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Abstract
Copyright ©The authors 2025 Background Pulmonary hypertension (PH) is a collection of diverse disorders, defined by mean
This version i distributed under pulmonary artery pressure (mPAP) >21 mmHg (most recent guidelines) or >25mmHg (previous
tha terms of the Creative guidelines, that underpins the field’s past work) measured by right heart catheterisation (RHC).
Ceniniens Ak Lieanes A0, Considering the difficulties in diagnosing PH and the subsequent treatment delays, there is a need for
novel diagnostics to enable prompt detection.
Received: 4 Dec 2024 Methods An algorithm to assess mPAP elevation was validated using subjects with elevated mPAP from
G R R )7 RHC (positive cohort) and subjects with low probability of PH by stringent screening of transthoracic
echocardiography (TTE) PH indicators (negative cohort). 25 mmHg and 21 mmHg were pre-specified as
the co-primary and secondary sensitivity end-points, respectively, at 0.70. Specificity was the co-primary
end-point at 0.60. The algorithm cut-point was pre-defined. The area under the receiver operator
characteristic curve (ROC-AUC) was assessed at both mPAP thresholds.
Findings 462 subjects were consecutively enrolled across 18 US clinical sites between August 2019 and
September 2022. Sensitivity at 25 mmHg and 21 mmHg was 0.82 (95% CI 0.78-0.87) and 0.78 (95% CI
0.73-0.82), respectively, with specificity of 0.92 (95% CI 0.87-0.96), passing the study end-points. The
ROC-AUC values at 25 mmHg and 21 mmHg were 0.95 (95% CI 0.93-0.96) and 0.93 (95% CI 0.91-0.95),
respectively. Further, performance was similar across PH subgroups (pre-capillary, combined pre- and
post-capillary, and isolated post-capillary), as well as between men and women.
Interpretation The algorithm’s performance is comparable, or possibly superior to, TTE, given that the
tricuspid regurgitant velocity is not measurable in up to 41% of TTE cases. The test is a stress-free,
noninvasive front-line test, presenting advantages to patients, physicians and healthcare systems.

Introduction
Pulmonary hypertension (PH) encompasses a diverse group of disorders, defined by a mean pulmonary
arterial pressure (mPAP) of >25mmHg at rest, as confirmed by right heart catheterisation (RHC) [1].
Recent guidelines by the European Respiratory Society (ERS) and the European Society of Cardiology
(ESC) in 2022 have lowered the definition of PH to an mPAP >21 mmHg [2]. The most commonly used
a clinical definition of PH, historically, as presented in the 2015 ESC/ERS guidelines, uses a disease
BY

threshold of mPAP>25 mmHg [3]. The bulk of the scientific literature to date, including all the reports
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referenced in a 2019 meta-analysis of transthoracic echocardiography (TTE) performance, has focused on
the threshold of >25 mmHg [4].

PH is most commonly found in individuals with left heart failure (systolic or diastolic), with prevalence
estimates ranging from 25 to 83% [5, 6]. The prevalence of PH shows a strong and independent correlation
with age [7]. PH is widespread, with an estimated prevalence of 1% in the global population and as much
as 10% in individuals older than 65 [8]. Prognosis depends on access to appropriate medical care and on
the World Symposium on Pulmonary Hypertension (WSPH) classification (groups 1-5). However, up to
39% of patients may fall into multiple groups [9-13], with overlap between groups 2 and 3 being the most
common. PH resulting from left-sided heart disease (group 2) may have a 12-month mortality rate as high
as 32% [9]. Early detection of PH allows for necessary interventions and therapies, offering the potential
to alter the disease’s progression, enhance survival and promote health equity.

The haemodynamic definitions of PH are shown in table 1. Pulmonary arterial hypertension (PAH) is
WSPH group 1, an aggressive subtype that leads to right ventricular pressure and volume overload causing
right ventricular failure and, in many cases, early death [10]. Unfortunately, PAH is often diagnosed at an
advanced stage, when pathophysiologic changes have become irreversible, with 1-year mortality rates of
39% and 36% reported in US and French Registries, respectively [3, 11, 13]. Although there have been
substantial advancements in understanding the cellular and genetic basis of PAH, the diagnostic delay has
shown little improvement for about three decades [4, 12]. A multicentre retrospective study of PAH
patients found that the meantsp time from symptom onset to diagnosis was 47+34 months, requiring
5.3+3.8 primary care visits and evaluations by 3.0+2.1 subspecialists [14]. There is a similar average delay
in the diagnosis of group 4 PH, namely chronic thromboembolic PH [15]. The impact of late diagnosis
across all types of PH is that treatment options may become restricted due to comorbidities and organ
damage, significantly compromising the patient’s quality of life [16].

The present standard of care requires the physician to have a suspicion of PH and that TTE is readily
available. TTE tricuspid regurgitant velocity (TRV) measurement is required to achieve high-probability
classification for PH [2]; however, unfortunately, TRV may be unmeasurable in a significant portion of
patients. Establishing a precise rate of TRV immeasurability is difficult and beyond the scope of the
present work. It depends on factors such as year of data collection, cohort composition and measurement
setting (academic versus typical clinical environment). For instance, TRV immeasurability is
disproportionately impacted in specific subgroups, such as those with COPD [17]. However, TRV
immeasurability has been reported to be as high as 41% [18], with values of 16% [19], 29% [20] and 32%
[21] also described. Note that in the absence of TRV, other echocardiographic indicators may enable a
classification of at most intermediate probability of PH. However, even under ideal conditions (with TRV
available), TTE still has a low positive predictive value (PPV). Specifically, an extensive meta-analysis of
29 studies with patients who underwent both TTE and RHC reported a TTE sensitivity of 83% and
specificity of 72% [18]. Given a 6% PH prevalence [22], the corresponding PPV is 15.9%, with a strong
negative predictive value (NPV) of 98.5%.

Artificial intelligence may play a valuable role in identifying patients with PH. For instance, DuBrock
et al. [22] recently described an ECG-based neural network to detect PH; while the algorithm had a robust

TABLE 1 Definition of pulmonary hypertension (PH) and subgroups

2015 ESC/ERS guidelines [3] 2022 ESC/ERS guidelines [2]

PH 1T mPAP >25 mmHg

Pre-capillary PH

Post-capillary PH

Combined pre- and post-capillary PH

1T mPAP >25 mmHg

| PCWP <15 mmHg
1 PVR >3 WU

1T mPAP >25 mmHg

1 PCWP >15 mmHg
J PVR <3 WU

1T mPAP >25 mmHg

1 PCWP >15 mmHg
1 PVR >3 WU

1T mPAP 221 mmHg

1T mPAP >21 mmHg

| PCWP <15 mmHg
1 PVR >2 WU

T mPAP >21 mmHg

1 PCWP >15 mmHg
| PVR <2 WU

1T mPAP >21 mmHg

1 PCWP >15 mmHg
1 PVR >2 WU

ERS: European Respiratory Society; ESC: European Society of Cardiology; PCWP: pulmonary capillary wedge

pressure; PVR: pulmonary vascular resistance; WU: Wood units.
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sensitivity in the overall group with dyspnoea (92% in the primary clinical site and 89% in the secondary
test site), sensitivity was significantly reduced in critical subgroups. Specifically, pre-capillary PH
sensitivity was 70% and 69%, and isolated post-capillary PH was 73% and 72%, in the primary and
secondary sites, respectively. We believe it is possible to develop a methodology that maintains robust
disease detection in these important subgroups.

Herein we describe the performance validation of a novel point-of-care diagnostic, the CorVista System,
with a PH add-on. The primary assessment used a threshold of mPAP >25 mmHg, given the popularity of
this definition, as discussed above. However, given the recent changes in the definition of PH, our
secondary end-point utilised the definition of PH as an mPAP >21 mmHg. Reporting adhered to the
STARD (Standards for Reporting of Diagnostic Accuracy Studies) guidelines [23] (supplementary
appendix section 1).

Methods

The IDENTIFY (NCT03864081) and IDENTIFY-PH (NCT04031989) trials, approved by the Western
Institutional Review Board, are ongoing, multicenter, prospective, nonrandomised and selectively blinded
studies. These repository studies are designed to gather physiological signals and associated subject
metadata from individuals presenting with cardiovascular symptoms. Both studies are available
on ClinicalTrials.gov (https:/clinicaltrials.gov/study/NCT03864081 and https:/clinicaltrials.gov/study/
NCTO04031989). This data was gathered for the development, refinement, testing and validation of
machine-learned algorithms. All subjects were required to provide informed consent. Race and ethnicity
were self-reported. Supplementary appendix section 2 contains the inclusion and exclusion criteria. The
validation population comprised subjects who were consecutively enrolled from August 2019 to September
2022 (n=462) across 18 clinical sites (supplementary appendix section 3). No subjects included in the
validation population were accessible to algorithm developers, nor were they involved in the algorithm
development process.

Signal acquisition device

A proprietary signal acquisition device recorded the orthogonal voltage gradient (OVG) using electrodes
positioned on the thorax, generating three bipolar channels, namely left-right, top-bottom and front-rear.
At the same time, the device collected photoplethysmogram (PPG) data via a finger probe. The patient
remained in a supine position and at rest during the recording. The acquisition set-up is illustrated in
figure 1. Signals were captured at a sampling rate of 8 kHz for 210 s and packaged with a patient identifier
(study-specific), along with patient weight, height, date of birth and birth gender.

=N

FIGURE 1 Demonstration of the signal acquisition, comprising seven electrodes (two not pictured, on the back
and left ribs), as well as finger probe for photoplethysmogram.
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Machine-learned algorithm

The development of the machine-learned algorithm was described previously [24]. In brief, the
machine-learned algorithm for detecting PH was constructed using 217 features extracted from the OVG
and PPG signals. Random Forest and Elastic Net models were trained to associate feature values with PH
status, with outputs averaged in an ensemble. Three families of features accounted for 90% of the feature
importance. The OVG conduction family contributed most significantly, capturing characteristics of the
myocardial conduction pathway, including its variability. Repolarisation was the next family by
significance, assessing myocardial recovery on the OVG through power distribution, morphology, variation
and timing. The third family, respiration, assessed using both OVG and PPG, estimates the respiration
waveform and characterises that estimation. The final algorithm was integrated into a high-throughput
processing system, incorporating the cut-point that differentiates test-negativity from test-positivity, and
was subsequently used to process the validation dataset.

Population groups for validation

The co-primary end-points for algorithm validation were based on two distinct test groups, as follows:
Population A, which was used to assess sensitivity, and Population B, which was used to assess
specificity. Together, these groups formed a composite population consisting of subjects with elevated
mPAP measurements from RHC (the gold standard to confirm mPAP elevation) and subjects with very
low risk of having PH, as determined by stringent screening for indicators of PH using TTE. All patients
were new to the care pathway and presented with symptoms of cardiovascular disease including shortness
of breath, chest pain and exercise intolerance.

Population A: sensitivity test group
Population A comprised IDENTIFY-PH subjects who were referred for RHC, including the following:

1) Population A1: subjects with known elevated mPAP (>25 mmHg) at RHC (primary end-point)
2) Population A2: subjects with known elevated mPAP (>21 mmHg) at RHC (secondary end-point)

Population B: specificity test group

Population B consisted of IDENTIFY group 4 subjects, who had undergone coronary computed
tomography angiography (CCTA) and were assessed by an independent core laboratory (Global Institute
for Research, Midlothian, VA) to be negative for coronary artery disease. Specifically, these subjects had a
CAD-RADS (Coronary Artery Disease—Reporting and Data System) score between 0 and 2, with no
recommendation for additional testing nor follow-up. Subjects had also undergone TTE within 90 days of
signal acquisition. They were required to have a low probability of PH, as determined by the ESC/ERS
guidelines [2], for echocardiographic interpretation, where the initial criterion mandates a TRV of
<2.8m-s™* or for the TRV to be unmeasurable. In addition, the TTE was negative for diastolic dysfunction
based on the American Society of Echocardiography recommendations [25].

Null hypotheses for validation

A clinically useful test should detect a large percentage of subjects that have the condition. The current
front-line test (TTE) has a lower confidence bound (LCB) of 0.73 in the subjects in which it can be used
(at minimum 59% of the incoming population) [18]. A new test with a similar LCB that can be used
across the entire population would therefore improve on the current clinical workflow. Consequently, the
LCB for sensitivity in detecting elevated mPAP among subjects in Populations A1 and A2 was set at 0.70,
with an estimated point performance of 0.80. The use of subjects determined to have low probability of
elevated mPAP by TTE is very close to the intended use population. The lower confidence bound for
specificity of the TTE test is 0.53 when compared to RHC [18]. Setting the LCB for the new test at 0.60
and an estimated point performance of 0.75 is therefore reasonable. Given that the validation assesses two
independent end-points, namely sensitivity and specificity, achieving at least 80% overall power requires
that each end-point be individually powered at 90%. Assuming a sensitivity of 0.80, with a one-sided o
value of 0.025 and 90% power, a minimum of 196 PH-positive subjects is necessary. Similarly, assuming
a specificity of 0.75 under the same conditions, at least 102 PH-negative subjects are required. The
hypotheses are as follows.

Sensitivity

To evaluate sensitivity in confirming presence of PH within a symptomatic population (validation
Population A), the hypothesis framework was defined as follows: HO (null hypothesis) is sensitivity <0.70,
while H1 (alternative hypothesis) is sensitivity >0.70. Validation Populations A1 and A2 were composed
exclusively of PH-positive subjects confirmed via RHC after initial symptomatic presentation, making
them directly applicable for sensitivity assessment. A normal approximation test was employed, utilising
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both the sensitivity estimate and its variance estimate, to assess the null hypothesis (that the true sensitivity
is at or below the performance goal) against the alternative hypothesis that it exceeds this threshold. This
analysis is conducted with a one-sided 0=0.025, which is statistically equivalent to demonstrating that the
lower bound of the two-sided 95% lower confidence interval surpasses the performance goal. Let n denote
the sample size of PH-positive subjects and Sn denote the estimated sensitivity, then:

Estimate of variance of estimate of sensitivity = (Sn)(1 — Sn)/n

Specificity

To assess specificity in confirming the absence of significant PH in a symptomatic population (validation
Population B), the hypothesis framework is defined as follows: HO (null hypothesis) is specificity <0.60
and H1 (alternative hypothesis) is specificity >0.60. The calculation of specificity requires only those
subjects who are definitively classified as PH-negative. A normal approximation test was utilised to
evaluate the null hypothesis that the true specificity is at or below the performance goal against the
alternative hypothesis that it is greater than the performance goal, conducted using a one-sided o=0.025.
Let n represent the sample size for PH-negative subjects and Sp denote the estimated specificity, then:

Estimate of variance of estimate of specificity = Sp(1 — Sp)/n

Further statistics and methodology

Signal acquisition took place before RHC (Population A) and before CCTA (Population B), although the
TTE was prior to signal acquisition. To qualify for inclusion, subjects were required to fulfil all inclusion
criteria, meet none of the exclusion criteria, undergo their initial reference test (CCTA or RHC) within 7
days of signal acquisition, not have any major protocol deviations and produce a signal that successfully
passes quality checks. Failure to satisfy any of these conditions resulted in subject exclusion. Neither RHC
nor TTE results were accessible to those responsible for invoking the score generation, nor was the score
available to clinical investigators. The pairing of the algorithm scores and RHC/TTE results was conducted
only by an independent third-party statistician (Technomics).

Beyond the co-primary end-points of sensitivity and specificity described, additional analyses included the
assessment of the receiver operator characteristic curve and the area under the curve (ROC-AUC) and
likelihood ratios (LRs). Subgroups evaluation, based on age, sex, PH subgroups and other typical criteria,
was performed using sensitivity, specificity and the ROC-AUC. An analysis of the continuum of the score
was performed by segmenting into tertiles.

Role of the funding source
The study sponsor designed the study and provided the raw data to the independent statistician for analysis.
All authors, including those employed by the sponsor, decided to submit the manuscript for publication.

Results

There were 681 patients in Population A (supplementary appendix section 4A). Within this cohort, 3.7%
(n=25) exhibited a major protocol deviation, which included cases where catheterisation occurred more
than 7 days after signal acquisition. Additionally, 1% (n=7) did not have mPAP available from the RHC.
Among the cohort, 350 subjects (53.9%) had an mPAP <25 mmHg, while 14 subjects (2.2%) did not have
a recorded signal. The absence of a signal was attributed to insufficient time for signal acquisition prior to
RHC, connectivity failures or improper device storage, such as failure to maintain an adequate charge or
ensure an active internet connection. The remaining 285 subjects who were enrolled in Population Al
successfully met all inclusion criteria and no exclusion criteria without major protocol deviations.
However, among these, 16.1% (n=46) did not achieve an acceptable signal quality. The remaining subjects
(Population A1, sensitivity) were used for PH validation at the >25 mmHg end-point, n=239, table 2. As
documented in supplementary appendix section 4B, there were 315 patients in Population A2 used for PH
validation at the >21 mmHg end-point. The distribution of mPAP is shown in supplementary appendix
section 5.

There were 170 patients in Population B (supplementary appendix section 6). In this group, 10.6% (n=18)
had a major protocol deviation. Further, two (1.2%) did not have signal data (due to the same reasons as in
Population A). The final 150 subjects in Population B successfully satisfied all inclusion and exclusion
criteria without any major protocol deviations. Among these, 2% (n=3) failed to achieve acceptable signal
quality. The remaining subjects (Population B, specificity) were used for PH validation, n=147 (table 2).

No adverse events were reported in Populations A or B.
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TABLE 2 Demographics and cardiac history

Population A1 Population A2 Population B Total
Description mPAP >25 mmHg mPAP >21 mmHg TTE negatives
Number of subjects (N) 239 315 147 462
Age (years)
Meanzsp 66.7+11.6 67.5£11.7 55.8411.6 63.8£12.9
<65 40.2 (96/239) 37.5 (118/315) 71.4 (105/147) 48.3 (223/462)
>65 59.8 (143/239) 62.5 (197/315) 28.6 (42/147) 51.7 (239/462)
Sex
Female 47.3 (113/239) 47.0 (148/315) 70.7 (104/147) 54.5 (252/462)
Male 52.7 (126/239) 53.0 (167/315) 29.3 (43/147) 45.5 (210/462)
Ethnicity
Not Hispanic or Latino 97.9 (234/239) 98.1 (309/315) 99.3 (146/147) 98.5 (455/462)
Hispanic or Latino 1.3 (3/239) 1.3 (4/315) 0.7 (1/147) 1.1 (5/462)
Unknown 0.8 (2/239) 0.6 (2/315) 0.0 (0/147) 0.4 (2/462)
Race
American Indian or Alaska Native .0 (0/239) 0.0 (0/315) 0.0 (0/147) 0 (0/462)
Asian .0 (0/239) 0.3 (1/315) 2.0 (3/147) (4/462)
Black or African American 17 2 (41/239) 15.9 (50/315) 20.4 (30/147) 17 3 (80/462)
Native Hawaiian or other Pacific Islander 0.0 (0/239) 0.0 (0/315) 0.0% (0/147) 0.0 (0/462)
White/Caucasian 80.8 (193/239) 81.6 (257/315) 75.5 (111/147) 79.7 (368/462)
Other 1.3 (3/239) 1.6 (5/315) 1.4 (2/147) 1.5 (7/462)
Prefer not to answer 0.8 (2/239) 0.6 (2/315) 0.7 (1/147) 0.6 (3/462)
BMI (kg:m™2)
Meanzsp 33.31£9.0 32.7+£8.5 31.7£7.3 32.3£8.2
<30 44.4 (106/239) 44.8 (141/315) 49.7 (73/147) 46.3 (214/462)
>30 55.6 (133/239) 55.2 (174/315) 50.3 (74/147) 53.7 (248/462)
<35 65.7 (157/239) 67.0 (211/315) 69.4 (102/147) 67.7 (313/462)
>35 34.3 (82/239) 33.0 (104/315) 30.6 (45/147) 32.3 (149/462)
Tobacco use
Never 40.2 (96/239) 41.6 (131/315) 58.5 (86/147) 47.0 (217/462)
Past or present 59.8 (143/239) 58.4 (184/315) 41.5 (61/147) 53.0 (245/462)
Family history of heart attack 26.8 (64/239) 27.0 (85/315) 41 5 (61/147) 31 6 (146/462)
Unknown 12.6 (30/239) 12.4 (39/315) 7 (1/147) 7 (40/462)
Hypertension# 82.8 (198/239) 82.2 (259/315) 56 5 (83/147) 74 0 (342/462)
Diabetes” 39.7 (95/239) 36.8 (116/315) 15.0 (22/147) 29.9 (138/462)
Hypercholesterolemia/hyperlipidaemia® 72.0 (172/239) 73.3 (231/315) 53 1 (78/147) 66.9 (309/462)
COPD 22.2 (53/239) 20.0 (63/315) .0 (3/147) 14.3 (66/462)

Data are presented as % (n/N), unless stated otherwise. BMI: body mass index; TTE: transthoracic echocardiogram. *: One subject in population B
did not have known hypertension, diabetes nor hypercholesterolemia/hyperlipidaemia status.

As illustrated in table 3, the null hypothesis is rejected for both sensitivity and specificity. Consequently,
the algorithm meets the predetermined primary and secondary end-points at the 95% confidence level. At
the 25 mmHg end-point, the sensitivity was 0.82 (95% CI 0.78-0.87) and at the 21 mmHg end-point, the
sensitivity was 0.78 (95% CI 0.73-0.82). Specificity was 0.92 (95% CI 0.87-0.96) for both end-points.
The 2x2 tables can be found in supplementary appendix section 7. With a disease prevalence of 6%, as
was found across multiple large institutional datasets of dyspnoeic patients [22], the PPV is 40% and the

TABLE 3 Algorithm performance

Statistic Pre-specified target Value p-value (greater than target)
Sensitivity (25 mmHg) 0.70 0.824 (95% CI 0.776-0.873) <0.0001
Sensitivity (21 mmHg) 0.70 0.775 (95% Cl 0.728-0.821) 0.0008

Specificity 0.60 0.918 (95% Cl 0.874-0.963) <0.0001

ROC-AUC (25 mmHg) NA 0.946 (95% Cl 0.929-0.963) NA

ROC-AUC (21 mmHg) NA 0.927 (95% Cl 0.907-0.947) NA

AUC: area under the curve; NA: not applicable; ROC: receiver operating characteristic.
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FIGURE 2 Receiver operating characteristic curve for the algorithm on the positive cohort (pulmonary
hypertension (PH) defined by 2015 guidelines [3], with a mean pulmonary arterial pressure >25 mmHg) and
negative cohort (symptomatic subjects negative for PH and diastolic dysfunction on transthoracic
echocardiogram), yielding an area under the curve of 0.946 (95% CI 0.929-0.963).

NPV is 99%. The algorithm ROC-AUC on the validation data for the primary end-point was 0.95 (95% CI
0.93-0.96), with the ROC curve presented as figure 2. Table 4 demonstrates strong performance for both
men and women, and across the PH subgroups isolated post-capillary, pre-capillary and combined post-
and pre-capillary PH, at both the end-points at 21 mmHg and 25 mmHg. The subgroup performances for
the primary end-point can be found in supplementary appendix section 8, encompassing sex, body mass
index (at both 30 and 35), age, diabetes, hypertension, hyperlipidaemia, tobacco use, COPD and ethnicity,
which showed significant differences (p<0.01) in only the diabetes subgroups (both sensitivity and
specificity). However, the overall performance between the diabetes subgroups is similar, with the diabetic
subgroup exhibiting elevated sensitivity at lower specificity and the nondiabetic subgroup exhibiting
elevated specificity and at lower sensitivity.

The study was multicentre, but since enrolment gating was used across sites with ranges of volumes, subject
contribution by site varied. Thus, it is reasonable to perform a sensitivity analysis of the highest enrolling
site as compared to the others. The highest enrolling site had sensitivity and specificity of 86% and 93%, as
compared to 81% and 89% at the other sites (p=0.43 and 0.34, respectively). Therefore, no significant
difference in performance was observed from the highest enrolling site as compared to the other sites.

Segmenting the algorithm’s test-negative scores into tertiles revealed a pattern in which lower negative LRs
occurred in score ranges further away from zero as compared to closer to zero (supplementary appendix
section 9). Inversely, segmenting the algorithm’s test-positive scores segmentation exhibited higher
positive LRs further away from zero as compared to closer to zero (supplementary appendix section 9).

Information on test repeatability and reproducibility is available in supplementary appendix section 10.

Discussion

The results were derived from a large, blinded cohort consisting of 315 subjects that underwent RHC and
147 subjects that underwent TTE. For comparison, the PROMISE study was based on 10003 patients
presenting with cardiovascular symptoms and only 10% (1015) underwent left heart catheterisation (LHC)
[26] and significantly fewer underwent RHC. The sensitivity calculation requires only patients that truly
have PH; by definition, the RHC cohort encompasses all patients who can be identified as such when
adhering to the standard of care.

The specificity calculation requires only patients that truly do not have PH. We estimate that ~99% of
patients presenting with cardiovascular symptoms who are negative for PH never undergo RHC, given that
RHC is performed far less frequently than LHC [27, 28]. Accordingly, the specificity cohort, derived from
TTE, represents the expected intended use population, specifically, patients exhibiting symptoms of
cardiovascular disease but without prior evidence suggestive of significant PH. TTE is an excellent test to
rule out PH when the ERS/ESC guidelines are applied, limiting the population to patients who are “low
probability” for PH, with an estimated 99% negative predictive value for PH. The predefined end-points
were designed to establish performance that is on par with or exceeding that of TTE as a PH diagnostic.
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TABLE 4 Pulmonary hypertension (PH) subgroup performance

PH defined by 2015 ESC/ERS guidelines [3] (mPAP >25 mmHg)

All subjects Pre-capillary Combined pre- and Isolated
with PH post-capillary post-capillary
Both genders
Subgroup, 239 54 29 42
n
ROC-AUC 0.946 0.963 0.991 0.961
Sensitivity 0.824 0.889 1.000 0.833
Specificity 0.918 (n=147)
Male
n 113 28 14 27
ROC-AUC 0.988 0.990 1.000 0.991
Sensitivity 0.833 0.821 1.000 0.889
Specificity 1.000 (n=43)
Female
n 126 26 15 15
ROC-AUC 0.923 0.973 0.985 0.935
Sensitivity 0.814 0.962 1.000 0.733
Specificity 0.885 (n=104)

PH defined by 2015 ESC/ERS guidelines [3] (mPAP >25 mmHg)

All subjects Pre-capillary Combined pre- and Isolated
with PH post-capillary post-capillary
Both genders
Subgroup, 315 91 45 32
n
ROC-AUC 0.927 0.947 0.981 0.947
Sensitivity 0.775 0.846 0.933 0.813
Specificity 0.918 (n=147)
Male
n 167 44 23 21
ROC-AUC 0.977 0.985 1.000 0.981
Sensitivity 0.790 0.818 0.957 0.810
Specificity 1.000 (n=43)
Female
n 148 47 22 11
ROC-AUC 0.902 0.937 0.966 0.956
Sensitivity 0.757 0.872 0.909 0.818
Specificity 0.885 (n=104)

AUC: area under the curve; ERS: European Respiratory Society; ESC: European Society of Cardiology; mPAP:
mean pulmonary artery pressure; NA: not applicable; ROC: receiver operating characteristic.

For the PH definition of mPAP >25 mmHg, with point performances for sensitivity and specificity of 0.82
and 0.92, respectively, and lower confidence bounds that passed the primary end-point, this validation has
confirmed that the algorithm is suitable for the intended use population, achieving performance
comparable to or exceeding that of TTE. In particular, at the same disease prevalence of 6%, the algorithm
has a PPV of 40%, as compared to TTE at 16%, while having similar NPVs of approximately 99%.

Historically, cardiology has seen an under-representation of women and minority groups [29]. The
presented findings indicate comparable overall performance between males and females, and Black or
African American subjects versus others. The findings further indicate comparable overall performance
between diabetic and nondiabetic individuals, although diabetic subjects exhibited statistically significantly
higher sensitivity and significantly lower specificity compared to nondiabetic subjects. Notably, the
algorithm performance remains consistent across age groups, a critical characteristic given that certain PH
subtypes exhibit distinct age and sex biases. For instance, PAH is more prevalent among younger females,
whereas other types, such as isolated post capillary PH, are more commonly observed in individuals over
the age 65. Further, no difference in sensitivity was found between subjects with and without COPD,
which is complementary to TTE, in that TTE suffers from a reduced sensitivity to PH in COPD patients
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given higher rates of TRV immeasurability. Thus, the algorithm may provide additive diagnostic value
alongside TTE in cases such as this where TTE may be inconclusive.

When evaluating the change in probability of disease in using this algorithm, the LRs are LR+=10.05 and
LR—=0.19 at 25 mmHg and LR+=9.45 and LR-=0.25 at 21 mmHg. Additionally, the algorithm’s
continuous output allows for a more nuanced interpretation of test results beyond the binary output. As
noted, the negative LR decreases in more strongly negative score ranges, while the positive LR increases in
higher positive score ranges. Consequently, post-test disease probability assessment can be refined based
on a more granular spectrum of scores rather than a simple dichotomous outcome.

Evaluating the performance of machine-learned algorithms requires careful consideration of both intrinsic and
extrinsic biases, which may inadvertently become ingrained within the algorithm [29]. Frequent challenges
include variability in reference standard methodology between institutions and regional differences in disease
prevalence. The validation population includes regions with higher prevalence of PH (Colorado, Virginia,
Illinois, North Carolina, Ohio), moderate (Florida, South Carolina) and lower prevalence comparatively
(Texas, Nebraska, Louisiana) [30]. Thus, the validation population is expected to be representative of the
intended use population, with data collected from 18 distinct sites to further mitigate bias.

Another common challenge in machine learning is overfitting [29]. The results reported here originate from
a blinded validation set, enrolled consecutively after training was completed. Differences in site locations
and personnel between the training and validation datasets further reinforce confidence that the findings are
generalisable to the intended use population.

We were delighted to discover that the algorithm’s AUC, sensitivity and specificity remained consistently
comparable across all PH subtypes, namely pre-capillary, combined pre- and post-capillary, and isolated
post capillary PH. This suggests that our test effectively addressed the limitation of the existing
methodology [22], pending direct comparison within the same dataset. This finding is extremely important
as treatments have now been approved for PAH (group 1, pre-capillary PH) and PH secondary to
pulmonary disease (group 3, pre-capillary PH). The drug sotatercept demonstrated exceptional efficacy as a
treatment for PAH in its pivotal phase 3 trial and has received approval from the US Food and Drug
Administration [31]. Moreover, sotatercept is in an ongoing trial (CADENCE, NCT04945460, https:/
clinicaltrials.gov/study/NCT04945460) for the treatment of a much larger group of patients with combined
pre-and post-capillary PH. In addition, SGLT2 (sodium—glucose cotransporter 2) inhibitors received a new
class 2a recommendation for the treatment of heart failure with preserved ejection fraction (HFpEF) in the
2022 American Heart Association/American College of Cardiology/Heart Failure Society of America heart
failure guidelines [32]. HFpEF is the most common cause of group 2 PH. The introduction of these highly
effective new treatments for PH substantially enhances the public health advantages of early detection
across all PH subtypes.

The inability to provide a test result in 16% of patients is a limitation of the device, though this rate is
comparable to that of magnetic resonance imaging, which has been shown to exhibit significant motion
artifacts in 7.5% of outpatients [33]. However, we are working to decrease this rate through training and
minor device enhancements. A limitation of our study is the underrepresentation of Hispanic patients;
although this group makes up 16% of the US population [34], they comprised only 1.1% of our study
cohort. However, this is in alignment with a National Institutes for Health report that found that Hispanic
patients comprise only about 1% of clinical trial participants in the US, perhaps due to language barriers
and socioeconomic factors such as reduced access to healthcare [34].

Conclusions

In conclusion, the algorithm performance presented is arguably comparable or superior to TTE for the
identification of patients with PH. Unlike TTE, the current standard of care noninvasive test to assess
the presence or absence of PH, the results are available prior to the patient leaving the office, minimising the
fraction lost to follow-up. In rural areas, access to TTE is hindered by travel constraints, scheduling challenges
and apprehension. As a result, many rural patients never undergo TTE (Tracy Neal, Cullman Regional
Medical Group, Cullman, AL, USA; personal communication). Even when performed, up to 41% of cases
fail to complete the PH assessment due to the inability to measure the TRV [18], which may partly explain
the lower life expectancy observed among residents of rural regions in the US. In this study, the algorithm
was validated in a cohort representative of the intended use population, specifically, symptomatic patients with
no previous diagnosis of PH. Notably, overall performance is consistent between female and male subjects
and does not vary across different age groups. This system fulfils the need for a nonstress, noninvasive,
front-line test for PH, offering substantial benefits to the patient, physician and the broader healthcare system.
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