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Abstract

Background The aim of this study was to assess health care resource utilization (HRU) and costs associated with delayed
pulmonary arterial hypertension (PAH) diagnosis in the United States.

Methods Eligible adults with newly diagnosed PAH from Optum’s de-identified Clinformatics® Data Mart Database (2016—
2021) were assigned to mutually exclusive cohorts based on time between first PAH-related symptom and first PAH diagnosis
(i.e., <12 months’ delay, >12 to <24 months’ delay, >24 months’ delay). All-cause HRU and health care costs per patient
per month (PPPM) were assessed during the first year following diagnosis and compared across cohorts using regression
analysis adjusted for baseline covariates. Sensitivity analyses were conducted to assess outcomes during all available follow-
up post-diagnosis.

Results Among 538 patients (mean age: 65.6 years; 60.6% female), 60.8% had <12 months’ delay, 23.4% had a delay of
>12 to <24 months, and 15.8% had >24 months’ delay. Compared with <12 months, delays of >12 to <24 months and >24
months were associated with increased hospitalizations (incidence rate ratio [95% confidence interval]: 1.40 [1.11-1.71] vs
1.71 [1.29-2.12]) and outpatient visits (1.17 [1.06-1.30] vs 1.26 [1.08—1.41]). Longer delays were also associated with more
intensive care unit (ICU) stays and 30-day readmissions. Diagnosis delays translated into excess costs PPPM of US$3986
[1439-6436] for >12 to <24 months and US$5366 [2107-8524] for >24 months compared with <12 months’ delay; increased
hospitalization costs (US$3248 [1108-5135] and US$4048 [1401-6342], respectively) being the driver. Sensitivity analyses
yielded similar trends.

Conclusions Delayed PAH diagnosis is associated with significant incremental economic burden post-diagnosis, driven by
hospitalizations including ICU stays and 30-day readmissions, highlighting the need for increased awareness and a potential
benefit of earlier screening.

heritable, or drug-associated PAH (I-/H-/D-PAH) or PAH
associated with connective tissue disease (PAH-CTD),
presenting at low or intermediate risk of death and with-
out cardiopulmonary comorbidities [4]. Combination ther-
apy with PDES5i, ERA, and prostacyclin pathway agents
(PPA) have been shown to improve clinical outcomes
among patients with PAH with higher-risk disease [4-6].
Thus, the guidelines recommend this triple combination

1 Background

Pulmonary arterial hypertension (PAH) is a rare subgroup
of pulmonary hypertension (PH) characterized by high
mean pulmonary arterial pressure and increased vascular
resistance [1, 2], with an estimated prevalence of 12.4 cases
per million adult inhabitants in the United States (US) [1].
Despite advances in treatment, PAH remains a progressive

and potentially fatal disease [3].

The 2022 guidelines of the European Society of Cardi-
ology and the European Respiratory Society (ESC/ERS)
recommend initial dual therapy with phosphodiesterase
type 5 inhibitors (PDES5i) and endothelin receptor antago-
nists (ERA) for non-vasoreactive patients with idiopathic,

Extended author information available on the last page of the article

therapy as initial treatment when patients without cardio-
pulmonary comorbidities present at intermediate-high or
high risk, and when patients on initial dual therapy pre-
sent at intermediate-low, intermediate-high, or high risk
in follow-up evaluations [4]. For patients with cardiopul-
monary comorbidities, initial monotherapy with a PDESi
or an ERA is recommended, although additional PAH
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This real-world study found that delayed diagnosis of
pulmonary arterial hypertension (PAH) is common
among patients in routine clinical practice in the US,
resulting in a considerable economic burden from the
healthcare payer perspective.

Delayed time to diagnosis in PAH was associated with
increased health care resource utilization and costs
among patients primarily driven by hospitalizations,
including intensive care unit stays and hospital readmis-
sions, as well as more outpatient visits.

Our findings underscore the need for timely PAH
diagnosis through increased clinician awareness, earlier
screening, and potential use of novel tools for PAH
detection in order to minimize the downstream economic
burden associated with delayed PAH diagnosis.

medications may be considered on an individual basis for
patients at intermediate or high risk after initial mono-
therapy [4].

A major challenge in PAH clinical practice remains the
common phenomenon of delayed diagnosis [6]. The time
between initial symptom presentation and PAH diagnosis
can range from 2.5 to 3.9 years on average [7-10], and a
study based on US registry data (i.e., REVEAL) reported
that up to one in five patients experience a diagnosis delay
of >2 years [11]. Several factors may contribute to these
significant delays in PAH diagnosis, including non-specific
symptoms (e.g., chest pain, fatigue) that can be subtle until
the disease becomes more severe [2, 12]. Furthermore,
there is a lack of any straightforward test that can be per-
formed to diagnose PAH early in the course of the illness
[6]. Right heart catheterization (RHC), the gold standard
for PAH diagnosis recommended by current guidelines,
is highly invasive, while non-invasive transthoracic echo-
cardiography is less accurate [4]. As a result of diagnosis
delays, patients may only be diagnosed and treated when
the disease is more severe, potentially leading to poorer
treatment responses, faster disease progression, and worse
clinical outcomes [6, 13]. Indeed, delayed diagnosis has
been associated with a higher mortality in patients with
PAH, with a 2-year delay associated with increased mor-
tality rates by 11% and a 5-year delay with 29% increased
mortality [7].

While diagnosis delay in PAH has been previously
described, there is limited information on the impact of
delayed PAH diagnosis on the burden to the health care
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system, as measured by health care resource utilization
(HRU) and health care costs. Accordingly, this study aimed
to characterize the HRU and health care cost burden associ-
ated with delayed diagnosis of PAH in the US using retro-
spective administrative claims data.

2 Methods
2.1 Data Source

Data was obtained from Optum’s de-identified
Clinformatics® Data Mart (CDM) Database between Octo-
ber 2015 and September 2021. CDM is derived from a data-
base of administrative health claims for members of large
commercial and Medicare Advantage health plans across a
geographically diverse population, spanning all 50 states.
The CDM database is statistically de-identified under the
Expert Determination method in a manner consistent with
the Health Insurance Portability and Accountability Act
(HIPAA) of 1996 and managed according to Optum’s cus-
tomer data use agreements.

2.2 Study Design and Sample Selection

A retrospective cohort study design was used to address the
study objective (Fig. 1). Patient selection criteria were based
on diagnoses and procedures recorded in claims data and
prescription fills. The date of the first medical claim with a
recorded diagnosis for a PAH symptom after >12 months
of continuous health insurance eligibility was defined as
PAH symptom onset. The >12-month period of continuous
eligibility was required as a ‘washout’ period to increase
the likelihood of capturing the first symptom. PAH symp-
toms considered included ascites, chest pain, cyanosis, diz-
ziness, edema, fatigue, syncope, tachycardia/palpitation,
and unspecified dyspnea and were identified based on ICD-
10-CM codes. The baseline period was defined as the 12
months before PAH symptom onset. The index date was
defined as the date of the first PH-related diagnosis recorded
on a medical claim (ICD-10-CM: 127.0, 127.20, 127.21,
127.89) following PAH symptom onset; patients whose first
recorded PH-related diagnosis occurred prior to PAH symp-
tom onset were excluded (i.e., approximately one third of
patients; Fig. 2). The pre-diagnosis period was defined as
the period between PAH symptom onset and the index date.
The study period spanned from the index date until the earli-
est of 12 months, end of continuous health insurance eligi-
bility, and the end of data availability; no minimum duration
was required for the study period.

As shown in the sample selection flowchart (Fig. 2), eligi-
ble adult patients had (1) one or more PH-related diagnosis
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recorded on a medical claim in an inpatient setting or two
or more PH-related diagnoses recorded on a medical claim
in an outpatient (OP) setting on distinct dates, with the first
diagnosis (i.e., index date) on or after January 1, 2017, (2)
two or more PAH symptoms recorded on a medical claim
>60 days apart, with the first PAH symptom prior to the
index date, and (3) >12 months of continuous health insur-
ance eligibility before PAH symptom onset. To increase the
likelihood of identifying patients with PAH instead of other
forms of PH, eligible patients were also required to have one
or more prescription fill for a PAH-related treatment on or
after the index date, one or more procedure claim for RHC at
any time, and no documented claim for chronic thromboem-
bolic pulmonary hypertension (CTEPH) or a CTEPH-related
procedure at any time (list of diagnosis and procedure codes
available in Supplementary Tables 1, 2 and 3, see electronic
supplementary material [ESM]).

Diagnosis delay was defined as the time between PAH
symptom onset and the date of the first PH-related diagnosis
claim. Patients were classified into three mutually exclusive
study cohorts based on their diagnosis delay, namely <12
months, >12 to <24 months (hereafter, 12-24 months), and
>24 months.

2.3 Measures and Outcomes

Patient characteristics were measured during the baseline
period, overall and stratified by study cohort, and included
demographics, Quan-Charlson comorbidity index (i.e., adap-
tation of the Charlson comorbidity index using ICD-10-CM

Start of continuous
health insurance PAH symptom onset:
eligibility

First PAH symptom dia,gnosis1

Index date:

First PH-related diagnosis

diagnosis codes) [14], specific comorbidities, common
pharmacological treatments, HRU, and health care costs.
The symptoms present at PAH symptom onset and during
the pre-diagnosis period in the overall sample were also
reported.

All-cause and PH-related HRU per patient per month
(PPPM) were measured during the study period (i.e., up to
1 year post-diagnosis) and included hospitalization stays and
hospitalization days, intensive care unit (ICU) stays and ICU
days, readmission within 30 days of discharge, emergency
department (ED) visits, OP visits, and other visits (e.g.,
home care). In addition, specialist visits (i.e., cardiologist,
pulmonologist) and PH-related diagnostic tests in any set-
ting were reported (Supplementary Table 3, see ESM). All-
cause and PH-related health care costs PPPM were measured
during the study period and included total costs, medical
costs (i.e., hospitalization, ICU, ED, OP, other, specialist,
PH-related diagnostic test costs), and pharmacy costs based
on standardized costs in health insurance claims. All-cause
HRU and medical costs were identified based on all medical
claims; all-cause pharmacy costs were defined as pharmacy
claims for any treatment. PH-related HRU and medical costs
were defined based on medical claims with a PH-related
diagnosis; PH-related pharmacy costs were defined as phar-
macy claims for PAH-related treatments (i.e., PDESi [silde-
nafil, tadalafil; excluding dosage consistent with Viagra or
Cialis], ERA [ambrisentan, bosentan, macitentan], soluble
guanylate cyclase stimulators [riociguat], and PPA [epopros-
tenol, iloprost, treprostinil or selexipag]). Costs were inflated
to 2021 US dollars based on the Medical Care component

End of continuous health
insurance eligibility or
data availability

Baseline/washout period
(12 months)

RHC
(at any time)

1
¢ Period without symptoms Pre-diagnosis period
¢ Description of patient

L (variable duration)
characteristics

Used for adjustment in

. symptoms
regression analyses

¢ Description of PAH

v

A |
J
¥ > 4
Study period
(<12 months)

PAH treatment
(any time after diagnosis)

¢ Assessment of HRU and
healthcare costs

Diagnosis delay

Exposure variable

Fig. 1 Study design. HRU health care resource utilization, PAH pulmonary arterial hypertension, RHC right heart catheterization. [1] Symptoms
included ascites, chest pain, cyanosis, dizziness, edema, fatigue, syncope, tachycardia/palpitation, and unspecified dyspnea
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>1 PAH-related inpatient diagnosis recorded in claims data or >2 PAH-related
outpatient diagnoses claims on distinct dates
N=409,763

>1 prescription fill for a PAH-related treatment on or after the date of the first
PAH diagnosis'
N=11,359 (2.8%)

[ >2 documented diagnoses claims for any PAH symptoms? at least 60 days apart |
\ N=9.075 (79.9%)

[ >12 months of continuous health insurance eligibility before the first symptom |
\ N=1.422  (15.7%)

[ First documented PAH diagnosis claim (i.e., index date) on or after first symptom |
N=986 (69.3%)

>18 years of age as of the index date
N=978 (99.2%)

No documented diagnosis claims for CTEPH or CTEPH-related procedure®
N=892 (91.2%)

\ First PAH diagnosis claim in 2017 or after* \
| N=885 (90.5%) |

Right heart catheterization (RHC) claim anytime
N=538 (60.3%)
Study cohorts (based on diagnosis delay)
<12 months delay: N =327 (60.8%)
>12 to <24 months delay: N = 126 (23.4%)
>24 months delay: N =85 (15.8%)

Fig.2 Sample selection. CTEPH chronic thromboembolic pulmo-
nary hypertension, ERA endothelin receptor antagonist, PAH pulmo-
nary arterial hypertension, PDE5i phosphodiesterase type 5 inhibitor,
PPA prostacyclin pathway agent, RHC right heart catheterization,
sGCS soluble guanylate cyclase stimulator. [1] PAH-related treat-
ments include PDESis (sildenafil [excluding dosage corresponding
to Viagra] or tadalafil [excluding dosage corresponding to Cialis]),
ERAs (bosentan, ambrisentan or macitentan), sGCS (riociguat), PPAs
(epoprostenol, iloprost, treprostinil, or selexipag). [2] PAH symp-
toms included ascites, chest pain, cyanosis, dizziness, edema, fatigue,
syncope, tachycardia/palpitation, and unspecified dyspnea. [3] Pro-
cedures included pulmonary endarterectomy or balloon pulmonary
angioplasty. [4] This criterion ensures that patients in all cohorts can
have an index year during the same period (since patients in the >24
months’ diagnosis delay group can have an index year starting only in
2017 given the start of the data in 2015)

of the US Bureau of Labor Statistics Consumer Price Index
(https://www.bls.gov/cpi/).

2.4 Statistical Analyses

Patient characteristics were described overall and by study
cohort using means, standard deviations (SDs), and medians
for continuous variables, and frequencies and proportions for
categorical variables. Standardized differences were used to
evaluate differences in patient characteristics between study
cohorts [15].

Time from PAH symptom onset to first PAH diagnosis
was assessed using Kaplan-Meier analysis. The association
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between diagnosis delay and HRU and health care costs
during the study period was assessed using regression
models adjusting for baseline covariates (i.e., demograph-
ics, clinical characteristics, HRU and health care costs)
to control for observable potential confounders at PAH
symptom onset. Nonparametric bootstrap procedures with
500 replications were used to evaluate statistical signifi-
cance and 95% confidence intervals (Cls) of incidence
rate ratios (IRRs) for HRU and mean cost differences for
health care costs. To investigate whether delayed diagnosis
was associated with increased HRU and health care costs
beyond the first year post-diagnosis, a sensitivity analysis
was conducted where the study period spanned from the
index date until the end of continuous insurance eligibility
or data availability. All analyses were conducted using SAS
Enterprise Guide 7.15.

3 Results
3.1 Study Sample

After applying the eligibility criteria, the final study sample
comprised 538 patients, including 327 (60.8%) with a diag-
nosis delay of <12 months, 126 (23.4%) with a diagnosis
delay of 12-24 months, and 85 (15.8%) with a diagnosis
delay of >24 months (Fig. 2).

3.2 Baseline Characteristics

Patient characteristics overall and stratified by study cohorts
are presented in Table 1. In the overall sample, patients had
amean age at PAH symptom onset of 65.6 years and 60.6%
were female. The mean Quan-Charlson comorbidity index
score was 2.7, with systemic hypertension (70.3%), diabetes
mellitus (39.4%; either type 1 or 2), congestive heart failure
(26.4%), obesity (26.0%), and chronic obstructive pulmo-
nary disease (24.0%) being the most common comorbidi-
ties. Most patients were on antihypertensive agents (75.3%),
while other common pharmacological treatments included
antidepressants and oral steroids. In the overall sample,
mean (median) total all-cause health care costs during the
baseline period were US$2030 ($799) PPPM, largely driven
by medical costs.

When stratifying by study cohorts, patients with <12
months’ delay were on average younger than those with
12-24 months’ and >24 months’ delay, but had numerically
higher total all-cause health care costs during the baseline
period (US$2165 vs US$1708 and US$1990 PPPM, respec-
tively; Table 1).
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3.3 Pre-Diagnosis Characteristics

Mean (median) diagnosis delay was 4.0 (2.9) months in the
<12 months’ delay cohort, 17.4 (17.7) months in the 12-24
months’ delay cohort, and 33.5 (31.7) months in the >24
months’ delay cohort (Table 1), with overall diagnosis delay
of 11.8 (8.3) months (Fig. 3).

Patients had an average of 1.2 distinct PAH symptoms
recorded at PAH symptom onset (patients may have had
more than one recorded symptom on the date of symptom
onset) and 2.7 distinct PAH symptoms recorded between
PAH symptom onset and PAH diagnosis (i.e., the pre-diag-
nosis period). Unspecified dyspnea was the most common
symptom recorded both at symptom onset and during the
pre-diagnosis period (51.3% and 88.1%, respectively), fol-
lowed by chest pain, fatigue, and edema (>15% and >35%,
respectively; Fig. 4).

3.4 Association Between Diagnosis Delay
and Health Care Resource Utilization and Costs

The mean (median) duration of the study period was 11.5
(12.0) months in the <12 months’ delay cohort, 10.9 (12.0)
months in the 12-24 months’ delay cohort, and 9.7 (12.0)
months in the >24 months’ delay cohort. During the study
period, patients in the <12 months’ delay cohort had lower all-
cause HRU PPPM than those in the 12-24 and >24 months’
delay cohorts (hospitalization: 0.12 vs 0.16 and 0.19 stays;
ICU: 0.07 vs 0.10 and 0.14 stays; OP: 4.01 vs 4.75 and 4.62
visits, respectively). Most of the hospitalizations were driven
by PH-related HRU (Table 2).

In adjusted regression analyses, patients in the 12-24
months’ and >24 months’ delay cohorts incurred higher rates
of all-cause HRU compared with those in the <12 months
delay cohort, including more hospitalizations, ICU stays, and
OP visits; similar trends were observed for PH-related HRU
(all p < 0.05). Compared with patients in the <12 months’
delay cohort, those in the >24 months’ delay cohort also had
higher rates of all-cause ED visits and readmission within 30
days of discharge. Longer delays were also associated with
higher rates of PH-related specialist visits and PH-related diag-
nostic tests (Table 2).

During the study period, all-cause health care costs
PPPM averaged US$12,907 for patients in the <12 months’
delay cohort compared with US$15,829 and US$16,312 in
the 12-24 and >24 months’ delay cohorts, respectively. In
adjusted regression analyses, total all-cause health care
costs PPPM were US$3986 (95% CI 1439-6436) higher in
the 12-24 months’ delay cohort and US$5366 (2107-8524)
higher in the >24 months’ delay cohort compared with the
<12 months’ delay cohort, driven largely by hospitalization
costs. Similar results were found for PH-related health care

costs. Costs for PH-related specialist visits and PH-related
diagnostic tests (in any setting) were also significantly higher
in longer delay cohorts (Table 3).

3.5 Sensitivity Analyses

When prolonging the study period to the end of health insur-
ance eligibility or data availability, the duration of the study
period was 30.3 (32.3) months in the <12 months of diag-
nosis delay cohort, 23.9 (22.7) months in the 12-24 months’
delay cohort, and 14.9 (12.5) months in the >24 months’ delay
cohort. Despite differences in the overall duration of the study
period, similar trends were found in the sensitivity analyses.

In adjusted regression analyses, patients in the 12-24 and
>24 months’ delay cohorts incurred higher rates of all-cause
HRU compared with those in the <12 months’ delay cohort,
including more hospitalizations, OP visits, and PH-related
diagnostic tests (all p < 0.05). Similar trends were found for
PH-related HRU. This increased HRU translated into total
health care costs PPPM that were US$2043 (95% CI —356 to
4285) higher in the 12-24 months’ delay cohort and US$3082
(=20 to 6139) higher in the >24 months’ delay cohort com-
pared with the <12 months’ delay cohort.

4 Discussion

In this retrospective, claims-based study among patients with
PAH, delayed diagnosis was associated with significantly
increased HRU and health care costs during the year fol-
lowing the first PH-related diagnosis, particularly for hos-
pitalizations. These results were confirmed in a sensitivity
analysis showing that the impact of delayed diagnosis on
HRU and health care cost burden lasted beyond the first year
post-diagnosis.

Prior studies have reported average diagnosis delays
ranging from 2.5 to 3.9 years, which is longer than what
we observed [7-10, 16]. Our study was not designed to
assess the average diagnosis delay and thus did not require
a minimal follow-up duration, unlike other studies which
did have this requirement [16]. Therefore, in our study, it
is likely that some patients were lost to follow-up prior
to being diagnosed, resulting in a sample more skewed
towards shorter delay than in other studies. Regarding
symptoms prior to PAH diagnosis, we found that unspeci-
fied dyspnea was experienced by the vast majority of
patients (>80%) at any time prior to diagnosis and was the
most common symptom present at PAH symptom onset.
This finding is consistent with those reported by other ret-
rospective studies of PAH populations [8, 16].

There is currently scarce information on the association
between diagnosis delay and HRU and costs among patients
with PAH. As such, this study provides important context
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Table 1 Patient characteristics overall and stratified by study cohorts

Patient characteristics® All patients ~ Study cohorts
<12 months’ delay 12-24 months’ delay Std. diff. vs >24 months’ delay Std. diff. vs <12
<12 months’ months’ delay
N =538 N =327 N=126 delay N=285
Diagnosis delay (i.e., time 11.8+11.8 4.0+3.7 174+ 3.6 367.17 335+7.2 51447
from PAH symptom onset
to first PAH diagnosis),
months, mean + SD
<1 month, n (%) 101 (18.8) 101 (30.9) 0(0.0) - 0(0.0) -
>1 to <4 months, n (%) 87 (16.2) 87 (26.6) 0(0.0) - 0(0.0) -
>4 to <6 months, n (%) 41 (7.6) 41 (12.5) 0(0.0) - 0(0.0) -
>6 to <12 months, n (%) 98 (18.2) 98 (30.0) 0(0.0) - 0(0.0) -
>12 to <24 months, n (%) 126 (23.4)  0(0.0) 126 (100.0) - 0(0.0) -
>24 to <36 months, n (%) 57 (10.6) 0(0.0) 0(0.0) - 57 (67.1) -
>36 months, n (%) 28 (5.2) 0(0.0) 0(0.0) - 28 (32.9) -
Age at symptom onset, mean 65.6 + 12.0  64.7 + 12.6 67.1 +10.8 20.5° 66.8 +11.4 17.3°
+SD
Female, n (%) 326 (60.6) 208 (63.6) 64 (50.8) 26.1° 54 (63.5) 0.2
Region, n (%)
South 243 (45.2) 142 (43.4) 64 (50.8) 14.87 37 (43.5) 0.2
West 127 (23.6) 80 (24.5) 30 (23.8) 1.5 17 (20.0) 10.8
Midwest 119 (22.1)  75(22.9) 24 (19.0) 9.6 20 (23.5) 1.4
Northeast 49 (9.1) 30(9.2) 8 (6.3) 10.67 11 (12.9) 12.0
Unknown 0(0.0) 0(0.0) 0 (0.0) 0.0 0(0.0) 0.0
Insurance type, n (%)
Medicare Advantage 382 (71.0) 224 (68.5) 98 (77.8) 21.0° 60 (70.6) 4.5
Commercial insurance 156 (29.0) 103 (31.5) 28 (22.2) 21.0° 25(29.4) 4.5
Year of first symptom onset,
n (%)
2016 57(10.6)  21(64) 21 (16.7) 32.5° 15 (17.6) 35.0°
2017 260 (48.3) 141 (43.1) 66 (52.4) 18.67 53 (62.4) 39.3°
2018 137 (25.5) 93 (28.4) 28 (22.2) 14.37 16 (18.8) 22.8F
2019 59 (11.0) 49 (15.0) 9(7.1) 2521 1(1.2) 5247
2020 21 (3.9) 19 (5.8) 2 (1.6) 22.5% 0(0.0) 35.17
2021 4(0.7) 4(1.2) 0(0.0) 15.7F 0(0.0) 15.7
Quan-Charlson comorbidity 2.7 + 2.4 27+25 28+23 73 24+22 11.2°
index,? mean + SD
0, n (%) 43 (8.0) 37 (11.3) 3(2.4) 35.9° 3(3.5) 30.0°
1,n (%) 78 (14.5) 64 (19.6) 9(7.1) 37.2° 5(5.9) 42,07
2,n (%) 73 (13.6) 54 (16.5) 12 (9.5) 20.9° 7(8.2) 25.37
3,n (%) 69 (12.8) 41 (12.5) 22 (17.5) 13.87 6(7.1) 18.57
4+, n (%) 275 (51.1) 131 (40.1) 80 (63.5) 48.2° 64 (75.3) 76.3
Comorbidities (top 10), n (%)
Systemic hypertension 378 (70.3) 221 (67.6) 96 (76.2) 19.2 61 (71.8) 9.1
Diabetes mellitus 212 (39.4) 127 (38.8) 53 (42.1) 6.6 32 (37.6) 2.5
Congestive heart failure 142 (26.4) 100 (30.6) 29 (23.0) 17.1% 13 (15.3) 37.0°
Obesity 140 (26.0) 91 (27.8) 25 (19.8) 18.8" 24 (28.2) 0.9
Chronic obstructive pulmo- 129 (24.0) 87 (26.6) 27 (21.4) 12.1% 15 (17.6) 21.7F
nary disease
Renal disease 122 (22.7)  76(23.2) 30 (23.8) 1.3 16 (18.8) 10.97
Coronary artery disease 122 (22.7) 71 (21.7) 30 (23.8) 5.0 21 (24.7) 7.1
Hypothyroidism 7 N 7 . 7 . 7. v .
ypothyroidi 117 (21.7) 9(24.2) 17 (13.5) 27.5% 21 (24.7) 1.3
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Table 1 (continued)

Patient characteristics® All patients ~ Study cohorts
<12 months’ delay 12-24 months’ delay Std. diff. vs >24 months’ delay Std. diff. vs <12
N =538 N =327 N =126 <12 months’ N =85 months’ delay
delay
Anemia 104 (19.3) 57 (17.4) 32 (25.4) 19.5° 15 (17.6) 0.6
Depression 77 (14.3) 51 (15.6) 16 (12.7) 8.3 10 (11.8) 11.2°
Pharmacological treatments,
n (%)
Antihypertensive 405 (75.3) 247 (75.5) 93 (73.8) 4.0 65 (76.5) 2.2
Antidepressant 137 (25.5) 84 (25.7) 33 (26.2) 1.2 20 (23.5) 5.0
Oral steroid 138 (25.7) 91 (27.8) 30 (23.8) 9.2 17 (20.0) 18.4°
Anticoagulant 86 (16.0) 54 (16.5) 21 (16.7) 0.4 11 (12.9) 10.1°%
Immunomodulators 25 (4.6) 11 (3.4) 8 (6.3) 13.97 6(7.1) 16.7
All-cause health care costs,
USD 2021, PPPM, mean
+SD
Total costs 2030 + 3725 2165 + 4090 1708 + 2894 12.9° 1990 + 3325 4.7
Medical costs 1441 + 3079 1419 + 3208 1425 + 2728 0.2 1550 + 3094 42
Hospitalization costs 634 + 1973 612 + 1942 528 + 1418 5.0 876 + 2682 11.3°
Emergency department 111 £358 119 +£399 119 + 330 0.2 67 + 189 16.5°
costs
Outpatient costs 640 +2021 633 + 2262 730 + 1787 4.8 531 +1217 5.6
Other costs 57 +1236 56 + 225 48 + 194 3.6 75+ 322 6.9
Pharmacy costs 589 +2010 746 + 2498 283 + 594 25.57 440 £ 910 16.3°
All-cause HRU, PPPM, mean
+SD
Hospitalization stays 0.02+0.04 0.02+0.04 0.02 +0.05 2.1 0.02 +£0.04 6.1
Hospitalization days 022+0.79 0.27+0.95 0.16 +£0.48 14.3° 0.12 +£0.32 21.2f
Emergency department 0.05+0.11 0.05+0.09 0.06 +£0.11 12.4° 0.05+0.17 4.2
visits
Outpatient visits 1.50 +1.88 1.41 +1.39 1.83 +3.03 17.8° 1.38 £ 1.11 1.9
Other visits 029+0.73 0.28 +0.51 034 +1.22 6.6 0.26 £ 0.46 4.0

HRU health care resource utilization, PAH pulmonary arterial hypertension, PPPM per patient per month, SD standard deviation, Std. diff. stand-

ardized difference, USD United States dollars
"Denotes standardized difference >10%

*Patient characteristics were measured on the PAH symptom onset date or during the baseline period

"Based on Quan, Sundararajan, Halfon, et al. Coding algorithms for defining comorbidities in ICD-9-CM and ICD-10 administrative data. Medi-

cal Care 2005; 1130-1139

to the findings of previous studies on the economic bur-
den of PAH overall. Prior evidence indicates that diagnosed
PAH is associated with a substantial economic burden in
the US [17-21]. In a retrospective administrative claims-
based study of patients with diagnosed PAH in the US from
2015 to 2020, mean total all-cause health care costs after
PAH treatment initiation (mean follow-up of 1.5 years) were
US$14,201 PPPM [21], which is consistent with the mean
total all-cause health care costs obtained in our overall sam-
ple (US$14,129 PPPM). Previous studies further suggest
that hospitalizations are the main driver of the substantial
HRU and cost burden among patients with PAH [6, 18, 20,

22-28]. Indeed, several studies have shown that average total
health care costs (ranging between US$2023 and US$9353
PPPM across studies) were driven by hospitalization costs
(between 40% and 60% of total costs across studies), while
pharmacy costs accounted for a lower proportion of costs
(between 15% and 40% of total costs across studies) [18,
24-27]. Moreover, patients in prior studies have been shown
to incur substantial HRU and costs prior to receiving a diag-
nosis of PAH, primarily due to high rates of hospitalization
[24, 29]. Consistent with this prior evidence, the present
study observed substantial total all-cause health care costs
following PAH diagnosis, which were largely driven by the
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Fig.3 Kaplan-Meier analysis of time between PAH symptom onset and PAH diagnosis. CI confidence interval, PAH pulmonary arterial hyper-

tension

high costs of hospitalization. Our study adds to this previ-
ous body of literature by highlighting the economic conse-
quences of delayed diagnosis, namely an incremental rise in
HRU and costs with longer diagnosis delay.

In the year following diagnosis, our findings suggest that
diagnosis delays of 12—-24 months and >24 months are asso-
ciated with increased costs of US$47,832 and US$64,392
per patient, respectively, relative to a <12 months delay.
Given a PAH incidence of 2.0 per million adult individuals
[30] and the US population [31], it is estimated that more
than 500 patients could be diagnosed with PAH in a given
year. Based on these prior estimates, our findings suggest
that diagnosing individuals within 12 months of their PAH
symptom onset could lead to a reduction in health care costs
of more than US$20 million in the year following their
diagnosis.

A primary goal in PAH clinical practice is to reduce the
burden of hospitalization among patients, as it is among the
key indicators of disease progression. Our results highlight
the importance of early PAH diagnosis as delays are asso-
ciated with downstream increases in HRU costs following
diagnosis, particularly due to high rates of hospitalization.
Evidence suggests that the burden of PAH could be miti-
gated through a wide range of recommended PAH treatments
with demonstrated efficacy, including combination therapy
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targeting the nitric oxide, endothelin, and prostacyclin path-
ways [4]. In addition to their positive impact on survival,
these PAH treatments have been shown to reduce the fre-
quency of hospitalizations among patients in a number of
clinical trials [5, 32-34]. Further, PH-related pharmacy
costs in the present study made up approximately one fifth
of the total health care costs, suggesting that investment in
early treatment could eventually be offset by a downstream
reduction in hospitalization costs. Thus, earlier screening
and diagnosis could ensure that patients gain prompt access
to effective PAH treatments, potentially mitigating the high
HRU and cost burden associated with more advanced, severe
PAH [6, 13, 35].

In terms of priorities, greater attention should be focused
on identifying patients who present with more subtle and
non-specific symptoms, as they are more likely to be over-
looked for PAH screening in routine clinical practice. Given
the difficulty in identifying such patients, algorithms for
the early detection of PAH are currently being developed
to help to streamline the process and address gaps in care.
For instance, a machine-learning model recently developed
using retrospective health insurance claims data was able to
distinguish between patients with PAH and controls, cor-
rectly identifying 73% of patients with PAH 6 months prior
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to a confirmed PAH diagnosis [36]. Moreover, PAH diagno-
sis could be expedited through earlier screening with com-
monly available tests, including an artificial intelligence-
driven algorithm for electrocardiogram data [37, 38] and
an automated decision support tool for echocardiograms
(Us2.ai) [39, 40]. Additionally, clinicians may benefit from
learning tools (EchoRight app) that could enable them to
better evaluate signs of PH based on echocardiography data
[41]. By helping to identify patients that should be further
evaluated for PH [37, 38], these novel algorithms and learn-
ing tools have the potential to further reduce the economic
burden of PAH on the health care system, particularly due
to delayed diagnosis.

4.1 Limitations

The present study was subject to certain limitations. Patients
may have been misclassified in a given cohort due to inaccu-
racies in health insurance claims data. For instance, it is pos-
sible that some patients might have been incorrectly diag-
nosed with PAH and treated with a PAH-related medication
when in fact they might have had other types of PH. Several

diagnosis codes are used in clinical practice for PAH, such
that the population of interest may not be identified with a
single ICD-10-CM diagnosis code. Therefore, a broader set
of PH-related diagnosis codes were used to identify the rel-
evant patient population. To further increase the likelihood
that the study sample would capture patients with PAH, at
least one claim for PAH-related treatments and RHC were
also required for inclusion in the study, while patients with
a claim for CTEPH or a CTEPH-related procedure were
excluded. However, this may have led to the exclusion of
true PAH patients who did not undergo RHC such that the
sample may not be representative of the overall PAH popula-
tion. Additionally, since diagnosis delay could not be meas-
ured directly, it was identified based on information available
in health insurance claims data such as diagnosis codes. For
instance, although PAH symptom onset was defined as the
date of the first PAH symptom claim recorded in the claims
data, it is possible that the PAH symptom started before
the patient sought care for it. Moreover, approximately one
third of patients did not have a PAH symptom recorded on a
medical claim before their first PAH diagnosis. Since it was
unclear whether these patients had experienced any PAH

A\ Adis



142 H. M. DuBrock et al.

Table 2 Health care resource utilization among study cohorts

HRU PPPM during the Incidence rates (mean + SD) per cohort of diagnosis delay Adjusted IRR (95% CI and p-value)*
study period
<12 months’ delay 12-24 months’ delay >24 months’ delay 12-24 months’ vs >24 months’ vs
N =327 N =126 N=285 <12 months’ delay <12 months’ delay

All-cause HRU

Hospitalization stays ~ 0.12 + 0.15 0.16 +0.18 0.19 +0.25 1.40 (1.11-1.71)  <0.001* 1.71 (1.29-2.12)  <0.001*
Hospitalization 1.78 + 3.53 2.69 +5.31 2.09 + 3.37 1.63 (1.15-2.26) 0.012* 1.35(0.94-1.94) 0.152
days
Intensive care unit ~ 0.07 + 0.10 0.10 +0.13 0.14 +0.25 1.51(1.16-1.93) <0.001* 2.15(1.45-2.88) <0.001*
stays
Intensive care unit  1.36 + 3.14 227 +5.08 1.73 £ 3.28 1.83 (1.19-2.65) 0.004* 1.46 (0.92-2.30) 0.136
days
Readmission 0.02 + 0.06 0.03 +0.08 0.04 £0.11 1.46 (0.78-2.25) 0.204 2.22(1.16-3.73) 0.012%*
within 30 days of
discharge
Emergency depart- 0.10 £ 0.14 0.12 +0.16 0.15 £ 0.36 1.26 (0.99-1.63) 0.072 1.66 (1.03-2.31) 0.044*
ment Vvisits
Outpatient visits 4.01 +2.43 475 +3.24 4.62 +3.12 1.17 (1.06-1.30) 0.008* 1.26 (1.08-1.41) 0.004*
Other visits .15+ 1.19 1.52 +2.26 1.28 + 1.65 1.19 (0.92-1.45) 0.168 1.15 (0.88-1.43) 0.389
Specialist visits® 1.54 + 1.66 1.75 + 1.86 2.06 +2.43 1.21 (0.99-1.47) 0.052 1.41 (1.10-1.73) 0.012*
PH-related HRU®
Hospitalization stays ~ 0.10 + 0.13 0.14 +0.16 0.17 £ 0.25 1.49 (1.17-1.85) <0.001* 1.82(1.35-2.29) <0.001*
Hospitalization 1.58 +3.20 2.54+5.21 1.85+2.98 1.79 (1.21-2.50) 0.004* 1.35(0.92-1.93) 0.124
days
Intensive care unit  0.06 + 0.09 0.09 +0.12 0.13 £0.24 1.58 (1.20-2.08) 0.004* 2.25(1.48-3.05) <0.001*
stays
Intensive care unit  1.25 + 3.00 2.04 +4.85 1.53 £2.86 1.86 (1.16-2.72) 0.008* 1.41 (0.87-2.25) 0.164
days
Readmission 0.01 +0.04 0.02 + 0.06 0.03 +0.10 1.73 (0.93-2.81) 0.076 2.32(0.94-4.42) 0.060
within 30 days of
discharge
Emergency depart- 0.03 + 0.07 0.03 +0.08 0.08 + 0.34 0.97 (0.52-1.60) 0918 2.32(0.90-3.97) 0.088
ment visits
Outpatient visits 1.15+ 1.09 1.16 + 1.19 1.54 +1.37 1.08 (0.91-1.29) 0.377 1.43 (1.18-1.74) <0.001*
Other visits 0.23 +0.42 0.23 +0.35 0.32 + 0.47 1.01 (0.72-1.39) 0.966 1.36 (0.96-1.90) 0.100
Specialist visits® 0.70 £ 0.68 093 +1.29 1.07 + 1.44 1.54 (1.14-1.94) <0.001* 1.57 (1.10-1.97) 0.016*
PH-related diagnostic  0.42 + 0.36 0.51 +0.51 0.66 + 0.75 1.38 (1.14-1.63) <0.001* 1.71 (1.31-2.08) <0.001*
tests!

BNP balloon pulmonary angioplasty, CI confidence interval, ECG electrocardiogram, HRU health care resource utilization, /CD-10-CM Inter-
national Classification of Diseases, version 10, Clinical Modification, /RR incidence rate ratio, NT-proBNP N-terminal (NT)-pro hormone BNP,
PAH pulmonary arterial hypertension, PH pulmonary hypertension, PPPM per patient per month, RHC right heart catheterization, SD standard
deviation, TTE transthoracic echocardiography

*Denotes p-value <0.05

#Obtained from a regression model with diagnosis delay (categorical variable) as the independent variable, and demographics in the baseline
period (age at onset, female, region, Medicare insurance, year at onset), clinical characteristics in the baseline period (Quan-Charlson comor-
bidity index; comorbidities with standardized difference >10% and >20% prevalence: systemic hypertension, congestive heart failure, chronic
obstructive pulmonary disease, obesity, renal disease, hypothyroidism; medication: antihypertensive, steroids, anticoagulants), and health care
costs and HRU in the baseline period (inpatient costs, emergency room costs, outpatient costs, pharmacy costs, inpatient admission, emergency
room visits, outpatient visits) as covariates. CIs (95%) and p-values were estimated with a nonparametric bootstrap procedure with 500 replica-
tions

Visits with cardiologists, pulmonologists, or rheumatologists

‘PH-related HRU was defined based on medical claims for which a diagnosis of PAH (ICD-10-CM: 127.0, 127.20, 127.21, 127.89) was recorded

4PH-related diagnostic tests included BNP/NT-proBNP test, cardiac magnetic resonance imaging chest/thorax, computer tomography chest/tho-
rax, computed tomography angiography, echocardiography chest/thorax, ECG, pulmonary angiogram, RHC, TTE, and 6-minute walking dis-
tance tests
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Table 3 Health care costs among study cohorts

Health care costs ~ Costs (mean + SD) per cohort of diagnosis delay Adjusted mean cost difference (95% CI and p-value)*
PPPM (2021 USD)
<12 months’ delay 12-24 months’ >24 months’ delay 12-24 months’ vs <12 >24 months’ vs <12
N =327 delay N=285 months’ delay months’ delay
N =126
All-cause costs
Total costs 12,907 + 14,147 15,829 + 16,930 16,312 + 16,142 3986 (1439 to <0.001* 5366 (2107 to <0.001*
6436) 8524)
Medical costs 9463 + 13,824 12,358 + 16,615 11,979 +£ 15,828 3514 (1104 to 0.008* 4237 (907 to 0.008*
5976) 7031)
Hospitalization 5556 + 12,038 7937 + 12,497 8313 + 13,222 3248 (1108 to <0.001* 4048 (1401 to <0.001*
costs 5135) 6342)
Intensive care 3932 + 9825 6124 + 11,605 7287 + 13,295 2847 (774 to 0.004* 4266 (1593 to <0.001*
unit costs 4588) 6477)
Emergency 350 + 806 458 + 839 530 + 1700 117 (-18 to 255)  0.088 205 (—60 to 430) 0.208
department
costs
Outpatient costs 3237 + 5127 3424 + 9488 2763 + 3254 1 (=920 to 961) 0.902 —-87(-9981t0779) 0.874
Other costs 320 + 570 538 + 1627 373 + 609 149 (-17 to 300)  0.096 71 (—64 to 195) 0.305
Costs of spe- 3293 + 8406 4734 + 9155 3930 + 6861 2039 (532 to 0.008* 1366 (—141 to 0.072
cialist visits® 3388) 2603)
Pharmacy costs 3444 + 5404 3471 + 6130 4334 + 5670 472 (=382 to 0.337 1129 (8 to 2230) 0.048*
1470)
PH-related costs®
Total costs 7119 + 8419 8824 + 10,276 10,123 + 10,123 2625 (807 to <0.001* 3625 (1635 to <0.001*
4196) 5428)
Medical costs 4238 + 6761 6009 + 8887 6823 + 8949 2388 (661 to <0.001* 3095 (1386 to <0.001°*
3794) 4583)
Hospitalization 2517 + 5654 4594 + 8300 5270 + 8258 2483 (914 to <0.001* 3049 (1557 to <0.001*
costs 3785) 4432)
Intensive care 1682 + 4320 3491 + 7791 4527 + 8111 2075 (646 to <0.001* 2969 (1499 to <0.001*
unit costs 3178) 4248)
Emergency 127 + 548 80 + 250 157 + 547 —18 (—68to35)  0.537 37 (=64 to 127) 0.481
department
costs
Outpatient costs 1497 + 3241 1112 + 1828 1218 + 1960 —189 (—542 to 0.325 —67 (520 t0 403)  0.802
222)
Other costs 96 + 410 223 + 780 178 + 371 112 (18 to 200) 0.012*% 76 (—4to 154) 0.068
Costs of spe- 1414 + 3763 2565 + 6137 2706 + 4906 1448 (435 to <0.001* 1499 (474 to <0.001°*
cialist visits® 2223) 2341)
Costs of PH- 2037 + 3892 3753 + 7212 4817 + 7707 2051 (735 to <0.001* 3194 (1856 to <0.001*
related diag- 3107) 4309)
nostic tests¢
Pharmacy costs 2881 + 5291 2815 + 5706 3301 £ 5104 237 (=578 to 0.613 530 (=559 to 0.325
1115) 1515)

BNP balloon pulmonary angioplasty, CI confidence interval, ECG electrocardiogram, ERA endothelin receptor antagonist, HRU health care
resource utilization, /CD-10-CM International Classification of Diseases, version 10, Clinical Modification, NT-proBNP N-terminal (NT)-pro
hormone BNP, PAH pulmonary arterial hypertension, PDE5i phosphodiesterase type 5 inhibitor, PH pulmonary hypertension, PPA prostacyclin
pathway agent, PPPM per patient per month, RHC right heart catheterization, SD standard deviation, sGCS soluble guanylate cyclase stimulator,
TTE transthoracic echocardiography, USD United States dollars

*Denotes p-value <0.05

aObtained from a regression model with diagnosis delay (categorical variable) as the independent variable, and demographics in the baseline
period (age at onset, female, region, Medicare insurance, year at onset), clinical characteristics in the baseline period (Quan-Charlson comorbidity
index; comorbidities with standardized difference >10% and >20% prevalence: systemic hypertension, congestive heart failure, chronic obstruc-
tive pulmonary disease, obesity, renal disease, hypothyroidism; medication: antihypertensive, steroids, anticoagulants), and health care costs and
HRU in the baseline period (inpatient costs, emergency room costs, outpatient costs, pharmacy costs, inpatient admission, emergency room Visits,
outpatient visits) as covariates. CIs (95%) and p-values were estimated with a nonparametric bootstrap procedure with 500 replications

"Visits with cardiologists, pulmonologists, or rheumatologists
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Table 3 (continued)

‘PH-related medical costs were defined based on medical claims for which a diagnosis of PAH (ICD-10-CM: 127.0, 127.20, 127.21, 127.89) was
recorded. PH-related pharmacy costs were defined based on pharmacy claims for PAH-related treatments (i.e., PDESis [sildenafil, tadalafil;
excluding dosage corresponding to Viagra or Cialis], ERAs [ambrisentan, bosentan, macitentan], sGCS [riociguat], PPAs [epoprostenol, ilo-

prost, treprostinil or selexipag])

4PH-related diagnostic tests included BNP/NT-proBNP test, cardiac magnetic resonance imaging chest/thorax, computer tomography chest/tho-
rax, computed tomography angiography, echocardiography chest/thorax, ECG, pulmonary angiogram, RHC, TTE, 6-minute walking distance

tests

symptoms prior to diagnosis, they were not included in the
study. Thus, the results of this study should be interpreted
as the delay in diagnosis after the patient sought medical
attention for a PAH symptom rather than the delay following
symptom diagnosis. This study was also unable to capture
patients with PH-related symptoms who died without ever
receiving a PH-related diagnosis or treatment, leading to
potential survival bias.

While the analysis adjusted for potential confounders to
account for differences in patient groups, there may have
been some residual confounding or unmeasured confound-
ing due to unobservable factors; thus, causal inferences
may not be drawn from this study. In particular, disease
severity information (e.g., WHO functional class) was not
available in the claims database, and hence could not be
adjusted for. This represents an important limitation of the
present study. In a study by Dufour et al. [35], greater PAH
severity, as indicated by higher WHO functional class,
was associated with an increased likelihood of hospitaliza-
tion and significantly higher PH-related costs. Thus, the
increase in HRU costs with diagnosis delay might reflect
greater PAH severity among patients with longer delays,
as their disease has remained uncontrolled for an extended
period. On the other hand, all-cause total health care costs
PPPM during the baseline period were highest among the
<12 months’ delay cohort, which could reflect greater
disease severity at symptom onset leading to an earlier
diagnosis. To the extent that patients in the shorter delay
cohort had more severe disease, this may have led to an
underestimation of the impact of diagnosis delay on health
care costs at follow-up. However, this hypothesis cannot
be confirmed given lack of disease severity information
in claims data.

The costs presented reflected standardized costs recorded
in claims data, which may not equate to actual costs or paid
amounts. In addition, PH-related HRU and costs were iden-
tified based on diagnosis recorded in claims, but it is not a
confirmation that the medical services were sought specifi-
cally due to PAH. Finally, given that our study population
was predominantly from the South and enrolled in commer-
cial or Medicare Advantage plans, the results may not be
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generalizable to patients in the rest of the US, including
those with other types of health insurance plans or without
health insurance.

5 Conclusions

Delayed PAH diagnosis was associated with an increased
economic burden post-diagnosis that was primarily driven
by hospitalizations, whereas PH-related pharmacy costs
were a relatively small portion of this burden. Moreover,
longer delay in PAH diagnosis was associated with an incre-
mental risk of ICU stays and 30-day readmissions, which
are also relevant from a payer, health system, and policy
perspective. These findings highlight the need for increased
awareness and earlier screening in routine clinical practice,
as this could provide an opportunity for earlier treatment
which might lead to better clinical outcomes among patients
with PAH and reduced economic burden for payers, employ-
ers, and society at large.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41669-023-00453-8.
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