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Abstract

Findings of an enlarged pulmonary artery diameter (PAd) and increased
pulmonary artery to ascending aorta ratio (PA:AA) on contrast-enhanced
computed tomography pulmonary angiography (CTPA) are associated with
increased mortality in particular groups of patients with cardiopulmonary
disease. However, the frequency and prognostic significance of these
incidental findings has not been studied in unselected patients evaluated in
the Emergency Department (ED). This study aims to determine the prevalence
and associated prognosis of enlarged pulmonary artery measurements in an
ED cohort. We measured PA and AA diameters on 990 CTPA studies
performed in the ED. An enlarged PA diameter was defined as >27 mm in
females and >29 mm in males, while an increased PA:AA was defined as >0.9.
Poisson regression was performed to calculate prevalence ratios for relevant
comorbidities, and multivariable Cox regression was performed to calculate
hazard ratios (HR) for mortality of patients with enlarged pulmonary artery
measurements. An enlarged PAd was observed in 27.9% of 990 patients and
was more commonly observed in older patients and in patients with obesity or
heart failure. Conversely, PA:AA was increased in 34.2% of subjects, and was
more common in younger patients and those with peripheral vascular disease
or obesity. After controlling for age, sex, and comorbidities, both enlarged PAd
(HR 1.29, 95% CI 1.00-1.68, p =0.05) and PA:AA (HR 1.70, 95% CI 1.31-2.22
p < 0.01) were independently associated with mortality. In sum, enlarged PAd
and increased PA:AA are common in patients undergoing CTPAs in the ED
setting and both are independently associated with mortality.
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INTRODUCTION

Enlargement of the pulmonary arteries as detected by
contrast-enhanced computed tomography pulmonary angi-
ography (CTPA) provides prognostic information in
patients with various forms of cardiopulmonary disease.
Enlargement of the pulmonary artery diameter (PAd) or
increased ratio of the PAd to aorta diameter (PA:AA) has
been associated with increased mortality in patients with
chronic obstructive pulmonary disease (COPD)," intersti-
tial lung disease,” pulmonary arterial hypertension
(PAH),*” chronic thromboembolic pulmonary hyper-
tension (CTEPH),”® chronic systolic heart failure,” and
severe COVID-19 infection.'” This is not surprising, as
pulmonary artery enlargement on CTPA has been shown
to correlate with other better defined assessments of
pulmonary hypertension, including echocardiography and
right heart catheterization,"'® and the presence of
pulmonary hypertension is associated with a poor progno-
sis in many of these conditions.”*** However, pulmonary
artery enlargement has not been associated with increased
mortality in the general population.

Patients who undergo CTPA in the Emergency
Department (ED) are often evaluated for cardiorespiratory
symptoms. While CTPA studies are most often performed
to evaluate for pulmonary embolism (PE), the majority
performed in the ED are negative for acute PE.** However,
these studies may provide other clues to a patient's
symptoms. As noted above, pulmonary artery enlargement
can be found in association with other known comorbid-
ities like COPD or ILD, or could indicate the presence of
an undiagnosed condition, such as PAH.

To date, no studies have addressed the frequency or
prognostic significance of PA enlargement detected
incidentally in patients undergoing CTPA in the ED, and
this knowledge gap limits our ability to interpret the
importance of incidental PA enlargement in ED patients.
We performed a systematic assessment of PAd and PA:AA
in consecutive patients undergoing CTPA in the ED, in
whom the CTPA was negative for acute PE, and examined
the association of this finding with subsequent mortal-
ity risk.

METHODS
Study site and population

The cohort used for this study derives from a previously
published cohort of 3500 consecutive patients who under-
went CTPA in the EDs of Intermountain Medical Center, a
tertiary referral hospital in Murray, Utah, or LDS Hospital,
a community hospital in Salt Lake City, Utah, between

May 2009 and June 2010.** Both hospitals sit at
approximately 4300 feet in elevation. Among the 3500
consecutive CTPAs, 340 were interpreted as positive for
acute PE; we excluded these patients since PA enlargement
in the setting of acute PE could reflect effects of acute PE
rather than an underlying condition.

We determined that review of 1000 CTPAs was feasible
within the available timeframe for completing the study.
Given the use of a binary outcome (mortality) and both
categorical and continuous predictors, we based our power
analysis on correlation, which can be applied to all studied
associations. This sample size provided 80% power to
detect a correlation as small as Pearson r=0.09
(*=0.008). Had we increased this to n=1500 patients,
we would have had 80% power to detect r=0.07
(*=0.005), indicating that we were at a point of
diminishing returns. Therefore, we selected a random
sample of 1000 patients with available images out of a
possible 3160 patients to achieve a representative sample of
scans. Our final n was 990 because some patients had more
than one CTPA (Figure 1); the earliest CTPA was assessed
in these patients. Follow-up data, including survival
through October 2021, were extracted from the electronic
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FIGURE 1 Consort diagram. CTPA, computed tomography
pulmonary angiography; PE, pulmonary embolism.
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FIGURE 2 Measurement of the pulmonary artery and
ascending aorta at the level of left and right pulmonary artery
bifurcation on axial computed tomography pulmonary angiography
imaging.

health record (EHR). Only comorbidities diagnosed at the
time of the index CTPA were included. Mortality data were
obtained from Utah State death records.

The Intermountain Medical Center Institutional
Review Board approved this study under a waiver of
informed consent.

Pulmonary artery measurements

All CTPAs were performed on 65 detector row CT
scanners. The pulmonary artery and ascending aorta on
all 990 CTPAs were measured manually. These measure-
ments were made at the bifurcation of the left and right
pulmonary arteries (Figure 2), as this method has been
shown to be highly reproducible.'? If the left pulmonary
artery bifurcated early, the measurement of the main
pulmonary artery was made at the right pulmonary
artery bifurcation. The ascending aorta was measured at
the same level as the pulmonary artery measurement. We
defined a normal PAd and PA:AA as values less than the
90th percentile from a healthy referent population from
the Framingham cohort: PAd<27mm in females,
PAd <29 mm in males, and PA:AA < 0.9 in both males
and females.”

Statistical analysis
Age and sex were recorded at the time of the CTPA

study. Baseline comorbidities are described based on
Elixhauser comorbidity data using ICD coding

[Opon Accoss:

algorithms, which were extracted from the EHR at the
time of the CTPA study in 947 of the patients (Supporting
Information: Table 1).° Obesity status was determined
either by a documented body mass index (BMI)> 30
within 1 year of the index study or from an ICD-9 code.
Length of follow-up was determined based on the last
date of follow-up in the EHR, with an absolute cutoff
date of October 1, 2021. Follow-up encounters that were
captured by our EHR search included outpatient visits,
ED visits, hospitalizations, and death records.
Independent group ¢ tests were used to compare
continuous variables, and )(2 tests were used to compare
categorical variables between those with and without
increased pulmonary artery measurements. Poisson regres-
sion with robust standard errors®” was used to estimate the
prevalence ratio (PR) of enlarged PAd and increased
PA:AA while adjusting for potential confounding variables.
Only patients with follow-up after the index study
were included in Cox regression models (n = 912 patients
with follow-up, n = 889 patients with comorbidities and
follow-up). Stratified (by decade of age) proportional
hazards regression models were fit to compare mortality
rates in patients with normal PA:AA to those with
increased PA:AA, and to compare patients with normal
PAd to increased PAd. Unadjusted hazard ratios (HRs)
are presented. However, there would be limited scientific
value or clinical use if PA size were associated with death
only as a surrogate for age or sex. Therefore, models
adjusting for age and sex (Model 1) and additionally
controlling for potential confounding conditions (Model
2) were analyzed. For both the Poisson regressions and
proportional hazards regressions, potential confounding
variables were included in the adjusted models if they
had biologic plausibility as confounders,*® had p < 0.20,*
or changed the HR >10% for the primary predictor
variable after including the covariate in the model.***°
All analyses were performed in Stata 16.1 (Stata
Corp.). p < 0.05 were considered statistically significant.

RESULTS

The median age of patients in the cohort was 52 years
(interquartile range [IQR] 37-67), and 62.6% of the 990
subjects included were female (Table 1). The most
common indications for CTPAs were chest or back pain
(690/990, 70%) and dyspnea (457/990, 46%). Comorbid-
ities were common, including systemic hypertension and
pulmonary disease in greater than 50% of subjects
(Table 1). The overall cohort median PAd was 25.2 mm
(IQR 22.5-28.2), and PA:AA ratio was 0.85 (IQR
0.76-0.93). Using the sex-specific 90th percentile cut off
from the healthy referent population in the Framingham
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TABLE 1 Baseline characteristics in patients with normal and increased pulmonary artery diameter and pulmonary aorta to ascending

aorta ratio.

Entire Normal
cohort Normal Increased PA:AA Increased
(N=947) pad (N=678) pad (N=269) p Value® (IN=631) PA:AA (N=316) p Value®
Age (years), 52 (37-67) 48 (34-63) 62 (46-76) <0.01 55 (42-69) 42 (30-61) <0.01
median (IQR)"
Male® 370 (37.4%) 265 (37.1%) 105 (38.0%) 0.79 250 (38.4%) 120 (35.4%) 0.35
Obesity 330 (34.6%) 205 (30.0%) 125 (46.3%) <0.01 198 (31.2%) 132 (41.4%) <0.01
Hypertension 518 (54.7%) 341 (50.3%) 177 (65.8%) <0.01 364 (57.7%) 154 (48.7%) 0.02
Diabetes 229 (24.2%) 132 (19.4%) 97 (36.1%) <0.01 153 (24.2%) 76 (24.05%) 0.85
Heart failure 170 (18.0%) 82 (12.1%) 88 (32.7%) <0.01 117 (18.5%) 53 (16.8%) 0.50
Pulmonary disease 483 (51.0%) 329 (48.5%) 154 (57.3%) 0.02 321 (50.9%) 162 (51.3%) 0.91
Pulmonary 143 (15.1%) 89 (13.1%) 54 (20.1%) <0.01 92 (14.6%) 51 (16.1%) 0.53
circulation
disorders®
Peripheral vascular 103 (10.9%) 54 (8.0%) 49 (18.2%) <0.01 65 (10.3%) 38 (12.0%) 0.42
disease
Renal failure 61 (16.4%) 30 (4.4%) 31 (11.5%) <0.01 43 (6.8%) 18 (5.7%) 0.51

Abbreviations: IQR, interquartile range; PA:AA, pulmonary artery to ascending aorta ratio; PAd, pulmonary artery diameter.

“p Values compare groups with normal measurements versus increased measurements.

990 patients included in analysis of age and sex.

°ICD code breakdown of pulmonary circulation disorders (Supporting Information: Table 2).

cohort, we found that PAd was enlarged in 28.4% of
males and 27.6% of females, while PA:AA ratio was
increased in 32.4% of males and 35.3% of females. 60.5%
of patients with an enlarged PAd had an increased
PA:AA and 49.3% of patients with an increased PA:AA
had an enlarged PAd. There was no difference in rates of
overlap by sex.

Patients with an enlarged PAd were older (median
age 62 years, IQR 46-76) than those with a normal PAd
(median age 48 years, IQR 34-63, p<0.01), and were
more likely to have any of the comorbidities included in
our analysis, including hypertension, heart failure,
pulmonary disease, and renal disease (Table 1). Con-
versely, patients with an increased PA:AA tended to be
younger (median age 42 years, IQR 30-61) than those
with a normal PA:AA (median age 55 years, IQR 42-69,
p <0.01). AA diameter increased more with age (mean
0.13mm per 1-year increase) than PAd (mean 0.06 mm
per 1-year increase in age). Those with increased PA:AA
were more commonly obese (p <0.01), and less com-
monly had hypertension (p = 0.02). No other significant
differences in the frequencies of other comorbidities were
observed in those with normal versus increased PA:AA.

We used Poisson regression to calculate PRs for
increased PAd and increased PA:AA after controlling for
other covariates. In these analyses, older patient age and

the presence of obesity and heart failure were predictors
of increased PAd (Table 2). Conversely, younger patient
age predicted increased PA:AA ratio, as did the presence
of peripheral vascular disease or obesity (Table 2).

There were 263 deaths (26.6%) in the overall cohort
over a mean of 7.1 years of patient follow-up. The
unadjusted frequency of all-cause mortality was nearly
twice as high in those with increased PAd (40.9%)
compared with those with normal PAd (21.0%; p < 0.01).
The same was not observed for increased PA:AA, in which
the frequency of all-cause mortality was equivalent
between those with increased (26.8%) compared with
normal PA:AA (26.4%; p =0.89). The median time from
the index CTPA to death was 3.53 years (IQR 1.26-6.20) for
patients with enlarged PAd, 3.28 years (IQR 1.04-6.15) for
patients with an increased PA:AA, and 3.55 years
(1.15-6.57 years) for the entire cohort.

In the Cox regression analysis accounting for age and
sex, both enlarged PAd (HR 1.48, 95% CI 1.15-1.90,
p<0.01) and increased PA:AA (HR 1.77, 95% CI
1.36-2.30, p < 0.01) were associated with increased risk
of death (Figure 3). After further accounting for possible
confounding comorbidities, both PAd and PA:AA
remained independently associated with mortality (HR
1.29, 95% CI 1.00-1.68, p=0.05 and HR 1.70, 95% CI
1.31-2.22, p < 0.01, respectively).



PULMONARY CIRCULATION

5of 8

ulmonary Circulation

[Opon Accoss:

TABLE 2 Prevalence ratios of increased pulmonary artery measurements after adjusting for comorbidities.

Increased PAd,
PR (95% CI)

Age 1.02 (1.01-1.02)
Male 0.99 (0.81-1.21)
Obesity 1.65 (1.33-2.05)
Hypertension 0.82 (0.63-1.06)
Diabetes

Uncomplicated 1.27 (1.00-1.59)

Complicated 1.12 (0.82-1.55)
Heart failure 1.44 (1.14-1.83)
Pulmonary disease 1.01 (0.83-1.25)
Pulmonary circulation disorders 1.07 (0.83-1.37)
Peripheral vascular disease 1.15 (0.90-1.48)
Renal failure 1.28 (0.95-1.74)

Increased PA:AA,

p Value PR (95% CI) p Value
<0.01 0.98 (0.98-0.99) <0.01
0.95 0.89 (0.74-1.07) 0.24
<0.01 1.29 (1.06-1.56) 0.01
0.13 0.97 (0.77-1.21) 0.76
0.05 1.07 (0.82-1.40) 0.61
0.48 0.91 (0.62-1.33) 0.62
<0.01 1.10 (0.82-1.48) 0.51
0.89 1.00 (0.83-1.20) 0.98
0.62 1.02 (0.80-1.31) 0.86
0.55 1.52 (1.13-2.04) <0.01
0.11 0.97 (0.65-1.45) 0.89

Abbreviations: CI, confidence interval; PA:AA, pulmonary artery to ascending aorta ratio; PAd, pulmonary artery diameter; PR, prevalence ratio.

Enlarged Pulmonary Artery Diameter

Increased Pulmonary Artery : Ascending Aorta Ratio |

2.13[1.67-2.72]**
’ = 1

1.02[079-1.32]
I.

1.29[1.00-1.68]

1 15 2 25

_1.70[1.31-222]*"*

1 15 2 25

Hazard Ratio of Mortality

¥ Unadjusted

Model 1 adjusts for age (by decade) and sex

¥ Model 2 adjusts for age (by decade), sex, and comorbidities
*=p<0.05 *=p<0.01;**=p<0.001

FIGURE 3 Unadjusted and adjusted hazard ratios of the association between increased pulmonary artery measurements and mortality.

An enlarged pulmonary artery diameter is defined as greater than 27 mm in females and greater than 29 mm in males. An increased

pulmonary artery to ascending aorta ratio is >0.9 in both sexes. In Model 2, the comorbidities included in the proportional hazards model

are obesity, diabetes, renal failure, peripheral vascular disease, heart failure, pulmonary vascular disease (defined in Supporting

Information: Table 2), and pulmonary disease.

DISCUSSION

In this study, we show that both an enlarged PAd and
increased PA:AA ratio are common incidental observa-
tions in a population of patients who underwent CTPA in
the ED, and that patients with these findings are at

increased mortality risk compared with patients of
similar age and sex with normal PA size. We find that
increased PAd occurs more commonly in patients who
are older and have more comorbidities, while increased
PA:AA selects a group of younger individuals. Prior
studies have demonstrated an association between PA
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enlargement and mortality risk among patients with
specific cardiopulmonary comorbidities, including
COPD,' IPF,* PAH,%” and systolic heart failure,” but
have failed to identify an association between PA
enlargement and mortality risk in other populations.’
Our study is the first to report on the long-term prognosis
of PA enlargement detected incidentally in an ED
population undergoing CTPA and suggests that an
enlarged PA by either criterion is a relevant finding that
identifies a population at increased risk of death.

This study was designed to consider both PAd and
PA:AA ratio separately, as we did not know a priori
which would be a more important indicator of outcome.
In the assessment of healthy individuals in the Framing-
ham cohort that formed the basis for the current
normative ranges, PAd did not increase with age.
However, in that study, age was associated with
increasing PAd in individuals with comorbidities.*
Thus, PAd may function as an indicator of cumulative
comorbidity. We also find that age and all of the
comorbidities included in our analysis are associated
with higher likelihood of increased PAd. However, the
increased risk of death among those with enlarged PAd
persisted even after comorbidity adjustment, which
suggests that the finding of an enlarged PAd adds
prognostic information beyond the comorbidities known
at the time of assessment.

Using a ratio of 0.9 to define an abnormal PA:AA
ratio was initially suggested by Truong and colleagues
based on an investigation of healthy patients in the
Framingham cohort, and has gained widespread use.*’
However, in both the initial Framingham cohort and a
separate investigation in Korea,”' PA:AA decreased with
age due to a greater increase in AA diameter as
individuals age. If the normal PA:AA declines with age
and a fixed cutoff is used, one would expect younger
individuals to be classified as abnormal more frequently.
In support of this theory, we found that patients with
increased PA:AA were younger than patients with
normal PA:AA and younger than patients with increased
PAd. Therefore, age-specific normal values for PA:AA
might improve classification accuracy.

Consistent with age confounding the relationship
between PA:AA and mortality, an increased PA:AA was
not associated with increased mortality in the unadjusted
analysis but was strongly associated with increased
mortality after adjusting for age, with or without
additional adjustment for the presence of comorbidities.
We demonstrate that PAd increases with the presence of
multiple comorbid conditions, and others have previ-
ously shown that the same is true of the diameter of the
ascending aorta.** > Because the PA:AA ratio accounts
for enlargement of both the PAd and AA, the net effect is

that comorbidities have much less of an effect on PA:AA
ratio than on either PAd or AA diameter in isolation.
Thus, patients with enlarged PAd versus patients with
increased PA:AA have different patterns of comorbid
conditions, with far fewer comorbidities seen in those
with increased PA:AA. A key finding of this study,
however, is that both increased PAd and elevated PA:AA
are independently associated with risk of death, despite
identifying patients who differ significantly in terms of
age and comorbid conditions.

We postulate that increased pulmonary artery size by
either metric is likely an indirect indicator of disease rather
than a direct cause of death because pulmonary artery
dissection or myocardial infarction due to compression of a
coronary artery by an enlarged pulmonary artery are rare.
Therefore, a finding of an enlarged PAd or PA:AA might
have at least two different uses. First, PA size might be
useful to predict the risk of death as a surrogate for disease
duration and severity in those with known conditions that
increase PA size, such as pulmonary hypertension. Second,
an incidental finding might be useful to identify patients
who have undiagnosed diseases that cause pulmonary
artery enlargement. While prior cohorts with systematic
assessment of patient comorbidities have suggested PA size
indices are helpful in the first case, one strength of the
current study is that the presence or absence of comorbid-
ities reflects whether clinicians have identified these
conditions in routine care. Thus, the continued association
with risk of death after adjustment for recognized
comorbidities suggests this measurement can add predictive
value to the diagnoses a patient has received.

The frequencies of increased PAd and PA:AA that we
report in our cohort are significantly higher than what
had previously been reported in the Framingham
cohort;?® however, several important differences in our
patient population likely contribute to this difference.
First, our cohort had more baseline comorbidities than
those described in the Framingham cohort, and the
presence of any of the comorbidities that we analyzed
was associated with enlarged PAd. Second, our cohort
was drawn from an ED population. Although we
excluded patients with PE present on CTPA, this
population is likely highly enriched for patients with
cardiorespiratory symptoms. Third, the hospitals in
which the CTPAs for our study were performed are
situated at approximately 4300 feet above sea level. While
it is unknown how altitude influences PA diameter, it is
conceivable that PA enlargement may be more common
at higher elevation due to pulmonary hypertension
caused by alveolar hypoxia.

In summary, we find that increased PAd and
increased PA:AA are common incidental findings on
CTPAs of ED patients. Enlarged PAd and increased
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PA:AA have prognostic significance for ED patients
undergoing CTPA that has not been described previ-
ously. These findings extend the results of prior
investigations in other care settings and suggest that
patients with enlarged pulmonary arteries may benefit
from systematic outpatient assessment for relevant
comorbidities.
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