to
moderate ASD, sometimes at a young age and without obvious risk factors, present with PAH. When and
why specific patients gain PAH in ASD remains unanswered, despite findings indicating a potential
genetic susceptibility [16].

In our study, PVR.., Was significantly correlated with PVR,4. However, there is a wide limit of
agreement between both methods. Using the new high PVR definition, the sensitivity of PVR.y,, slightly
increases, but the sensitivity, NPV, and accuracy decrease. Abbas et al.’s simplified technique showed
reduced accuracy while analyzing different causes of PH in a study [10]. PVR should be evaluated based
on cardiac output, pulmonary artery mean pressure (PAMP), and pulmonary capillary wedge pressure
(PCWP) instead of using Abbas’s formula. By substituting the ratio of the RVOT VTI to the peak
velocity of TR for PA pressure and cardiac output. This method disregards the filling pressure on either
the right or left heart [11,17,18]. Doppler method has inherent limitations linked to the echocardiography
window and correct ultrasound beam alignment. For accurate measurement of TVIryor, the ultrasonic
beam must be properly aligned. Accurate TVIryor measurements in patients with PH can occasionally be
challenging due to anatomical differences in the right heart components, which carries a risk of
introducing large inaccuracies in RV stroke volume estimation [18]. Furthermore, as the RHC and
echocardiography measurements were not carried out at the same time, the results may be compromised
by the inaccuracy of the separate hemodynamic measurements.

In low PVR situations, many studies found a strong association between Doppler-derived measures and
invasive PVR. There is no concrete proof of the use of these Doppler surrogates in high PVR situations,
despite the ROC curves showing good cut-off values for PVR. Abbas et al. demonstrated that 44 patients
with high PVR, who had a pulmonary catheter in place, had a good correlation between their TRV/
TVIrvor ratio and postulated that these patients had higher TRV correlations when squared [10]. Abbas
et al. concluded from their study that squaring the TRV in line with Bernoulli’s principle would lead to a
robust correlation. However, only the ratio of the TRV and TVIgryor is used in the non-invasive
calculation of PVR [19]. As PVR rises, the TRV rises and TVIryor falls, while still preserving the linear
correlation with PVR [12]. Most of the studies showed a good correlation between both methods. A
study by Bech-Hensen et al. showed that PVR calculated using Abbas’ Formula showed a larger limit of
agreement compared with PVRp,,er Which was calculated using the stroke volume formula [17]. Studies
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that compare PVR ., and PVR s showed varying results. However, previous studies used diverse
populations, and there have been no studies examining the population of uncorrected secundum ASD.

Due to its wide limit of agreement, PVR,;,, cannot accurately calculate PVR values but can classify
ASD patients into high PVR groups (>2 WU). Therefore, we proposed a new PVR.p,, cut-off value that
could identify patients in the high PVR group. We proposed a cut-off value of PVR,,, to determine high
PVR. The cut-off value of PVR,, for high PVR is 1.62 WU, with a good discriminatory power. Given
this finding, we hope that this new cut-off value can guide clinicians in starting anti-PAH therapy in ASD
patients even though no catheterization has been performed. PAH-specific therapy could improve the
hemodynamics and quality of life [15].

5 Conclusions

We conclude that PVR.,, is reliable in predicting high PVR in uncorrected secundum ASD. PVR
measured by echocardiography according to Abbas’ Formula had a significant correlation with its gold
standard. However, there is a wide range of agreement between the two methods. We suggested using an
PVR o cut-off value of 1.62 WU to identify individuals in the high PVR group.
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