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Abstract

Background: Pulmonary arterial hypertension (PAH) oc-
curs in 6-10% of adults with atrial septal defects (ASDs).
Although larger defect size and older age are two risk
factors for the development of PAH in these patients,
little is known about the impact of elevation. Thus, we
aimed to determine whether the incidence of PAH is
higher among patients living at moderate altitude who
are referred for transcatheter device closure of an ASD.
Methods: Our multicenter, retrospective cohort study
included patients at least 18 years of age who were re-
ferred for device closure of an ASD (> 4 mm) during a
10-year period (2003-2013). Catheterization records
from three centers were reviewed. Results: Thirty-seven
moderate altitude (4983-5633 ft) and 126 low altitude
(74-839 ft) patients were identified (p < 0.0001). After
controlling for age, living at moderate altitude was asso-
ciated with a greater likelihood of pulmonary hyperten-
sion (odds ratio 2.29, 95% confidence interval 1.01-5.19,
p =0.046), but there was no such association with PAH (p
= 0.9). Conclusion: Patients with ASD living at moderate
altitude are more likely to exhibit pulmonary hyperten-
sion but not PAH compared with patients living at sea
level. Therefore, while moderate altitude can increase
pulmonary pressures, it did not contribute to the devel-
opment of PAH in our cohort of patients with ASDs.
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Introduction

Atrial septal defects (ASDs) represent 6-10% of
all congenital heart defects [1]. Left unrepaired or if
diagnosed later in life, ASDs are associated with pul-
monary hypertension (PH, elevated pulmonary artery
pressures) or pulmonary arterial hypertension (PAH,
elevated pressures and pulmonary vascular disease
with normal left heart pressures). The latter condi-
tion results from years of left-to-right shunting and
excessive pulmonary blood flow, which in turn can
lead to irreversible pulmonary vascular remodeling
characterized by medial hypertrophy, intimal thick-
ening, and arteriolar muscularization [2]. Although
ASDs cause a minority of cases of PAH associated with
congenital heart disease [3, 4], progressive pulmonary
vascular disease and elevated resistance can result in
right heart failure, reversal of the intracardiac shunt,
or Eisenmenger syndrome. Other morbidities can also
arise in the setting of an unrepaired ASD, such as par-
adoxical embolism and stroke due to transient right-
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to-left shunt across the defect. For these reasons,
patients with unrepaired ASDs are often referred for
cardiac catheterization to assess pulmonary vascular
resistance (PVR) and shunt fraction (Qp:Qs) followed
by transcatheter device closure of the defect should
there be favorable anatomy and hemodynamics.

Not all patients with unrepaired ASDs develop PAH.
Although older age and defect size are independent
predictors of PAH in patients with ASDs[5, 6, 7], other
risk factors are unknown. One possible risk factor may
be living at higher altitude. Living at higher elevations
may increase a person’s risk of developing PH/PAH
due to lower oxygen tension, contributing to more
substantial oxygen saturation variability, pulmonary
vasoconstriction, and pulmonary vascular remodeling
irrespective of the presence of structural heart defects
[8, 9]. In patients with unrepaired ASDs, little is known
about these effects of elevation. Specifically, how
much does living at a moderately high altitude raise
pulmonary artery pressures, and is this associated
with pulmonary vascular remodeling? Thus, we aimed
to determine whether living at moderate altitude
(4500-6000 ft or 1372-1829 m) is associated with a
greater likelihood of developing PAH among patients
referred for transcatheter device closure of ASDs.

Materials and Methods

This was a multicenter, retrospective cohort study
of adult patients who were referred for transcathe-
ter device closure of an ASD during a 10-year period
(2003-2013). Catheterization databases and records
from three academic centers were reviewed after in-
dividual institutional review boards approved the
study. Variables extracted from records were demo-
graphic information including the patient’s zip code
of residence, presence of other risk factors for PH such
as lung disease or sleep apnea, use of PH/PAH medi-
cations, and catheterization measurements including
mean pulmonary artery pressure (mPAp), pulmonary
capillary wedge pressure (PCWp), PVR, Qp:Qs, and
defect size (balloon-sized or pre-procedure size mea-
sured by echocardiography). Elevation was defined as
‘moderate altitude’if the zip code elevation was > 4500 ft.
Otherwise, elevation was considered ‘low altitude’ The
primary outcome was the presence of PAH, defined
as mPAp = 25 mmHg, PVR > 3 Wood units X m? and

PCWp < 15 mmHg. The secondary outcome was the
presence of PH, defined as mPAp = 25 mmHg without
elevated PVR and/or with PCWp > 15 mmHg.

Patients aged 18 to 99 years with an ASD or ASD
physiology (i.e., partial anomalous pulmonary venous
return) were included. Patients with a patent foramen
ovale, ASD < 4 mm (in any one imaging plane), resid-
ual ASD after prior surgical or transcatheter device clo-
sure, or other types of congenital heart disease were
excluded. Raw catheterization data were collected,
and Qp:Qs and PVR were independently calculated
for each patient (reported values were not used). In
cases in which catheterization data were incomplete,
such as in reports lacking pulmonary vein and/or sys-
temic arterial saturations, a value of 95% was used.
Oxygen consumption (VO2) was derived from the
LaFarge equation and table, which provides an esti-
mated VO2 based on the patient’s age and heart rate.

Study data were collected and managed using
REDCap electronic data capture tools hosted by the
University of Colorado [10]. Data were tested for nor-
mality using Shapiro-Wilk tests. Non-normally distrib-
uted continuous data are presented as median (inter-
quartile range), and categorical data are presented
as frequency (percentage). Comparative statistics
were calculated using Wilcoxon rank-sum or Chi-
square tests, as appropriate. As pulmonary pressures
are known to increase with age, catheterization data
were further analyzed for differences between eleva-
tion categories using logistic regression controlling
for age. All analyses were performed with Statistical
Analysis Software (SAS Institute, version 9.4, Cary, NC).

Results

Thirty-seven moderate altitude and 126 low alti-
tude patients were identified. Baseline patient char-
acteristics are outlined in Table 1. Elevations of pa-
tients’ zip codes of residence ranged from 74 to 7110
ft above sea level, with a median elevation of 246 ft in
the low-altitude group (74-839 ft) and 5334 ft in the
moderate altitude group (4983-5633 ft, p < 0.0001).

Defect size and PCWp were similar between
groups as shown in Table 2. Despite the lack of differ-
ence in Qp:Qs between groups (median Qp:Qs 1.5 vs.
1.6, p =0.07), there was a trend toward higher pulmo-
nary artery pressures in the moderate altitude group
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Table 1. Demographic data.

Moderate Altitude, n = 37 Low Altitude, n =126 P
Male gender 11 (30%) 29 (23%) 040
Age (years) 45 (35-61) 36 (23-55) 0.01
Body surface area (m?) 1.8 (1.7-2.1) 1.8 (1.6-2.0) 0.13
Presence of lung disease 3 (8%) 2 (2%) 0.29
Presence of obstructive sleep apnea 1 (3%) 2 (2%) 0.39
Taking PH medication 3/22 (25%)* 13/22 (59%)* 0.05
Elevation (ft) 5334 (4983-5633) 246 (74-839) < 0.0001
PH = pulmonary hypertension
Table 2. Catheterization data.

Moderate Altitude, n = 37 Low Altitude, n =126 P
Defect size (mm) 20 (18-27) 22 (17-26) 0.61
Qp:Qs 1.5(1.1-2.0) 16(1.2-24) 0.07
mPAp (mmHg) 25(16-33) 19 (15-26) 0.05
PCWp (mmHg) 11(7-14) 10 (7-13) 0.82
PVR (Wood units) 1.8 (1.1-2.7) 1.1(0.7-1.8) 0.008
mPAp > 25 mmHg 20 (54%) 37 (29%) 0.006
PCWp < 15 mmHg 32 (86%) 110 (87%) 0.90
PVR > 3 Wood units x m? 6 (16%) 17 (13%) 0.68
PH presentt 18 (50%) 34 (27%) 0.010
PAH present# 5 (28%) 10 (29%) 0.90

Qp:Qs = shunt fraction; MPAp = mean pulmonary artery pressure; PCWp = pulmonary capillary wedge pressure; PVR = pulmonary vascular resistance; PCWp
= pulmonary capillary wedge pressure; PH = pulmonary hypertension; PAH = pulmonary arterial hypertension

tCriteria for PH: mPAp > 25 mmHg only

$Criteria for PAH: mPAp > 25 mmHg, PCWp < 15 mmHg, and PVR > 3 Wood units x m?

* Incomplete information was available for the entire cohort

(median mPAp 25 mmHg vs. 19 mmHg, p = 0.05), and
PVR was significantly higher in the moderate altitude
group than in the low altitude group (median PVR 1.8
vs. 1.1 Wood units X m?, p = 0.008).

When evaluating components of the clinical def-
inition of PAH (i.e, mPAp > 25 mmHg, PCWp < 15
mmHg, and PVR > 3 Wood units x m?), we found a
significant difference in the prevalence of PH (mPAp
> 25 mmHg) between groups, even when control-
ling for age (odds ratio 2.29, 95% confidence inter-
val 1.01-5.19, p = 0.046). However, there was no dif-
ference in the prevalence of PAH between groups
(5/37 (28%) at moderate altitude vs. 10/126 (29%) at
low altitude, p = 0.9).

Discussion

Although ASDs are a relatively small contributor to
the overall prevalence of PAH in congenital heart dis-
ease, significant morbidity can occur when these de-
fects are unrepaired. Referral for transcatheter device
closure remains animportant part of the management
of ASDs but requires an accurate assessment of Qp:Qs
and PVR with right heart catheterization (RHC) before
deciding on the need and safety of device closure. If
PVR is significantly elevated (i.e., > 8 Wood units x m?
[11]) closure of the defect may result in pressure-over-
load of the right ventricle with subsequent chamber
enlargement and failure. By evaluating RHC data from
a large cohort of patients who were referred for tran-
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scatheter device closure of ASDs at different eleva-
tions, we sought to determine whether elevation is an
independent risk factor for the development of PAH
in these patients.

We evaluated individual RHC hemodynamic data
as well as data contributing to the clinical classifica-
tions of PH and PAH (with PAH referring to pulmonary
vascular disease with elevated pulmonary artery pres-
sures and normal left heart pressures). We found that
patients living at moderate altitude showed a trend
toward higher pulmonary artery pressures and that
more patients living at moderate altitude met the
clinical definition of PH than those living at low alti-
tude. We suspect this is secondary to lower oxygen
tension and more hypoxic vasoconstriction, as defect
size, shunt fraction, and the presence of other causes
of PH or use of PH medications were similar between
groups.

In looking at PVR and PAH, the presence of which
is the main contributor to morbidity in these pa-
tients and thus was our choice for primary outcome,
we found that although PVR was significantly high-
er in the moderate altitude group, it was not elevat-
ed to the clinically important threshold that defines
PAH. We believe that the higher pulmonary arterial
pressures seen in the moderate altitude group con-
tribute to higher calculated PVR (as mPAp makes
up one half of the numerator in the PVR calculation,
(mPAp-PCWp)/Qp), but there is likely no significant
difference between groups in actual pulmonary vas-
cular disease.

Patients with unrepaired ASDs or ASD physiology
and defect size = 4 mm were chosen because these
patients are most likely to have a hemodynamically
significant shunt that may predispose to the develop-
ment of pulmonary vascular changes and PAH. By ex-
cluding patients with a patent foramen ovale or small
defects, we intended to avoid a false underestimation
of PAH prevalence in patients with interatrial com-
munications. By excluding other types of congenital
heart disease, such as ventricular septal defects, aor-
topulmonary connections, or other causes of left-to-
right shunt and excessive pulmonary blood flow, we
intended to prevent a false overestimation of the bur-
den of PAH. We did not exclude patients with multiple
PH risk factors or multifactorial PH/PAH because it is
quite common for a patient to have more than one

cause of PH/PAH, such as having an ASD and obstruc-
tive sleep apnea. By looking primarily at PAH (and
not PH), we focused on patients with true pulmonary
vascular disease rather than those with excessive pul-
monary blood flow and/or increased pulmonary pres-
sures from lung or left heart disease.

There are several limitations of this study. First, in-
accurate hemodynamic analysis using false data can
often be a challenge when studying cardiac catheter-
izations. Specifically, a catheterization lab’s computer
software generates results of complex calculations of
multiple variables, of which the software attempts to
select variables from the data it‘sees’and/or a human
operator chooses. This can result in reported calcu-
lations or results that are not physiologically correct.
To avoid the problem of comparing software-gener-
ated results, we reviewed the catheterization reports
closely for the values that should be used in the calcu-
lations and performed the calculations independent-
ly. In some cases, assumptions were still necessary. For
instance, we used pulse oximeter saturation as a sur-
rogate for pulmonary vein and systemic arterial satu-
rations when these data were not available or used a
value of 95% as the pulmonary vein and systemic sat-
uration when no pulse oximeter saturation was avail-
able. Furthermore, the assumed value of 95% may
vary at moderate elevation compared to sea level.

Second, we made several assumptions about our
patients. We assumed that the zip code of a patient’s
residence at the time of chart review was the same
zip code and elevation at which he or she was living
at the time of the catheterization. For catheterizations
7-10 years ago, however, this may not be the case. We
also assumed that a patient was living at a particular
elevation long enough for it to impact his or her risk
of developing PAH. Unfortunately, data regarding du-
ration of residence at that elevation prior to catheter-
ization was not available.

Third, residence in Denver or at elevations similar
to Denver’s may not be high enough to reveal a dif-
ference in the development of PAH compared with
residence at sea level. Previously, 8200 ft (2500 m) or
higher has been described as a threshold at which
significant pulmonary vascular disease can develop
[12], and Denver’s population is well below that mark
at 5280 ft (1600 m). Although elevation-related in-
creases in pulmonary pressures are certainly present
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at elevations below 8200 ft, the effect of Denver’s ele-
vation (i.e., the elevation at which the majority of our
moderate altitude patients were living) may be less
significant than expected. Still, we feel that reporting
these results is important for centers at moderate el-
evation.

In conclusion, patients with ASDs living at moder-
ate altitude (4500-6000 ft or 1372-1829 m) were more
likely to have PH or a mPAp = 25 mmHg than those
living at low altitude, but there was no difference be-
tween groups in Qp:Qs or clinically relevant PVR (>
3 Wood-units x m?). That is, while living at moderate
altitude can raise pulmonary pressures, even when
controlling for age, this did not appear to contribute
to the development of PAH in our cohort of patients
with ASDs.
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