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Abstract

Rationale: Single-center studies demonstrated that
methamphetamine use is associated with pulmonary arterial
hypertension (Meth-APAH). We used the Pulmonary Hypertension
Association Registry to evaluate the national distribution of Meth-
APAH and to compare its impact on patient-reported and clinical
outcomes relative to idiopathic PAH.

Objectives: To determine if patients with Meth-APAH differ from
those with idiopathic PAH in demographics, regional distribution in
the United States, hemodynamics, health-related quality of life,
PAH-specific treatment, and health care use.

Methods: The Pulmonary Hypertension Association Registry is a
U.S.-based prospective cohort of patients new to care at a Pulmonary
Hypertension Care Center. The registry collects baseline demographics,
clinical parameters, and repeated measures of health-related quality of life,
World Health Organization functional class, 6-minute walk distance,
therapy, andhealth care use. Repeatedmeasures of functional class, health-
related quality of life, type of therapy, emergency department visits, and
hospitalizations were compared using generalized estimating equations.

Results: Of 541 participants included, 118 had Meth-APAH; 83% of
Meth-APAHarose in thewesternUnited States. TheMeth-APAHgroup

was younger and had a poorer socioeconomic status and lower cardiac
index than the idiopathic PAH group, despite no difference in mean
pulmonary artery pressure or pulmonary vascular resistance. The Meth-
APAH group had a more advanced functional class in longitudinal
models (0.22 points greater; 95% confidence interval [CI], 0.07 to 0.37)
and worse PAH-specific (emPHasis-10) health-related quality of life
(25.4; 95% CI, 28.1 to 22.8). There was no difference in dual
combination therapy; however, participants with Meth-APAH were less
likely to be initiated on triple therapy (odds ratio [OR], 0.43; 95%CI, 0.24
to 0.77) or parenteral therapy (OR, 0.10; 95% CI, 0.04 to 0.24).
Participants with Meth-APAH were more likely to seek care in the
emergency department (incidence rate ratio, 2.30; 95% CI, 1.71 to 3.11)
andmore likely to be hospitalized (incidence rate ratio, 1.42; 95%CI, 1.10
to 1.83).

Conclusions:Meth-APAH represents a unique clinical phenotype
of PAH, most common in the western United States. It accounts for
a notable proportion of PAH in expert centers. Assessment for
methamphetamine use is necessary in patients with PAH.
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Pulmonary arterial hypertension (PAH) is
characterized by an elevated pulmonary
vascular resistance, leading to right
ventricular failure, poor health-related
quality of life (HRQL), and death (1–3).
Drug- and toxin-induced PAH occurs
with various drugs including aminorex,
fenfluramine, dexfenfluramine, benfluorex,
and dasatinib (4, 5). Single-center studies
and anecdotal evidence also implicate
methamphetamine, a prescription stimulant
and an illicit drug of abuse, in the
development of PAH (6–9). Indeed, the
proceedings from the 2018 World
Symposium on Pulmonary Hypertension
now lists methamphetamine use as a definite
cause of PAH (methamphetamine-
associated pulmonary arterial hypertension
[Meth-APAH]) (5, 10, 11). The popularity
of methamphetamine is now increasing,
with a lifetime U.S. prevalence of 5.4% (12–
15). The epidemic also extends beyond the
United States; the United Nations Office on
Drugs and Crime estimates the annual
global prevalence of methamphetamine
use at 0.7%, with the highest non-U.S.
prevalence occurring in Poland, the
Netherlands, Australia, Thailand, and
Nigeria (16).

The first descriptions of an association
between methamphetamine use and
PAH came from a retrospective study
that demonstrated that patients with
idiopathic PAH were more likely to use
methamphetamine, amphetamine, or
cocaine than patients with other forms
of PAH (8). In the largest study to date,
a single-center study from Stanford
University, patients with Meth-APAH had
more advanced symptoms of heart failure,
higher right atrial pressure, and lower stroke
volume index (9). Patients with Meth-
APAH also had a lower event-free survival,
even after adjusting for confounders.
Furthermore, patients with Meth-APAH
were less likely to be initiated on parenteral

PAH-specific therapy or prostacyclin
derivatives. Although this study paved the
way in characterizing the association
between methamphetamine use and
PAH, a knowledge gap remains regarding
the impact of Meth-APAH on HRQL.
Additionally, it is not known if there are
differences in patient-level socioeconomic
demographics and the geographic
distribution of Meth-APAH, and if the
findings can be replicated in a multicenter
cohort.

We sought to compare Meth-APAH
with idiopathic PAH using data from the
Pulmonary Hypertension Association
Registry (PHAR), a prospective multicenter
U.S.-based registry of patients new to care at
a Pulmonary Hypertension Care Center. We
hypothesized that we would find differences
in World Health Organization (WHO)
functional class, demographics, regional
distribution throughout the United States,
hemodynamics, HRQL, treatment, and
health care use.

Methods

Study Design, Participants,
and Setting
We performed a prospective cohort study in
the PHAR, which included 47 Pulmonary
Hypertension Care Centers at the time of
this analysis (Table E1 and Figure E1 in the
online supplement). The PHAR began
enrollment in 2015, and the inclusion
criteria have previously been reported (17,
18). Of note, although Stanford University is
one of the enrolling centers, this study has
no overlap with their previously reported
cohort (9).

At the enrollment visit after informed
consent, each participant completed a
tablet-based survey that included the
collection of demographics, socioeconomic
status, anthropomorphic data, pulmonary

hypertension diagnostic history, social
history, symptoms, current PAH-specific
therapy, HRQL, and clinical outcomes (17).
This included the question “have you ever
used methamphetamines in your life, even
once”? Baseline right heart catheterization
hemodynamics were included in the
database at the time of enrollment.
Participants typically underwent repeat
study assessments every 6 months, with
some variability in the interval based
on the center and the patient. At each
repeat clinical visit, repeated measures of
symptoms, WHO functional class, 6-minute
walk distance, current PAH-specific
therapy, HRQL, and clinical outcomes were
collected. The current data set from PHAR
was locked on March 23, 2020. All study
participants provided informed consent at
enrollment. The University of Pennsylvania
serves as the single institutional review
board for the PHAR (Protocol Number:
822830).

The diagnosis and the etiology of
pulmonary hypertension was determined
by the enrolling PHAR center, as part
of standard clinical practice. Diagnostic
groupings available in the registry include
idiopathic PAH, heritable PAH, drug- and
toxin-induced PAH, and connective tissue
disease–associated PAH, among others.
Within the drug- and toxin-induced
PAH classification, further subgroups
include if the inciting drug is fenfluramine,
methamphetamine, amphetamine, or
dasatinib. No central guidelines were
provided to PHAR investigators quantifying
sufficient exposure to methamphetamine
necessary to make a diagnosis of Meth-
APAH, and the enrolling clinician, who
determined the diagnostic category, did not
have access to the results of the survey
question about prior methamphetamine
use. Given the similarities between
amphetamine and methamphetamine, we
combined the six participants listed as
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amphetamine-associated PAH with the
group containing participants listed as
Meth-APAH.

Given the goal of this study, we
restricted our analysis to participants
with PAH from methamphetamine or
amphetamine use, and, as a comparator
group, participants with idiopathic
PAH. We also restricted our analysis
to participants older than 18 years at
enrollment.

Analytic Approach
We compared baseline demographic,
hemodynamic, clinical variables, and HRQL
between groups using Student’s t test or
Wilcoxon rank-sum test for continuous
variables and the chi-squared test for
categorical variables.

We used generalized estimating
equations to determine the association
between Meth-APAH and WHO functional
class, 6-minute walk distance, HRQL, choice
of therapy, referral for transplantation,
emergency department visits, and
hospitalizations (19). We chose to use
generalized estimating equations, clustered
by participant, for our modeling of repeated
measures over time because our primary
predictor variable is immutable within each
participant. For each model, we ran an
unadjusted analysis and a multivariate
adjusted analysis. To determine the impact
of Meth-APAH on survival, we used
multivariate adjusted Cox proportional
hazards models. More details on the
justification behind which covariates
were chosen are included in the online
supplement.

Sensitivity Analyses and Missing Data
To determine if hemodynamics in
the database represented baseline
hemodynamics or not, we ran a
hemodynamic sensitivity analysis using
incident cases only. We were also concerned
that our lack of centralized definition of
what constituted a sufficient exposure to
methamphetamine in order for a participant
to be diagnosed with Meth-APAH may bias
our results. As a result, we performed a
series of five sensitivity analyses on our
functional status, HRQL, treatment, and
healthcare use models. These sensitivity
analyses included 1) assessing ever-users
of methamphetamine versus never-users,
2) including participants with a registry
diagnosis of idiopathic PAH who ever used
methamphetamine in the Meth-APAH

group, 3) removal of participants
with idiopathic PAH who ever used
methamphetamine, 4) removal of
participants with a diagnosis of
amphetamine-associated PAH, and 5)
removing all participants with a registry
diagnosis ofMeth-APAHwho did not admit
to using methamphetamine on the PHAR
survey. Additionally, we imputed missing
data using 10-fold multiple imputation with
chained equations and reran our primary
analyses after imputation (20, 21). Finally, to
ensure that our results were not impacted by
unmeasured confounders, we calculated an
e-value for the main finding in each of our
primary models.

For all analyses, we used a P value of
0.05 as the cutoff for determining statistical
significance.

Analyses were conducted using Stata
15.1 (Stata Corp).

A more detailed description of the
study population, included variables,
justification for adjustment, and imputation
methods are included in the online
supplement.

Results

Study Population
Of the 541 participants included in the
analysis, 118 (22%) had Meth-APAH
(Figure E2) (Table 1), which represents 9%
of the entire PHAR cohort. Participants with
Meth-APAH were younger than those with
idiopathic PAH and were less likely to be
insured, college graduates, married, or
employed (all P, 0.03). The vast majority
of participants with a diagnosis of Meth-
APAH (91%) reported prior use of
methamphetamines, whereas only a small
minority of participants with idiopathic
PAH (6%) reported having ever used
methamphetamines. Participants with
Meth-APAH reported a lower taxable
income per year than participants with
idiopathic PAH (P, 0.001). In both the
Meth-APAH and the idiopathic PAH
participants, the predominant race/ethnicity
was white, and the predominant sex was
female. Notably, there was a higher
percentage of men with Meth-APAH than
idiopathic PAH. Participants with Meth-
APAH had a greater 6-minute walk distance
at enrollment; however, there was no
difference in WHO functional class or
REVEAL Lite 1 Risk Score between groups
(22). There were notable differences in

diagnostic etiology by U.S. Census Region,
with the overwhelming majority of Meth-
APAH occurring in one census region
(P, 0.001). Fully 83% of Meth-APAH
participants received care at PHAR centers
in the Western U.S. Census Region, whereas
the distribution of idiopathic PAHwas more
even throughout the U.S. Census Regions
(Figure 1).

Hemodynamics
We found that participants with Meth-
APAH had less favorable hemodynamics
than participants with idiopathic PAH. At
the baseline clinical visit, participants with
Meth-APAH had a higher heart rate, a lower
systolic blood pressure, and a higher
diastolic blood pressure. On diagnostic
right heart catheterization done before
enrollment, participants with Meth-APAH
had a higher right atrial pressure, a lower
cardiac output, a lower cardiac index, and a
lower right ventricular stroke volume index
than participants with idiopathic PAH
(all P, 0.04) (Table 2). We found no
differences in mean pulmonary artery
pressure, pulmonary vascular resistance,
pulmonary capillary wedge pressure,
or transpulmonary gradient between
participants with Meth-APAH and
participants with idiopathic PAH. Our
hemodynamic sensitivity analysis using only
incident cases was not substantially different
from the complete cohort (Table E2).

Functional Status
In longitudinal assessments of functional
status, there were differences in functional
class, but not 6-minute walk distance,
between groups. In unadjusted and adjusted
longitudinal models, participants with
Meth-APAH had more advanced WHO
functional class (Table 3). Six-minute walk
distance was greater in participants with
Meth-APAH using unadjusted longitudinal
models; however, the difference did not
remain in models adjusted only for age or in
fully adjusted models.

Health-Related Quality of Life
We found differences in HRQL that varied
by instrument. At baseline, participants with
Meth-APAH had poorer generic-mental
HRQL (44.86 9.1 vs. 48.96 8.4, P, 0.001)
and PAH-specific HRQL (reverse coded)
(20.86 12.7 vs. 25.76 12.4, P, 0.001)
compared with participants with idiopathic
PAH. In contrast, participants with Meth-
APAH reported better generic-physical
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HRQL when compared with participants
with idiopathic PAH (35.76 6.2 vs.
33.56 6.7, P= 0.003) (Figure 2). This
pattern held true over serial visits (Table 3).
In adjusted models, participants with
Meth-APAH still reported worse generic-

mental HRQL and worse PAH-specific
HRQL. The association between Meth-
APAH and better generic-physical HRQL
did not remain after adjustment. The
association of Meth-APAH with differences
in HRQL approached the minimally

clinically important difference for the
PAH-specific instrument but not the
generic-mental or the generic-physical
instruments.

Treatment
Participants with Meth-APAH were
prescribed PAH-specific therapy but were
less likely to receive triple therapy or
parenteral therapy. In adjusted models,
there was no difference in the odds of
being started on digoxin, on any PAH-
specific therapy, or on dual combination
oral therapy with a phosphodiesterase
5 inhibitor or riociguat, combined with
an endothelin receptor antagonist,
between participants with Meth-APAH
and participants with idiopathic PAH
(Table 4). Participants with Meth-APAH
were less likely to be started on triple
combination therapy, on parenteral
prostacyclin therapy, or on supplemental
oxygen.

Healthcare Use, Referral for
Transplantation, and Survival
We found differences in healthcare use
between groups. Participants with Meth-
APAH were more likely to be seen in the
emergency department and more likely
to be hospitalized than participants with
idiopathic PAH (Table 5). We found
no difference in the rate of referral for
lung transplantation between participants
with Meth-APAH and participants
with idiopathic PAH (odds ratio,
0.54 [0.09–3.42]; P= 0.517). No patients in
either group underwent transplantation
during the study period. In adjusted
Cox proportional hazards models,
survival was similar between groups
(hazard ratio for death, 1.07 [0.33–3.44];
P= 0.912).

Our results did not substantially change
in any of the five sensitivity analyses on
functional status, HRQL, treatment, or
healthcare use (Tables E3–E6). In addition,
imputation of missing data did not
substantially change our results (Table E7).
The point estimates for the e-value of our
primary findings of greaterWHO functional
class, impaired PAH-specific and generic-
mental HRQL, differences in treatment, and
higher incidence of healthcare use were all
greater than 1.93 (Table E8), indicating that
our results are unlikely to have resulted from
an unmeasured confounder.

Table 1. Baseline demographics of the Pulmonary Hypertension Association Registry

Meth-APAH (n= 118) IPAH (n=423)

Age, yr (n= 541) 47.569.2 55.5617.2
Body mass index, kg/m2 (n= 522) 30.466.5 31.167.8
Sex, M (n=541) 44 (37) 100 (24)
Uninsured (n= 541) 6 (5) 7 (2)
Never married (n= 531) 35 (30) 72 (17)
College graduate (n= 533) 20 (17) 141 (34)
Unemployed (n= 541) 52 (44) 88 (21)
Ever-smoker (n=535) 84 (72) 200 (48)
Current alcohol use (n= 532) 38 (32) 152 (37)
Ever use of methamphetamines (n= 539)
Yes 106 (91) 27 (6)
No 8 (7) 389 (92)
Declined to answer 3 (3) 6 (1)

Mean follow up time, d (n= 437) 390.96352.7 414.36358.3
Incident diagnosis of PAH (n=540) 54 (46) 212 (51)
Race/ethnicity (n= 509)
Non-Hispanic white 79 (73) 300 (75)
Hispanic 18 (17) 43 (11)
Black 6 (6) 51 (13)
Asian 5 (5) 7 (2)

Taxable income per year (n= 442)
Less than $50,000 84 (84) 172 (50)
$50,000–$100,000 12 (12) 90 (26)
$100,000–$150,000 2 (2) 47 (14)
Greater than $150,000 2 (2) 33 (10)

U.S. census region (n=541)
Northeast 4 (3) 76 (18)
Midwest 7 (6) 79 (19)
South 9 (8) 156 (37)
West 98 (83) 112 (27)

WHO functional class (n= 506)
Class 1 10 (9) 41 (10)
Class 2 32 (28) 134 (34)
Class 3 62 (54) 193 (49)
Class 4 11 (10) 23 (6)

REVEAL lite 1 risk category (n= 231)
Low risk 27 (59) 94 (51)
Intermediate risk 12 (26) 45 (24)
High risk 7 (15) 46 (25)

Six-minute walk distance, m (n= 451) 375.86118.0 343.36139.3
B-type natriuretic peptide, pg/ml (n= 304) 104 [32.5–370] 114 [41–332]
Creatinine, mg/dl (n= 523) 0.9 [0.8–1.1] 0.9 [0.8–1.1]
Therapy at enrollment (n= 538)
Digoxin 13 (11) 33 (8)
On PAH-specific therapy 100 (86) 370 (88)
Dual combination therapy 60 (52) 216 (52)
Triple therapy 13 (11) 86 (20)
Parenteral prostacyclin 7 (6) 117 (28)
Oxygen supplementation 30 (26) 203 (48)

Definition of abbreviations: IPAH= idiopathic pulmonary arterial hypertension; Meth-APAH=
methamphetamine-associated pulmonary arterial hypertension; PAH=pulmonary arterial
hypertension; WHO=World Health Organization.
Baseline demographic and clinical parameters of Meth-APAH versus IPAH in the Pulmonary
Hypertension Association Registry at the time of enrollment in the registry. Data are presented as
mean6 standard deviation for normally distributed continuous variables, as median [interquartile
range] for nonnormally distributed continuous variables, and n (%) for categorical variables. REVEAL
Lite 1 risk score calculated from the REVEAL risk calculator (22).
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Discussion

In a prospective multicenter U.S.-based
registry of patients with PAH, we found that
Meth-APAH represents a distinct clinical
phenotype when compared with idiopathic
PAH. Notably, the diagnosis of pulmonary
vascular disease due to methamphetamine
use appears to be a regional phenomenon,
with the vast majority of diagnoses arising
from centers located in the western United
States. Participants in the registry with
Meth-APAH are younger and have a lower
socioeconomic status, with a lower level of
education achieved, a lower income, and a
lower rate of employment. Participants with
Meth-APAH suffer from a more advanced

functional class in longitudinal analyses, and
clinically significant impairments in PAH-
specific HRQL. Upon presentation to expert
centers, Meth-APAH reflects a phenotype
with less favorable hemodynamics. These
participants have increased healthcare use,
with a higher rate of emergency department
visits and a higher rate of hospitalizations.
Providers in the PHAR are less likely to
prescribe triple combination or parenteral
therapy to participants with Meth-APAH.

This is the first time that regional
variation of Meth-APAH has been
shown. This finding parallels the U.S.
patterns of drug use. The primary source
of methamphetamine in the U.S. market
comes from Mexico, which is in closest

proximity to the Western U.S. Census
Region (23). According to local law
enforcement agencies, methamphetamine is
the greatest drug threat in the Pacific, West
Central United States, and Southwest (24).
Although seizures of methamphetamine
exceed cocaine nationally, and are second
only to marijuana in frequency, there are
regional differences. Roughly, 44% of all
methamphetamine seizures occur in the
Western U.S. Census Region (25).
Furthermore, the epidemic is spreading
throughout the United States as clandestine
laboratories are most common in the
Midwest (24). As such, we expect the
regionalization of Meth-APAH to change as
the epidemic spreads throughout the United
States and the world.

Understanding the hemodynamic
differences between Meth-APAH and
idiopathic PAH informs us about the
potential cardiopulmonary toxicities caused
by methamphetamine use. We found
notable differences in the right atrial
pressure, right ventricular stroke volume
index, and cardiac index without any
differences in mean pulmonary artery
pressure or pulmonary vascular resistance.
These findings suggest that the direct
myocardial toxicity from methamphetamine
use may play an important role in
the functional limitations of this
population. Indeed, in animal models of
methamphetamine use, there is evidence of
myocardial damage and cellular apoptosis (26,
27). Similar results are seen in postmortem
human studies, where cardiovascular
pathology is present in the majority of cases in
which methamphetamine is listed as the cause
of death (28). Furthermore, the presence of left
and biventricular failure inmethamphetamine
users is well characterized (29–32). The
concomitant cardiac toxicity may also explain
why participants with Meth-APAH suffer
from limitations in functional class and PAH-
specific HRQL, despite no extra limitations in
6-minute walk distance, a younger age, and
similar generic-physical HRQL. These results
also confirm the findings of the Stanford
cohort, in which patients with Meth-APAH
had a lower stroke volume index than patients
with idiopathic PAH, despite similar
pulmonary artery pressures (9). Conceptually,
this may be because the presence of
myocardial toxicity may precipitate
uncoupling of the right ventricle and the
pulmonary artery (33).

It is not entirely surprising that there
were differences in HRQL, even after

Meth-APAH
4 (3%)

IPAH
76 (18%)

Meth-APAH
7 (6%)

Meth-APAH
98 (83%)

IPAH
112 (27%)

IPAH
78 (19%)

Meth-APAH
9 (8%)

IPAH
156 (37%)

P<0.001

Figure 1. Distribution of Meth-APAH and IPAH in the Pulmonary Hypertension Association Registry.
IPAH= idiopathic pulmonary arterial hypertension; Meth-APAH=methamphetamine-associated
pulmonary arterial hypertension.

Table 2. Baseline hemodynamics of the Pulmonary Hypertension Association Registry

Meth-APAH (n=118) IPAH (n=432)

Heart rate, beats/min 85.2617.4 79.0615.6
Systolic blood pressure, mm Hg 122.4615.8 129.8626.1
Diastolic blood pressure, mm Hg 81.1613.0 76.5613.1
Right atrial pressure, mm Hg 11.967.4 10.266.1
Mean pulmonary artery pressure, mm Hg 51.8612.7 50.9614.2
Pulmonary vascular resistance, Wood Units 11.165.0 10.465.7
Pulmonary capillary wedge pressure, mm Hg 11.567.6 11.465.7
Transpulmonary gradient, mm Hg 41.0612.5 39.2613.8
Cardiac output, L/min 3.9961.45 4.2461.39
Cardiac index, L/min/m2 2.0660.66 2.2260.70
Stroke volume index, ml/beat/m2 25.3610.4 29.1610.6

Definition of abbreviations: IPAH= idiopathic pulmonary arterial hypertension; Meth-
APAH=methamphetamine-associated pulmonary arterial hypertension.
Hemodynamics at baseline for participants in the Pulmonary Hypertension Association Registry
stratified by Meth-APAH and IPAH. Data are presented as mean6 standard deviation.
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adjusting for confounders. We believe
that the lower generic-mental HRQL in
Meth-APAH reflects the concomitant
psychosocial issues of drug abuse, rather
than the mechanisms driving the PAH.
Furthermore, the poorer PAH-specific
HRQL likely reflects the less favorable
hemodynamics, causing more respiratory
limitations. It is unclear why Meth-APAH is
associated with better generic-physical
HRQL in unadjusted models; however, the
difference failed to meet the minimally
clinically important difference, and did
not remain after multivariate adjustment,
so it is likely not clinically meaningful.

There are several possible explanations
for the different use of PAH-specific therapy
in participants with Meth-APAH.
Psychosocial issues that many drug users
face, including lack of insurance, drug
relapse, social isolation, and decreased
medical literacy, could lead to less adherence
with complicated medical treatment (34,
35). Although some may argue that PAH-
specific therapy should not be offered to this
population owing to high costs (36), the
PHAR centers that deal with Meth-APAH
offer dual combination therapy at a similar
rate to what is seen in idiopathic PAH.
Although the patient with Meth-APAHwho
seeks medical care and is willing to enroll
in a clinical registry may not be truly
representative of the entire population of
methamphetamine abusers, our findings of
decreased generic-mental HRQL, lower
rate of insurance, decreased education,
decreased employment, lower income, and
higher healthcare use argue that the registry

captures some of these high-risk patients.
That we found a hesitancy in prescribing
triple and parenteral therapy, similar to the
Stanford cohort, is not entirely surprising.
Triple therapy involves oral medications
with an increased side-effect profile that
requires more frequent follow-up, and
parenteral therapy is often administered
via an indwelling catheter, which is of
concern when caring for a patient with
a drug-induced disease (37, 38). Of
note, aggressive therapy was not entirely
avoided, as 11 of 118 participants with
Meth-APAH were started on parenteral
prostacyclin therapy, 6 of whom were
ultimately transitioned to intravenous
formulations.

The increased number of emergency
department visits and hospitalizations
seen in participants with Meth-APAH
is concerning. Obvious reasons for this
increased healthcare use may include
noncompliance, inappropriate use of
emergency services, and relapse on illicit
drugs. Although some of the hesitancy to
prescribe parenteral therapy may be from
attempts to limit costs in this high-risk
population, the increased healthcare use
may also be from undertreatment of PAH,
possibly contradicting the argument of
cost reduction when making treatment
decisions. Although the Stanford cohort
demonstrated a lower event-free survival for
patients with Meth-APAH, we did not find
the same results. This may be explained
because our registry is quite young with very
few deaths, and a difference in survival may
emerge as the registry ages.

Our study should inform future
research objectives. The prevalence of Meth-
APAH in our cohort is higher than the
prevalence of anorexigen-associated PAH
found in other registries (39, 40). Although
some of this difference may be due to
increased recognition of Meth-APAH as a
disease entity, much of the increase also
likely reflects the increasing popularity of
methamphetamine as an illicit drug. Despite
better understanding of the association
between methamphetamine use and the
development of PAH, the pathogenesis
remains unclear. Although there was
a higher percentage of males with
Meth-APAH, we still found a female
predominance, similar to idiopathic PAH,
which argues that methamphetamine use
might be unmasking PAH in higher-risk
individuals. Future studies defining how
methamphetamine use causes PAH, and the
epigenetic mechanisms driving the disease,
are of crucial importance moving forward.
One potential area of exploration to help
understand the mechanism behind the
development of Meth-APAH could be to
determine if there is interaction between
methamphetamine use and mutations in the
bone morphogenetic protein receptor type
2, as a high prevalence of mutations in
patients with PAH from fenfluramine, but
not dasatinib, has previously been described
(41, 42). Furthermore, the concomitant
myocardial dysfunction these patients
experience highlights the potential for
different treatment avenues in this
population. It is possible that adjunctive
therapies for right ventricular remodeling,

Table 3. Effect estimate for impact of methamphetamine-associated PAH on functional capacity

Outcome Mean Difference (95% CI) P Value

Unadjusted
World Health Organization functional class 0.15 (0.01 to 0.29) 0.032
Six minute walk distance, m 34.31 (8.96 to 59.66) 0.008

Adjusted for age alone
World Health Organization functional class 0.22 (0.08 to 0.36) 0.002
Six minute walk distance, m 6.6 (218.8 to 32.1) 0.610

Adjusted for age, sex, race/ethnicity, education, and the time-dependent covariates of body mass index and whether
the participant was on PAH-specific therapy or not

World Health Organization functional class 0.22 (0.07 to 0.37) 0.004
Six-minute walk distance, m 9.5 (216.5 to 35.5) 0.474

Definition of abbreviations: CI = confidence interval; PAH=pulmonary arterial hypertension.
Data are presented as mean difference with 95% CIs between participants with methamphetamine-associated PAH as compared with participants with
idiopathic PAH, as quantified by generalized estimating equations using aGaussian distribution. This represents the adjustedmean increase in outcome over
the entire study that is seen in participants with methamphetamine-associated PAH as compared with those with idiopathic PAH. Models adjusted for age,
sex, race/ethnicity, education, and the time-dependent covariates of body mass index and whether the participant was on PAH-specific therapy or not.
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such as spironolactone, may be more
beneficial in Meth-APAH than other
etiologies (43). Finally, describing the
association is merely the first step and does
not imply causation. A knowledge gap
remains in how to define the diagnosis
of Meth-APAH. It remains unclear if
methamphetamine use causes PAH via
intravenous administration or via all types
of administration. Definitions of sufficient
cause are also unclear; that is, how much
methamphetamine abuse is enough to lead
to development of PAH? Future studies
should focus on methamphetamine abusers
without PAH to help identify risk factors for
the development of Meth-APAH (44).
Additionally, future studies should focus on

prescription methamphetamine and
amphetamine, given to patients with
attention-deficit/hyperactivity disorder, to
determine if they also can lead to the
development of PAH (11). Finally, a better
understanding of the impact of screening
and drug rehabilitation in patients with
Meth-APAH is necessary to determine if the
hemodynamic changes can improve with
cessation of methamphetamine use.

Strengths and Limitations
Our study is not without limitations. The
most notable limitation is that participants
were not asked about methamphetamine use
during each follow-up clinical visit, and that
we did not perform routine drug screens on

all participants in the study. As such, we do
not know if participants with Meth-APAH
were still using methamphetamine during the
study period, or if participants with idiopathic
PAH started using methamphetamine during
the study period. Potentially confounding this
problem is that the diagnosis of Meth-APAH
was made by each individual center, without
any central definition of what is a sufficient
exposure necessary for the diagnosis. Notably,
the lack of standardized definition of sufficient
exposure means that some participants with
minimal or distant methamphetamine use
might be included in the Meth-APAH group.
Although this does introduce bias into our
sample, we believe that this would bias the
results to the null. Furthermore, it is our hope
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Figure 2. Unadjusted plots of health-related quality of life (HRQL) from time of enrollment in registry separated by diagnostic grouping of methamphetamine-
associated pulmonary arterial hypertension (Meth-APAH) versus idiopathic pulmonary arterial hypertension (PAH). (A) Short Form 12 (SF12) Physical
Component Score (generic-physical HRQL). (B) SF12 Mental Component Score (generic-mental HRQL). (C ) emPHasis-10 Score reverse coded so that
higher scores denote better HRQL (PAH-specific HRQL). Blue lines represent participants with Meth-APAH. Red lines represent participants with idiopathic
PAH. Dashed gray lines represent the MCID above or below the HRQL in idiopathic PAH. Whiskers represent standard error. MCID=minimally clinically
important difference.
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that our sensitivity analyses mitigate some of
the limitations of not having a centralized
definition of Meth-APAH; however, it is
important to recognize as a limitation of this
registry. Another important limitation is that
we do not have any information on time from
symptom onset. As a result, we do not know if
the hemodynamic differences represent a later
presentation to care rather than a more
aggressive phenotype. The PHAR also suffers
from a potential for a selection bias because
participants must opt in to the registry. This
potential bias may overestimate the use of

PAH-specific therapy inMeth-APAH because
patients who are deemed unreliable may not
be approached for the registry or may not
consent to participate. This may also explain
why we found no difference in survival,
contrary to the Stanford cohort. Additionally,
as the PHAR enrolls from highly specialized
centers, it is also possible that our results do
not reflect the practice patterns in
nonspecialized centers and the general
population. Furthermore, our study is limited
by the extent of the data collected in the
registry; although the PHAR includes

comprehensive measurements of clinical
outcomes and baseline demographics, it did
not include pulmonary function data and
echocardiographic parameters. Future studies
should assess left ventricular function and
right ventricular function on echocardiogram
to better understand the contribution of
methamphetamine on the development of
myocardial toxicity. Finally, our recordings of
deaths were not verified with external sources,
such as the Social Security Death Master File.
Therefore, it is possible that some of the deaths
may not have been captured.

Table 4. Association between methamphetamine-associated PAH and HRQL

Instrument Instrument Type MCID Mean Difference (95% CI) P Value

Unadjusted
SF12-PCS Generic-physical 5 1.7 (0.7 to 2.8) 0.001
SF12-MCS Generic-mental 5 23.8 (25.3 to 22.4) ,0.001
emPHasis-10 (reverse coded) PAH specific 6 25.0 (27.4 to 22.6) ,0.001

Adjusted for age, sex, race/ethnicity, education, body mass index, and the time-dependent covariate of whether
the participant was on PAH-specific therapy or not

SF12-PCS Generic-physical 5 0.8 (20.4 to 2.0) 0.175
SF12-MCS Generic-mental 5 22.7 (24.4 to 21.1) 0.001
emPHasis-10 (reverse coded) PAH specific 6 25.4 (28.1 to 22.8) ,0.001

Definition of abbreviations: CI = confidence interval; HRQL=health-related quality of life; MCID=minimally clinically important difference; PAH=pulmonary
arterial hypertension; SF12-MCS=Short Form 12-Mental Component Summary; SF12-PCS=Short Form 12-Physical Component Summary.
Data are presented as mean difference with 95% CIs between participants with methamphetamine-associated PAH as compared with participants with
idiopathic PAH, as quantified by generalized estimating equations using a Gaussian distribution. Models were adjusted for age, sex, race/ethnicity,
education, body mass index, and the time-dependent covariate of whether the participant was on PAH-specific therapy or not. HRQL instruments used
include the SF12-PCS, the SF12-MCS, and the PAH-specific emPHasis-10. The emPHasis-10 instrument was reverse coded so that higher scores denote
better HRQL in all HRQL instruments. Each instrument has its own MCID.

Table 5. Therapeutic decision making in participants with methamphetamine-associated PAH

Treatment Odds Ratio (95% CI) P Value

Unadjusted
Digoxin 1.90 (1.04–3.48) 0.038
On PAH-specific treatment 0.77 (0.41–1.43) 0.403
Dual combination 1.36 (0.95–1.95) 0.094
Triple therapy 0.59 (0.36–0.95) 0.031
Parenteral prostacyclin 0.20 (0.10–0.39) ,0.001
Supplemental oxygen 0.47 (0.32–0.70) ,0.001

Adjusted for age, sex, race/ethnicity, education, body mass index, and the time-dependent covariates of
6-minute walk distance and World Health Organization functional class

Digoxin 1.83 (0.91–3.70) 0.091
On PAH-specific treatment 0.73 (0.31–1.71) 0.465
Dual combination 1.23 (0.79–1.92) 0.361
Triple therapy 0.43 (0.24–0.77) 0.005
Parenteral prostacyclin 0.10 (0.04–0.24) ,0.001
Supplemental oxygen 0.49 (0.30–0.81) 0.005

Definition of abbreviations: CI = confidence interval; PAH=pulmonary arterial hypertension.
Data are presented as odds ratio of being on specific therapy with 95% CIs in participants with methamphetamine-associated PAH as compared with
participants with idiopathic PAH, as quantified by generalized estimating equations using a Binomial distribution. Models were adjusted for age, sex, race/
ethnicity, education, body mass index, and the time-dependent covariates of World Health Organization functional class and 6-minute walk distance. Dual
combination therapy represents combination therapy with a phosphodiesterase 5 inhibitor or riociguat, and an endothelin receptor antagonist. Triple therapy
represents combination therapy with a phosphodiesterase 5 inhibitor or riociguat, an endothelin receptor antagonist, and any prostacyclin pathway agent.
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Despite our limitations, our study has
notable strengths. It is the largest, and
the only multicenter registry, to report on
the prevalence of Meth-APAH. We
confirmed the findings of the Stanford
cohort in a multicenter manner,
showing that participants in the registry
with Meth-APAH have a lower stroke
volume index and the same mean
pulmonary artery pressure as participants
with idiopathic PAH (9). We also
report novel findings related to cardiac
index, HRQL, patient-level demographics,

the regional distribution of the care of
these patients, and the therapeutic
approaches taken by PHAR investigators
who practice in a variety of different
patterns/locations.

Conclusions
Methamphetamine is an addictive substance
with high abuse potential. Given the
increasing use of methamphetamine across
the United States and the world, we expect
Meth-APAH to become an important
clinical entity in PAH. Providers should be

aware of this high-risk patient population
given the less favorable hemodynamics and
the increased healthcare use. n
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