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Abstract

This study validated a novel virtual echocardiography screening tool (VEST), which utilized routinely reported echocardiography
parameters to predict hemodynamic profiles in pulmonary hypertension (PH) and identify PH due to pulmonary vascular disease
(PHpyp). Direct echocardiography imaging review has been shown to predict hemodynamic profiles in PH; however, routine use
often overemphasizes Doppler-estimated pulmonary artery systolic pressure (PASPpg), which lacks discriminatory power among
hemodynamically varied PH subgroups. In patients with PH of varying subtypes at a tertiary referral center, reported echocar-
diographic findings needed for VEST, including left atrial size, E:e’ and systolic interventricular septal flattening, were obtained.
Receiver operating characteristic analyses assessed the predictive performance of VEST vs. PASPp¢ in identifying PHpyp, which was
later confirmed by right heart catheterization. VEST demonstrated far superior discriminatory power than PASPpE in identifying
PHpyp. A positive score was 80.0% sensitive and 75.6% specific for PHpyp with an area under the curve of 0.81. PASP¢ exhibited
poorer discriminatory power with an area under the curve of 0.56. VEST’s strong discriminatory ability remained unchanged when
validated in a second cohort from another tertiary center. We demonstrated that this novel VEST using three routine parameters
that can be easily extracted from standard echocardiographic reports can successfully capture PH patients with a high likelihood of
PHpyp. During the Covid-19 pandemic, when right heart catheterization and timely access to experts at accredited PH centers may
have limited widespread availability, this may assist physicians to rapidly and remotely evaluate PH patients to ensure timely and
appropriate care.
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Pulmonary hypertension (PH) is broadly defined as an
abnormal elevation in mean pulmonary artery pressures
(mPAP) which can result from several distinct disease pro-

cesses.! By far, the most common type of PH is World
Health Organization (WHO) group II or PH caused by
left heart disease (PHpyp).>* In contrast to PHyyp, PH
due to pulmonary vascular disease (PHpyp; defined as the
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presence of PH with pulmonary capillary wedge pressure
(PCWP) <15mmHg and pulmonary vascular resistance
(PVR) >3 Wood Units (WU), which encompasses WHO
group I or pulmonary arterial hypertension (PAH), is asso-
ciated with poor survival rates and must be promptly diag-
nosed and treated with PH-specific medications.!*> These
poor survival rates in PAH are known to be associated with
right ventricular (RV) dilatation and dysfunction.®® The
gold standard to diagnose PH is right heart catheterization
(RHC) which allows for hemodynamic “phenotyping” of
the different PH subgroups, a critical first step in evaluation
of a patient with newly suspected PH.?

The coronavirus disease-19 or Covid-19 is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and was first reported in Wuhan, China in
December 2019.° By March 2020, Covid-19 had evolved
into a global pandemic with drastic implications on health
care systems.'® Evidence soon emerged that patients with
cardiovascular disease, including those with RV dilatation
during hospitalization, were at heightened risk of Covid-19
with poorer outcomes.'' ! This ultimately led to a shift in
clinical practice where only patients deemed to be in urgent
need of hospitalization or clinical assessment were to be
evaluated in person, leaving other patients to be managed
virtually and remotely. Specifically, cardiac catheterization
for patients not experiencing ST-elevation myocardial
infarction have been discouraged, without specific guidelines
regarding utility of RHC.'* When taken together with the
limited numbers of expert accredited PH referral centers,
widespread evaluation of newly suspected PH by RHC,
the historically described diagnostic gold standard is signifi-
cantly less readily available during the pandemic. This has
serious implications in the PAH population where delays in
accurate diagnosis and subsequent initiation of PH-specific
therapies pose a significant risk on morbidity and
mortality."

Echocardiography has traditionally been used as the ini-
tial diagnostic test to recognize and predict the presence of
PH, initially based on Doppler estimated pulmonary artery
systolic pressure (PASPpE). Neither the presence of elevated
PASPpg, nor its magnitude of abnormality, however, can
reliably predict hemodynamic profiles in isolation, despite
the common temptation for this application in clinical prac-
tice. The 2015 European guidelines have suggested add-
itional echocardiographic parameters to aid in assessing
the probability of PH, including RV size, eccentricity
index, PA size, right atrial size, acceleration time (AccT)
or profile notching of the right ventricular outflow tract
(RVOT). Applicability of these guidelines rely on expert
echocardiographic assessment of direct imaging, and do
not support making a distinction between PHpyp and
PHyup. The use of echocardiography to predict hemo-
dynamic profiles in PH has otherwise been previously
described.*®'*2> While RHC remains the gold standard
for diagnosis of PH, we demonstrated previously that a
scoring system based on left atrial (LA) size, transmitral

and tissue Doppler E:¢’ ratio, and the presence of at least
one of two abnormal measurements (AccT or profile notch-
ing) from the pulsed wave (PW) Doppler of the RVOT had
an area under the curve (AUC) of 0.904 for prediction of
PHpyp.>? In the same study, PASPpg, which is often used to
screen for the presence of PH, had a much smaller AUC
equal to 0.689. However, the score’s reliance on access to
direct review of imaging data, less commonly performed
Doppler interrogation of the RVOT, and expertise in
echocardiography pose significant limitations to its
widespread use.

In the current study, we propose that a new virtual echo-
cardiography screening tool (VEST), using only variables
available on a routine echocardiogram report, can be used
to distinguish between PHyyp and PHpyp. This approach
allows the clinician without expertise on echocardiographic
interpretation or access to the primary images to gain rapid,
noninvasive insight into the hemodynamic origin of PH.
This tool will be of incremental value in the Covid-19 era,
when patient access to travel to accredited PH specialty cen-
ters and RHC are limited, and the need to use telemedicine
as a platform for timely and appropriate medical care for
PH is paramount.

Methods
Study design

The study is a retrospective review of patients with PH who
underwent RHC by the PH program at two tertiary referral
centers. In the original cohort, data were collected on con-
secutive patients with PH who underwent RHC at a single
center between January 2012 and December 2013 (Fig. 1). In
cases where a patient had multiple RHCs within one year,
the first RHC in which all study inclusion criteria were met
was included. Patients were excluded if they did not undergo
a transthoracic echocardiogram (TTE) within one year of
RHC, underwent changes in PH-specific therapies, received
diuretics or hemodialysis between RHC and TTE, under-
went heart transplantation, or had congenital heart disease
(Fig. 1). In cases where a patient had multiple TTEs within
one year of the index RHC, the TTE closest to the time of
RHC in which all inclusion criteria were met was selected.
A total of 154 patients met inclusion criteria. Of these, 96
had data for all variables included in the screening tool,
described in detail below.

In the validation cohort, data were collected from 30
patients with incident PH diagnosed between June 2013
and June 2014. Similar to the original cohort, the validation
cohort consisted of different PH physiologies: PHpyp
(n=10) and non-PHpyp (n=20). The study was approved
by the Institutional Review Boards (IRB) at the Hospital of
the University of Pennsylvania and at Temple University
School of Medicine. IRB approved the request to waive
informed consent at both institutions based on the retro-
spective nature of the study.
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Fig. |. Enrollment criteria. One hundred seventy-nine subjects with
pulmonary hypertension underwent right heart catheterization in
pulmonary hypertension clinic between January 2012 and December
2013. One hundred fifty-four subjects were eligible for study inclusion.
Of these, 96 had full echocardiographic parameters included in the
virtual echocardiography screening tool. TTE: transthoracic echocar-
diogram; RHC: right heart catheterization.

Patient variables

Information was collected on patient demographics, comor-
bidities, and medications at the time of RHC and TTE by
two authors (JRG, FR) (Table 1; Supplemental Table 1).
Quantitative and qualitative data were abstracted from the
TTE and RHC reports by the same authors without review
of the primary images or hemodynamic tracings. WHO
group classification was assigned according to standard clin-
ical definitions at the time of the clinical encounter by the
treating physician and abstracted on chart review.'=*?>

The virtual echocardiography screening tool

As noted above, our previously published echocardio-
graphic prediction rule incorporated the echocardiographic
parameters E:e’ at the lateral mitral annulus, LA anterior-
posterior dimension, and the presence of RVOT PW
Doppler mid-systolic notching or AccT <80ms.”® To
make VEST more accessible to all providers, reported quali-
tative LA size determination was included rather than the
quantitative numerical measurement. Similarly, RVOT PW
Doppler notch and AccT were replaced with the presence of
systolic flattening (SF) of the interventricular septum (IVS),
which is highly suggestive of afterload-dependent RV dys-
function (classically described as ““‘consistent with RV pres-
sure overload”).>* Derived scores range from —3 to +3 with

higher scores suggesting a higher probability of PHpyp.
Subjects received +1 point based on LA size, reported E:e’
value at the lateral mitral annulus, and for the presence or
absence of SF of the IVS (Table 2). In 12 cases in the ori-
ginal cohort, there was no recorded measurement of E:e’ at
the lateral mitral annulus though elevated filling pressures
were qualitatively described on the TTE report. In these
cases, subjects received —1 point. Subjects without all
three variables (n=58) reported were excluded from the
analysis (Fig. 1). Of the 58 patients who did not have all
variables required for the screening tool, 57 of them had no
transmitral E:e” at the lateral mitral annulus, and one had
no assessment of LA size. There was no difference in base-
line comorbidities among these patients, particularly with
regard to lung disease such as chronic obstructive pulmon-
ary disease or interstitial lung disease, as an explanation for
the lack of echocardiographic acquisition of these imaging
variables.

Simplified versions of VEST were also analyzed, includ-
ing replacing E:e’ with E-velocity alone to include a greater
sample size, and including only patients with RHC and TTE
performed within a 30-day interval. Scoring was performed
by two authors (JRG, FR) using echocardiogram reports
generated by providers without knowledge of the patients’
clinical characteristics or hemodynamic measurements.

Analysis

The primary outcome was the ability of VEST to predict the
presence or absence of PHpyp as defined by a
mPAP >25mmHg, PCWP < 15mmHg, and PVR >3 WU.
Categorical data are expressed as the number of patients
(%) and continuous variables as mean + standard deviation
or median (interquartile range; IQR) as appropriate.
Unpaired T-test and Wilcoxon rank-sum were used to com-
pare means for normally and non-normally distributed con-
tinuous variables, respectively, whereas chi-squared or
Fisher exact test were used to compare proportions for cat-
egorical variables. An ANOVA and Kruskal-Wallis test
were used to compare the differences among group means
for normally and non-normally distributed variables,
respectively. Optimal cutoffs for continuous variables were
estimated from receiver operating characteristic (ROC)
curves. Analyses were performed using Stata v13.1
(StataCorp LP, College Station, TX).

Results
Patient characteristics

Demographic, clinical, and hemodynamic data for patients
in the original cohort are listed in Table 1. Average age was
62.4+12.9 years and 68.8% were female. The median inter-
val between RHC and TTE was 27.5 days (IQR 8.5 to 67.5).
Patients with PHpyp had, on average, a higher mPAP,
transpulmonary gradient (TPG), and PVR but lower right
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Table |. Descriptive statistics and hemodynamics of the original cohort.
Overall No PHpyvp PHpvp p value

N 96 41 55

Age (years) 6241129 64.3+12.0 61.0+13.4 0.21

Male sex 30 (31.3%) 16 (39.0%) 14 (25.5%) 0.16

Comorbidities
Hypertension 3 (55.2%) 26 (63.4%) 27 (49.1%) 0.16
Hyperlipidemia 2 (33.3%) 18 (43.9%) 14 (25.5%) 0.06
Coronary artery disease® 3 (24.0%) 15 (36.6%) 8 (14.5%) 0.01
Atrial fibrillation/flutter® 25 (26 0%) 16 (39.0%) 9 (16.4%) 0.0l
Scleroderma or mixed connective tissue disease 7 (17.7%) 5 (12.2%) 12 (21.8%) 0.29
Pulmonary embolism 8 (8.3%) 2 (4.9%) 6 (10.9%) 0.46
Chronic obstructive lung disease 25 (26.0%) 13 (31.7%) 12 (21.8%) 0.28
Obstructive sleep apnea 24 (25.0%) 14 (34.1%) 10 (18.2%) 0.07
Interstitial lung disease® 23 (24.0%) 5 (12.2%) 18 (32.7%) 0.03
Asthma 3 (3.1%) | (2.4%) 2 (3.6%) 1.00
Chronic kidney disease® 25 (26.0%) 16 (39.0%) 9 (16.4%) 0.01
Cirrhosis 10 (10.4%) 6 (14.6%) 4 (7.3%) 0.32
Diabetes mellitus® 26 (27.1%) 19 (46.3%) 7 (12.7%) <0.001

Hemodynamics
Heart rate, bpm® 77 (67-88) 76.5 (67.5-88) 77 (67-90) 0.83
Systolic blood pressure, mmHg® 133.8+19.8 136.1 =20.7 132.0+ 19.1 0.33
RAP, mmHg* 104+£59 125+6.3 88+5.0 0.002
mPAP, mmHg® 414+125 382+£136 438+t 11.1 0.03
PCWP, mmHg* 143+6.3 188+6.5 10.9+3.3 <0.001
TPG, mmHg 27.1 £ 125 19.4+10.7 3294106 <0.001
PVR, WU? 5.6+38 3.7+32 7.1+36 <0.001
Cardiac index, L/min/m? ® 2.9 (24-3.6) 3.1 (2.5-3.9) 2.7 (2.3-3.3) 0.059

PH: pulmonary hypertension; PVD: pulmonary vascular disease; bpm: beats per minute; RAP: right atrial pressure; mPAP: mean pulmonary artery pressure; PCWP:
pulmonary capillary wedge pressure; PVR: pulmonary vascular resistance; TPG: transpulmonary gradient; WU: Wood units.

Descriptive statistics and hemodynamics presented by the presence or absence of PHpyp. Continuous data presented as mean = standard deviation or median with
interquartile range for normally and non-normally distributed variables, respectively. Categorical data presented as n (%).

’Denotes statistical significance.
®Values not available for all subjects.

Table 2. Virtual echocardiography screening tool (VEST).

Echocardiographic parameter Yes No
Mitral E:e’, lateral <10? +1 —1
Qualitative left atrial size normal or mildly enlarged +1 —1
Systolic interventricular septal flattening +1 —I

Subjects received either +1 or — | point for the presence or absence of each of
three echocardiographic parameters. Scores range from —3 to +3.
*Individuals with a qualitative description of elevated left-sided filling pres-
sures without a quantitative measurement of mitral E:e’ lateral received —I
point (n = 12).

atrial pressure (RAP), PCWP, and cardiac index. PH was
classified as WHO group I in 42 (43.8%), 11 in 32 (33.3%),
III in 12 (12.5%), IV in 6 (6.3%), and V in 4 (4.2%) of
the cases.

Prediction of PHpyp by VEST versus by
Doppler-estimated PASP

Estimated PASPpE as a continuous variable displayed poor
discriminatory power (AUC=0.56) in the prediction of
PHpvp (Fig. 2). In fact, 16 of 96 individuals had a reported
PASPpg <40mmHg of which 11 had PHpyp (Fig. 3). In
these 16 subjects, the average PASP by RHC was
58 mmHg. A VEST score greater than 0, in contrast, was
80.0% sensitive and 75.6% specific for the presence of
PHpyp (AUC=0.81; Fig. 2). A VEST score of +3 was
92.7% specific for the presence of PHpyp with a positive
predictive value (PPV) of 88.0%. PCWP decreased signifi-

cantly with increasing VEST score (-3, —1, +I1, +3;
204+48, 159+6.6, 12.6+5.7, 11.24+3.6mmHg;
p<0.0001) while PVR (4.1+2.6, 39428, 5.1+2.6,

9.1+£4.3 WU; p <0.0001) and TPG (20.3+8.2, 19.8+9.5,
28.2+12.6, 37.9+£9.6mmHg; p<0.0001) increased
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Fig. 2. Performance of the virtual echocardiography screening tool for prediction of PHpyp in the original and validation cohorts. Estimated PASP
(2) was inferior to the virtual echocardiography screening tool (VEST) (b) for prediction of PHpyp in the original cohort. VEST was 80.0% sensitive
and 75.6% specific for PHpyp with an AUC of 0.81. This significantly improved prediction of PHpyp when compared to PASPpg which had an AUC
of only 0.56. Estimated PASP (c) was inferior to VEST (d) for prediction of PHpyp in the validation cohort. VEST was 100.0% sensitive and 75.0%
specific for PHpyp with an AUC of 0.94. This significantly improved prediction of PHpyp When compared to PASPpg which had an AUC of only
0.61. PH: pulmonary hypertension; PVD: pulmonary vascular disease; PASP: pulmonary artery systolic pressure; AUC: area under the curve
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Fig. 4. Box plots of hemodynamics by the virtual echocardiography screening tool versus estimated PASP. Pulmonary capillary wedge pressure
(PCWP) (a); transpulmonary gradient (TPG) (b); pulmonary vascular resistance (PVR) (c); estimated pulmonary artery systolic pressure (PASP) by

echocardiography (d). Line through the box plot denotes the median.

significantly with increasing VEST score (Fig. 4). There was
no clear trend in the PASPpg by VEST score.

VEST and WHO group classification

A positive VEST was 83.7% sensitive and 66.0% specific for
WHO Group I PH (AUC=0.83). The distribution of
patients with WHO Group I PH versus WHO Group II
PH using both the VEST and PASPpg was compared
(Fig. 3). PASPpE poorly differentiated between the two cate-
gories as demonstrated by an AUC equal to 0.61. In fact,
five individuals with a PASPpr <40mmHg had WHO
group I PH. Four of these five individuals had a positive
VEST.

Simplified versions of the VEST

E-velocity. Noninvasive assessment of left-sided filling pres-
sures is challenging in the setting of arrhythmias and
requires tissue Doppler imaging to calculate the gold stand-
ard E:¢’.?® In order to increase the applicability of our pre-
diction tool, we used a simplified VEST in which E:e’ was
replaced with E-velocity alone, allowing for inclusion of
119/154 (77.3%) eligible subjects that did not have ¢’

reported. In this simplified VEST, those with an E-velocity
<90 cm/s received +1 point. The simplified score had similar
test characteristics to the original VEST (AUC=0.81;
Fig. 5). A positive simplified VEST was 81.4% sensitive
and 69.4% specific for PHpyp. As with the original VEST,
this simplification also significantly improved discrimination
of PHpyp when compared to the PASPpg (AUC =0.56).

Delay between TTE and RHC. The VEST has similar test
characteristics when applied only to the subset of subjects
whose TTE and RHC were performed within 30 days of one
another (n=52; AUC=0.84; Fig. 5). A positive score was
82.1% sensitive and 75.0% specific for PHpyp. These find-
ings were very similar when applied only to the subjects
whose TTE and RHC were separated by >30 days (n =44,
AUC =0.80).

“Misclassified” subjects

There were 10 subjects in the original cohort with a positive
VEST who did not meet hemodynamic criteria for PHpyp,
The majority (n=8) had a score of +1. These subjects had
mixed physiology PH, defined as a PVR>3 WU and a
PCWP > 15mmHg (mean PVR=43+45 WU and
PCWP =15.2+8.4mmHg). Three had a markedly elevated
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Fig. 5. Performance of simplified virtual echocardiography screening tools. PASPpg (a) was inferior to multiple simplifications of the virtual
echocardiography screening tool. This included scores in which E-velocity was used instead of the mitral E:e’ lateral (n=119) (b) and in which
only individuals with a TTE and RHC within 30 days were included (n=52) (c). PASP: pulmonary artery systolic pressure; RHC: right heart

catheterization; TTE: transthoracic echocardiogram.

PVR of >7 WU, but did not meet criteria for PHpyp due to
a mild elevation in their mean PCWP (17.6 mmHg). There
were 11 subjects in the original cohort with a negative VEST
who met hemodynamic criteria for PHpyp, The majority
(n=28) had a VEST score of —1, with PVR ranging from
3.41t04.7WU. The average PVR in the 11 subjects was only
5.14+2.2 WU with a PCWP of 11.5+3.6mmHg. Notably,
those with VEST scores of —3 or +3 had more distinctive
hemodynamic separation between pre-capillary and post-
capillary mechanisms. A VEST score of +3, for example,
was 92.7% specific for the presence of PHpyp with a PPV of
88.0%. In contrast, a VEST score of —3 had a negative
predictive value of 82.4%.

Validation of the VEST

Demographic, clinical, and hemodynamic data for patients
in the validation cohort are listed in Supplemental Table 1.
The median interval between RHC and TTE was 12.0 days
(IQR 6-12). Similar to the original cohort, patients with
PHpyp had a higher mPAP, TPG, and PVR but lower
RAP, PCWP, and cardiac index. A VEST score greater
than 0 was 100.0% sensitive and 75.0% specific for the pres-
ence of PHpyp (AUC=0.94; Fig. 2). A score of +3 was

90.0% specific for the presence of PHpyp. In contrast,
PASPpg  displayed  poor  discriminatory  power
(AUC=0.61). Five patients without PHpyp had positive
VEST. All of these patients had mixed physiology PH
with an average PVR of 8.4+3.9 WU.

Discussion

Herein we present a VEST that differentiates the hemo-
dynamic basis of PH in a diverse referral cohort with
much greater reliability than PASPpg. The distinction of
pre- and post-capillary PH is critical in both diagnostic
and therapeutic approaches. Unlike previous prediction
rules for PH, our VEST was derived from information
within the standard clinical echocardiography report and
does not require direct analysis of echo-Doppler images.
Thus, the VEST can also be applied by providers without
access to or formal training in echocardiography, lending to
its practical and timely widespread utility, particularly in the
pandemic era of Covid-19.

This is the first study to describe a novel screening tool
that captures patients with a high likelihood of PHpyp using
findings on a standard echocardiogram report. Similarly,
this approach identified patients with PH purely and largely
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related to passive left heart congestion in the relative
absence of pulmonary vascular disease. By differentiating
these two disparate patient phenotypes, additional PH
workup and invasive hemodynamic assessment may be
applied more precisely to the patients with PHpyp, while
those with PH; yp may be considered to prioritize targeted
treatment towards alleviating left heart disease as an initial
strategy before additional invasive testing. We propose that
implementation of the VEST can be conducted by phys-
icians remotely and will allow for continued evaluation,
minimizing delay, of patients with newly suspected PH
during the Covid-19 era when extensive and invasive diag-
nostic testing such as RHC is less readily available.

An abnormal elevation in echo-derived PASP is often the
primary clue used to determine the presence of PH on a
standard echocardiogram report. However, it performed
only slightly better than a coin flip in predicting which
patients had PHy yp versus PHpyp (AUC =0.56 in the ori-
ginal cohort and AUC=0.61 in the validation cohort). In
contrast, the VEST described in the present study demon-
strated far superior discriminatory power with an AUC
equal to 0.81 in the original cohort (Fig. 2).
Approximately 57% of the original cohort had PHpyp
while the remainder had non-PHpyp due to various etiolo-
gies, demonstrating the rigor of the screening tool when
applied in a diverse population of PH patients (Table 1).
In fact, we observed an increased AUC equal to 0.94
when the screening tool was performed in a second cohort
of PH patients from a different institution.

We observed a considerable increase in score sensitivity
for PHpyp when a patient had a score of +3 compared to
+1 (92.7% compared to 75.6%, respectively). In other
words, patients who receive scores of +3 are highly likely
to have hemodynamic profiles consistent with PHpyp and
should urgently be referred to a PH specialty center. In con-
trast, VEST also accurately identified patients with PHy yp
with a score of —3. Opotowsky et al. observed a similar
increase in hemodynamic discrimination at the extremes of
a prior echocardiographic score that depended on direct
analysis of RVOT Doppler profiles and imaging review.?
Taken together, patients with a VEST score of —3 or +3 had
more distinctive hemodynamic separation between pre-
capillary and post-capillary mechanisms, allowing for earlier
identification of the more severe PH phenotype as well as
providing the necessary insight to triage consideration for
RHC based on clinical response to initial treatment target-
ing left heart disease.

VEST outperformed PASPpg in prediction of patients
with PHpyp confirmed by RHC. However, VEST tended
to misclassify patients who had mixed physiology PH and
therefore, scores of —1 or +1 should be interpreted with
caution. By design of the VEST, patients with features of
both subgroups will have absolute scores with smaller mag-
nitudes due to a ‘“‘cancelling out” effect. These patients,
depending on the degree of cardiopulmonary clinical stabil-
ity, may be triaged accordingly to RHC for definitive

hemodynamic assessment. Upon closer examination of
eight patients in the original cohort assigned a score of —1
but were found to have PHpyp by RHC, the hemodynamic
profiles were suggestive of milder disease with a mean RAP
and cardiac index of 5mmHg and 3.4 L/min/m?, respect-
ively. With a relatively compensated right heart, which
may be supported by RV function description on the echo-
cardiogram report, a later triage of referral of these patients
may be appropriate, with close ongoing clinical follow-up.

As part of a secondary analysis, we replaced E:e’” at the
lateral mitral annulus with E-velocity which increased the
number of eligible patients in the original cohort from 96
(62.3%) to 119 (77.3%). Although E-velocity may also be
influenced by factors other than LV diastolic function and
left heart filling pressures, the simplified VEST shared simi-
lar test characteristics to that of the original VEST (AUC =
0.81).%° We also hypothesized that in a subset of patients
where the time elapsed between echocardiogram and RHC
was less than 30 days, the predictive performance of the
VEST would be enhanced. However, the AUC for this
subset of patients was equal to 0.84, similar to that of the
original cohort, indicating that temporal proximity between
echocardiogram and RHC is not necessary to maintain the
utility of the VEST, excluding those with significant interim
medical interventions as described previously. This observa-
tion is consistent with prior work showing that the hemo-
dynamic basis of PH in an individual patient does not
change significantly within the typical time frame of clinical
assessment.””>* The durability of our approach lends to its
practical applicability, given time delays are typical between
noninvasive and invasive assessment before or after the
Covid-19 era.

It was striking to note that in the original cohort 11 of the
16 subjects with a reported PASPpr <40mmHg had
PHpyp, with an average PASP by catheterization of
61 mmHg. Using the VEST, 9 of 11 false negative patients
(by PASPpE) would have been identified correctly. In keep-
ing with the hemodynamic data, ROC analysis demon-
strated that the VEST was far superior to PASPpg in
identifying WHO Group I PAH. Moreover, four of five
PAH subjects with reported ‘normal’ PASPpg values had
a score consistent with PHpyp. In the context of a progres-
sive disease such as PAH, the lack of sensitivity observed
with PASPpg is particularly worrisome. Indeed, delayed
diagnosis of PAH risks postponement of PH-specific thera-
pies and thus may negatively impact survival.>” The impli-
cations of false negative PAH diagnoses may be further
amplified in the Covid-19 era. Taken together, these data
indicate that the VEST was far more sensitive for detecting
serious, potentially life-threatening forms of PH than
PASPpg alone. This is the first study to our knowledge
that demonstrates that selected information taken from
the echocardiography report was superior to directly mea-
sured PASPpE in differentiating the pathophysiology of PH.

We offer our findings in the spirit of contribution to the
already complex clinical realm of PH, only further
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complicated in the Covid-19 era. Our data are in line with a
growing body of literature that integration of selected, often
easily obtainable echocardiographic variables can provide
powerful insight into the hemodynamic basis of
PH.®?%2223 Qur data extend these observations further,
given that the VEST utilizes routinely reported echocardio-
graphic variables, thus obviating the need for direct image
analysis or echocardiographic expertise to apply. As such,
VEST enhances the prompt diagnostic abilities of physicians
engaged in the growing paradigm of telemedicine and virtual
patient assessment in the Covid-19 era.

We recognize that our study has some limitations that
must be considered. The patients who contributed to the
study were treated at two tertiary referral centers which
potentially limit the generalizability of our findings.
However, we demonstrated that within PH, there was a
diversity of subgroups represented. Further, the VEST
uses simple echocardiographic measurements that are con-
sistent with the American Society of Echocardiography
guidelines and should therefore be applicable across all insti-
tutions, regardless of PH expertise or academic environ-
ment.”***? One advantage of using a small number of
centers is the increased likelihood of uniform data abstrac-
tion which may increase the reliability of our findings.

We acknowledge that we did not include significant left
heart valvular disease as an additional parameter for
inclusion in this VEST, despite the prevalence and signifi-
cance of these patients. Our intention was to provide a
simple tool with high performance characteristics to aid in
the diagnosis of dyspnea as it relates to PH, using as few
variables as possible to maximize ease of utility for the
user. Patients with moderate—severe left heart valvular dis-
ease pose less of a diagnostic conundrum regarding cause
of dyspnea and appropriate next steps for evaluation and
management, and are therefore less dependent on add-
itional application of this VEST for diagnostic clarity.
By including LA size and E/e’, we feel we maintained
the simplicity of the VEST while also simultaneously cap-
turing patients with PH on the basis of significant left
sided valvular disease. We also acknowledge our study’s
relatively small sample size. However, the original cohort
captured all patients who met eligibility criteria and
underwent RHC from a tertiary referral center in a con-
secutive two-year period. Even when we increased our
sample size by 24% in our secondary analysis by repla-
cing E:e’ with E-velocity, the simplified VEST’s predictive
performance remained relatively unchanged. We note that
the ROC performance metrics were increased in the val-
idation cohort compared to the original cohort. We specu-
late that these differences were likely driven by a smaller
sample size in the validation cohort, and a predominant
inclusion of new, incident PH, which would accentuate
baseline differences between the two patient populations.
Importantly, this difference may strengthen the applicabil-
ity of VEST in evaluating new PH in the Covid-19
pandemic.

Finally, we acknowledge that in our study, we used a
PH definition to include mPAP>25mmHg, rather
than 20mmHg, which has been proposed, although not
broadly adapted or implemented in clinical trials or
guidelines, since the 2018 World Symposium.' This histor-
ically accepted definition is supported by previously pub-
lished referral cohorts and continues to better represent
current-day referral patterns for PH, which do not largely
represent those with mPAP of 20-24 mmHg, '%-20:2%:23.25.30-33
This should not limit applicability of the VEST to rapidly
identify and hemodynamically characterize patients with
PH as determined by echocardiography during the
Covid-19 era.

In conclusion, we present a virtual screening tool (VEST)
based on findings in a standard echocardiogram report that
can be used to predict hemodynamic profiles in patients with
PH. We propose a novel use of this tool in the Covid-19
era, when access to travel for in-person assessment by PH
specialty centers and additional diagnostic testing including
RHC are limited. Because of its reliance on an already per-
formed echocardiogram and easy-to-perform screening tool,
referring physicians and PH physicians can readily identify
patients at the highest risk for PHpyp that warrant early inva-
sive assessment and consideration for PH medical therapy.
While we cannot endorse that this score should replace the
gold standard of RHC in patients with PH, our data support
that this tool may assist in rapidly and appropriately triaging
patients. Patients with a +3 VEST score and clinical charac-
teristics to support WHO Group I PAH should be triaged to a
rapid and complete PH assessment, including RHC. It is
important that these patients be clinically evaluated for
WHO Group III PH associated with lung disease and
WHO Group IV PH associated with chronic thromboembolic
disease. In contrast, patients with a —3 score may forego
extensive PH workup and instead have their care exped-
itiously directed at alleviating left heart failure. Further
study should be done to assess long-term outcomes of
applicability of the VEST during the Covid-19 era in patients
with PH.

Conflict of interest
The author(s) declare that there is no conflict of interest.

Funding

This research received no specific grant from any funding agency in
the public, commercial, or not-for-profit sectors.

Authors’ contributions

AV was responsible for entirety of project. AV & PF responsible
for conception of the project. AV, JG, JM, and FR participated in
data acquisition. AV, JG, FR, JM, PF contributed to data ana-
lysis, data interpretation. AV, JG, PF, NV contributed to writing
the manuscript.

Supplemental material

Supplemental material for this article is available online.



10

| VEST to differentiate hemodynamic profiles in PH

Vaidya et al.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Simonneau G, Montani D, Celermajer DS, et al
Haemodynamic definitions and updated clinical classification
of pulmonary hypertension. Eur Respir J 2019; 53: 1-13.
Rosenkranz S, Gibbs JSR, Wachter R, et al. Left ventricular
heart failure and pulmonary hypertension. Eur Heart J 2016;
37: 942-954.

Rose-Jones L and Mclaughlin V. Pulmonary hypertension:
types and treatments. Curr Cardiol Rev 2015; 11: 73-79.
Thenappan T, Shah SJ, Rich S, et al. Survival in pulmonary
arterial hypertension: a reappraisal of the NIH risk stratifica-
tion equation. Eur Respir J 2010; 35: 1079-1087.

Humbert M, Sitbon O, Yaici A, et al. Survival in incident and
prevalent cohorts of patients with pulmonary arterial hyper-
tension. Eur Respir J 2010; 36: 549-555.

Vedage NA and Vaidya A. What echocardiography can reli-
ably tell us about our pulmonary hypertension patients. Adv
Pulm Hypertens 2019; 18: 110-114.

Mazurek JA, Vaidya A, Mathai SC, et al. Follow-up tricuspid
annular plane systolic excursion predicts survival in pulmonary
arterial hypertension. Pulm Circ 2017; 7: 361-371.

van Wolferen SA, Marcus JT, Boonstra A, et al. Prognostic
value of right ventricular mass, volume, and function in idio-
pathic pulmonary arterial hypertension. Eur Heart J 2007, 28:
1250-1257.

Zhu N, Zhang D, Wang W, et al. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl J Med 2020;
382: 727-733.

Cucinotta D and Vanelli M. WHO declares COVID-19 a pan-
demic. Acta Biomed 2020; 91: 157-160.

Argulian E, Sud K, Birgit Vogel M, et al. Right ventricular
dilation in hospitalized patients with COVID-19 infection.
JACC Cardiovasc Imaging. Epub ahead of print 15 May
2020. DOI: 10.1016/j.jcmg.2020.05.010.

Ryan JJ, Melendres-Groves L, Zamanian R, et al. Care of
patients with pulmonary arterial hypertension during the cor-
onavirus (COVID-19) pandemic. Pulm Circ 2020; 10: 1-7.
Shi S, Qin M, Shen B, et al. Association of cardiac injury with
mortality in hospitalized patients with COVID-19 in Wuhan,
China. JAM A Cardiol 2020; 5(7): 802-810.

Welt FGP, Shah PB, Aronow HD, et al. Catheterization
laboratory considerations during the coronavirus (COVID-
19) pandemic: from the ACC’s Interventional Council and
SCALI. J Am Coll Cardiol 2020; 75(18): 2372-2375.

Strange G, Gabbay E, Kermeen F, et al. Time from symptoms
to definitive diagnosis of idiopathic pulmonary arterial hyper-
tension: the delay study. Pulm Circ 2013; 3: 89-94.

Mazurek JA and Forfia PR. Enhancing the accuracy of echo-
cardiography in the diagnosis of pulmonary arterial hyperten-
sion: looking at the heart to learn about the lungs. Curr Opin
Pulm Med 2013; 19: 437-445.

Roberts JD and Forfia PR. Diagnosis and assessment of pul-
monary vascular disease by Doppler echocardiography. Pulm
Circ 2011; 1: 160-181.

Kitabatake A, Inoue M, Asao M, et al. Noninvasive evalu-
ation of pulmonary hypertension by a pulsed Doppler tech-
nique. Circulation 1983; 68: 302-309.

Abbas AE, Fortuin FD, Schiller NB, et al. A simple method
for noninvasive estimation of pulmonary vascular resistance.
J Am Coll Cardiol 2003; 41: 1021-1027.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

Arkles JS, Opotowsky AR, Ojeda J, et al. Shape of the right
ventricular Doppler envelope predicts hemodynamics and
right heart function in pulmonary hypertension. Am J Respir
Crit Care Med 2011; 183: 268-276.

Raza F, Dillane C, Mirza A, et al. Differences in right ven-
tricular morphology, not function, indicate the nature of
increased afterload in pulmonary hypertensive subjects with
normal left ventricular function. Echocardiography 2017; 34:
1584-1592.

Opotowsky AR, Clair M, Afilalo J, et al. A simple echocar-
diographic method to estimate pulmonary vascular resistance.
Am J Cardiol 2013; 112: 873-882.

Opotowsky AR, Ojeda J, Rogers F, et al. A simple echocar-
diographic prediction rule for hemodynamics in pulmonary
hypertension. Circ Cardiovasc Imaging 2012; 5: 765-775.
Simonneau G, Gatzoulis MA, Adatia I, et al. Updated clinical
classification of pulmonary hypertension. J Am Coll Cardiol
2013; 62: D34-D41.

Galie N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS
Guidelines for the diagnosis and treatment of pulmonary
hypertension. Eur Heart J 2016; 37: 67-119.

Nagueh SF, Smiseth OA, Appleton CP, et al
Recommendations for the evaluation of left ventricular dia-
stolic function by echocardiography: an update from the
American Society of Echocardiography and the European
Association of Cardiovascular Omaging. Eur Heart J
Cardiovasc Imaging 2016; 17: 1321-1360.

Brown LM, Chen H, Halpern S, et al. Delay in recognition of
pulmonary arterial hypertension: factors identified from the
REVEAL registry. Chest 2011; 140: 19-26.

Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for
cardiac chamber quantification by echocardiography in adults:
an update from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. J 4m Soc
Echocardiogr 2015; 28: 1-39.e14.

Rudski LG, Lai WW, Afilalo J, et al. Guidelines for the echo-
cardiographic assessment of the right heart in adults: a report
from the American Society of Echocardiography. Endorsed by
the European Association of Echocardiography, a registered
branch of the European Society of Cardiology. J Am Soc
Echocardiogr 2010; 23: 685-713.

Willens HJ, Chirinos JA, Gomez-Marin O, et al. Noninvasive
differentiation of pulmonary arterial and venous hypertension
using conventional and doppler tissue imaging echocardiog-
raphy. J Am Soc Echocardiogr 2008; 21: 715-719.

Selimovic N, Rundqvist B, Bergh CH, et al. Assessment of
pulmonary vascular resistance by doppler echocardiography
in patients with pulmonary arterial hypertension. J Hear
Lung Transplant 2007; 26: 927-934.

Kouzu H, Nakatani S, Kyotani S, et al. Noninvasive estima-
tion of pulmonary vascular resistance by doppler echocardiog-
raphy in patients with pulmonary arterial hypertension. Am J
Cardiol 2009; 103: 872-876.

Vlahos AP, Feinstein JA, Schiller NB, et al. Extension of
Doppler-derived echocardiographic measures of pulmonary vas-
cular resistance to patients with moderate or severe pulmonary
vascular disease. J Am Soc Echocardiogr 2008; 21: 711-714.



