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ABSTRACT IPF patients have heightened propensity for pulmonary hypertension, which portends a
worse outcome. Presence of pulmonary hypertension may be reflected in an enlarged pulmonary artery.
We investigated pulmonary artery size measured on high-resolution computed tomography (HRCT) as an
outcome predictor in IPF.

We retrospectively reviewed all IPF patients evaluated at a tertiary-care centre between 2008 and 2013.
Pulmonary artery and ascending aorta diameters were measured from chest HRCT with pulmonary artery:
ascending aorta diameter (PA:A) ratio calculations. Outcome analysis defined by either death or lung
transplant based on pulmonary artery size and PA:A ratio over 60 months was performed. Independent
effects of different variables on overall outcomes were evaluated using the Cox proportional hazards model.

98 IPF patients with available HRCT scans had a mean pulmonary artery diameter and PA:A ratio of
32.8 mm and 0.94, respectively. Patients with a PA:A ratio >1 had higher risk of death or transplant
compared with a PA:A ratio ⩽1 (p<0.001). A PA:A ratio >1 was also an independent predictor of
outcomes in unadjusted and adjusted outcomes analyses (hazard ratio 3.99, p<0.001 and hazard ratio 3.35,
p=0.002, respectively).

A PA:A ratio >1 is associated with worse outcomes in patients with IPF. HRCT PA:A ratio
measurement may assist in risk stratification and prognostication of IPF patients.
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Introduction
Idiopathic pulmonary fibrosis (IPF), the most common form of the idiopathic interstitial pneumonias, is a
chronic, progressive fibrotic disease that is associated with significant morbidity and mortality. The clinical
course of IPF is generally characterised by progressive deterioration with a median survival of 2.5–4 years
[1]. The course of IPF in individual patients is notoriously difficult to predict. Prognostication has typically
been based on pulmonary function tests, specifically forced vital capacity (FVC) and single-breath diffusing
capacity of the lung for carbon monoxide (DLCO) [2]. However, other characteristics, including age, gender
and body mass index (BMI), may all influence outcomes. Indeed, a composite of variables in the form of the
GAP index (based on gender, age and two lung physiology variables (FVC and DLCO)) has gained
recognition as a more accurate predictor of outcomes [3]. IPF is a disease that is characterised by a high
prevalence of comorbidities, including pulmonary hypertension, coronary artery disease, gastro-oesophageal
disease and obstructive sleep apnoea [2, 4]. These comorbidities may also be associated with worse
outcomes; of these, pulmonary hypertension has the strongest association with functional impairment and
survival [5–7]. Aside from DLCO, which has a weak correlation with pulmonary hypertension, the GAP score
does not incorporate elements that capture the impact of complicating pulmonary hypertension.

Given the independent prognostic significance of pulmonary hypertension in IPF, clinical suspicion and
early diagnosis would appear to be essential. For example, the development of pulmonary hypertension in
patients with IPF might be an indication for listing for lung transplantation as recommended in the most
recent international consensus guidelines [8]. The presence of pulmonary hypertension may help
risk-stratify patients for clinical trials with the pulmonary hypertension itself being a target of such trials.
There are a number of parameters that might suggest the presence of pulmonary hypertension, including
“disproportionate” dyspnoea, elevated brain natriuretic peptide and 6-min walk test variables, including
short distance walked, increased desaturation and a low pulse rate recovery. The best screening tool for
pulmonary hypertension is transthoracic echocardiography; however, it has a greater tendency to be
inaccurate in patients with advanced lung disease [9, 10].

An ancillary, noninvasive screening tool would facilitate more accurate risk stratification and allow more
judicious use of the gold standard right heart catheterisation (RHC). Evidence of pulmonary hypertension
on chest computed tomography (CT) could represent a readily available tool to more accurately predict
the presence of pulmonary hypertension. To date, studies on the ability of chest CT to predict pulmonary
hypertension have variably included an evaluation of the pulmonary artery diameter, the pulmonary
artery:ascending aorta diameter (PA:A) ratio or measurements of segmental vessels. Indeed, the association
between pulmonary artery size and prevalent pulmonary hypertension in fibrotic lung disease has yielded
mixed results [11–14]. However, the association between pulmonary artery dilation on CT and clinical
outcomes in IPF has, to the best of our knowledge, not been assessed, while recent studies in chronic
obstructive pulmonary disease (COPD) have demonstrated the ability of the ratio of the pulmonary artery
to the aorta to predict exacerbations and mortality [15, 16].

In this study, we sought to establish whether an independent relationship exists between pulmonary artery
size based on CT measurements and outcomes in IPF patients.

Methods
Study design
Patients with IPF evaluated in an Advanced Lung Disease clinic between August 2008 and 2013 with
high-resolution CT (HRCT) scans were identified. The diagnosis of IPF was made based on current
standard of care at the time of evaluation and referred at varying stages of disease for management [17, 18].
The HRCT scans were reviewed in a blinded and independent fashion by three of the authors (S. Shin,
C.S. King and N. Puri). The pulmonary artery segment was measured at its bifurcation with the largest
ascending aorta diameter measured at the corresponding level with the PA:A ratio calculated from these
measurements [16]. The presence of aortic aneurysms was also evaluated with threshold aortic diameters
accounting for the effects of age and gender. Specifically, the upper limits of normal were defined as 35.6,
38.3 and 40 mm for females and 37.8, 40.5 and 42.6 mm for males in the age ranges 20–40, 41–60 and
>60 years, respectively [19]. When available, pulmonary arterial pressure (PAP) measurements from the
RHC were also obtained for analysis.

The means of the three independent measurements for the pulmonary artery and the PA:A ratio were used
for data analysis. Demographic data collated included age, BMI, gender and pulmonary function tests.

Our primary endpoint was transplant-free survival, which was calculated from the date of the chest CT
until either death or transplant, whichever event occurred first. For outcome analyses based on pulmonary
function tests, time zero for each patient was calculated from the date of the pulmonary function tests. The
study was approved by the Inova Institutional Review Board (IRB15-1955).
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Statistics
Continuous data are presented as mean or as median (range), while categorical data are presented as
frequencies and percentages. Parametric statistics were utilised for data confirmed to have a normal
distribution. The intra-class correlation coefficient was used to determine the level of agreement among the
three readers for continuous variables of the pulmonary artery and the PA:A ratio. Comparisons of
measurements between groups were performed using unpaired t-tests. Pearson’s correlation was utilised for
comparison of the pulmonary diameter and PA:A ratio to the mean PAP (mPAP) and FVC. The primary
outcome analyses of death or transplant were demonstrated with Kaplan–Meier survival curves and log-rank
testing. Cox proportional hazard regression was performed to assess the association between PA:A ratio and
lung transplant or death. The GAP index was calculated for each patient, and included in the regression
model to control for potential confounding factors of age, gender, DLCO % predicted and FVC % predicted
[3]. Hazard ratios were attained from the Cox analyses. All calculations were performed utilising SAS software
version 9.2 (SAS Institute, Cary, NC, USA) and IBM SPSS software version 20.0 (IBM, Armonk, NY, USA).

Results
There were 98 IPF patients identified who were evaluated over the 5-year period in whom chest HRCT
images were available. The demographics and pulmonary function of the group are shown in table 1. The
patients were divided into two groups based on those with a PA:A ratio ⩽1 and a PA:A ratio >1. The
baseline characteristics were not significantly different with the exception of the FVC % predicted, forced
expiratory volume in 1 s % predicted and DLCO % predicted. The GAP index was higher in those with
PA:A ratio >1 (p=0.02).

The mean (range) pulmonary artery and ascending aorta diameters were 32.8 (20.9–45.4) and 35.0 (24.9–
47.8) mm, respectively. The mean PA:A ratio was 0.94 with an intra-class correlation coefficient amongst
the three readers demonstrating excellent agreement (R=0.79, 95% CI 0.68–0.86, p<0.001). The correlation
between FVC % predicted and PA:A ratio demonstrated a negative correlation (r=−0.31, p=0.002). The
RHC data were available for 53 patients with a mean CT to RHC time interval of 7.2 months, of which
66% (n=35) of patients had mPAP <25 mmHg. The overall correlation between mPAP and PA:A ratio was
0.35 (online supplementary table S1). The correlation was stronger (r=0.57) for the smaller subset of
patients (n=27) with RHC data within 3 months of their chest CT (online supplementary table S2). A
similar correlation between mPAP and pulmonary artery diameter size was also noted, with strengthening
of this correlation for the subset of patients with a shorter time interval between the two studies (online
supplementary table S3).

Table 2 shows the mean ascending aorta and pulmonary artery diameter stratified by PA:A ratio ⩽1 and
PA:A ratio >1. The mean pulmonary artery diameter for PA:A ratio ⩽1 and PA:A ratio >1 was 31.1 and

TABLE 1 Patient characteristics stratified by pulmonary artery:ascending aorta diameter
(PA:A) ratio

All PA:A ratio ⩽1 PA:A ratio >1 p-value

Subjects n 98 67 31
Age years 67 67 67 0.84
BMI kg·m–2# 29.8 29.6 30 0.52
Female n 18 12 6 0.87
FVC % pred 64 67 57 0.01
FEV1 % pred 71 74 64 0.02
FEV1/FVC %¶ 83 83 84 0.28
TLC % pred+ 64 65 57 0.05
DLCO % pred 41 45 34 <0.01
GAP index 4.29 4.01 4.87 0.02
CAD risk factors§ 2.30 2.36 2.16 0.46

Data presented as means, unless otherwise stated. BMI: body mass index; FVC: forced vital capacity;
FEV1: forced expiratory volume in 1 s; TLC: total lung capacity; DLCO: diffusing capacity of the lung for carbon
monoxide; GAP index: scoring system based on gender, age and two lung physiology variables (FVC and
DLCO); CAD: coronary artery disease. Significance tests for comparisons between groups based on
two-sample independent t-tests for continuous patient characteristics and Pearson’s Chi-squared tests for
categorical patient characteristics. #: BMI missing patient data n=4; ¶: FEV1/FVC missing patient data n=4;
+: TLC missing patient data n=7; §: risk factors: hypertension, hyperlipidaemia, diabetes mellitus, smoking
and family history CAD risk factors (1 point for each risk factor).
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36.3 mm, respectively. The mean ascending aorta diameter for PA:A ratio ⩽1 and PA:A ratio >1 was 35.6
and 33.7 mm, respectively. There were six patients with aortic dilation/aneurysm (n=5 in the PA:A ratio
⩽1 group and n=1 for the PA:A ratio >1 group). The mean pulmonary artery diameters for those with
aortic dilations/aneurysms were 33.6 and 45 mm for PA:A ratio ⩽1 and PA:A ratio >1, respectively.

The Kaplan–Meier outcomes analysis of time to death or transplant based on pulmonary artery size and
PA:A ratio are demonstrated in figures 1 and 2. Patients above the median pulmonary artery diameter for
the cohort (>32.3 mm) had worse outcomes compared with those below the median (figure 1; p=0.03).
Those with PA:A ratio >1 also demonstrated worse outcomes compared to those with PA:A ratio ⩽1
(figure 2; n=13 lung transplantation and n=18 death, p<0.001). A subgroup Kaplan–Meier outcomes
analysis excluding the six patients with aortic dilations/aneurysms was also performed and it demonstrated
the same outcome difference (p<0.001).

The unadjusted and adjusted hazard ratio calculations using the Cox proportional hazard analysis
adjusting for the GAP index with PA:A ratio >1 are given in table 3. The pulmonary artery diameter was
not included in the hazard analysis due to its correlation with PA:A ratio (r=0.62, p<0.001). The analysis
showed that a PA:A ratio >1 was a significant independent predictor of worse outcomes in both
unadjusted and adjusted analyses (hazard ratio 3.99, 95% CI 1.92–8.28, p<0.001 and hazard ratio 3.35,
95% CI 1.54–7.26, p=0.002, respectively). The GAP index was not statistically significant in either the
unadjusted or adjusted analyses.

Discussion
In this study, we demonstrated that a PA:A ratio >1 is associated with worse outcomes in patients with
IPF. Interestingly, the PA:A ratio >1 appeared to perform better in predicting outcomes than the
well-established GAP index in our analysis.

In patients with IPF, accurate prognostication is crucial in determining further medical management,
timing of evaluation and listing for lung transplantation, as well as for patient counselling. Currently, the
determination of prognosis involves the use of clinical and physiological parameters such as age, gender
and pulmonary function tests. Radiologic features that are used to predict outcomes in IPF are limited to
the extent of fibrosis. The ability to use the PA:A ratio measurements obtained from readily available HRCT
images in patients with IPF provides further important and complimentary prognostication data. The

TABLE 2 HRCT measurements stratified by pulmonary artery:ascending aorta (PA:A) diameter
ratio

PA:A ratio ⩽1 PA:A ratio >1 p-value

Subjects n 67 31
Ascending aorta diameter mm 35.6 (31.5–39.7) 33.7 (29.9–37.5) 0.02
Pulmonary artery diameter mm 31.1 (27.7–34.5) 36.3 (32.5–40.1) <0.001

Data are presented as mean (95% CI), unless otherwise stated.
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excellent intra-class correlation between our three readers supports that evaluating this ratio is not only
easy, but also reliably consistent between readers and therefore readily applicable in the clinical setting.

There are several possible explanations for our observation of worse outcomes with a higher PA:A ratio.
The association of the PA:A ratio with pulmonary hypertension has been reported in prior studies of IPF
[11]. Specifically, it is well established that pulmonary hypertension is associated with worse outcomes in
IPF, which may explain our observations [20]. Furthermore, prior studies have shown an association
between PA:A ratio >1 with COPD exacerbations and worsened outcomes [15, 16]. Whether or not the
same relationship between exacerbations and pulmonary artery size holds true in IPF requires exploration
in future studies. It is also noteworthy that an association between acute exacerbations and pulmonary
hypertension has been reported in IPF [21]. Therefore, it is conceivable that some of the worse outcomes
observed in our study may have also been due to acute exacerbations of IPF. The relationship between
pulmonary artery size and pulmonary hypertension may not solely explain the worsened outcomes noted,
and an increase in the PA:A ratio may be due to other reasons that are surrogates of disease severity. Prior
studies comparing pulmonary artery size to pulmonary haemodynamics have also produced mixed results.
This might suggest that factors other than pulmonary haemodynamics may play roles in the association
between pulmonary artery size and outcomes. For example, it is plausible that the pulmonary artery size is
affected by radial traction created by progressive fibrosis over time. Indeed, our analysis of pulmonary
artery size and the PA:A ratio in relation to the FVC % predicted and total lung capacity % predicted
demonstrated a weak negative correlation in our cohort, suggesting that the fibrosis itself may also play a
role in pulmonary artery dilation.

An unintended consequence of our study is that we were able to provide an estimate of the prevalence of
aortic aneurysms in patients with IPF. To the best of our knowledge, there have been no such reports
previously, although it is well established that IPF patients have a greater propensity for cardiovascular
events, including thromboembolic disease, coronary artery disease and heart failure [22–24]. The
prevalence of aortic aneurysms in our IPF cohort was 6%, which is slightly higher numerically than that of
the general population (reported to be 4.6%) [25]. Furthermore, a US-based study reported an overall age-

FIGURE 2 Transplant-free survival
of the idiopathic pulmonary fibrosis
cohort stratified by pulmonary
artery:ascending aorta diameter
(PA:A) ratio ⩽1 (n= 67) or >1 (n=31).
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TABLE 3 Unadjusted and adjusted hazard ratios for lung transplant or death#

Unadjusted analysis Adjusted analysis

Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value

FVC % pred 0.95 (0.93–0.98) <0.001
DLCO % pred 0.94 (0.91–0.97) <0.001
BMI¶ kg·m−2 0.99 (0.92–1.06) 0.73 0.98 (0.91–1.05) 0.61
PA:A ratio >1 3.99 (1.92–8.28) <0.001 3.35 (1.54–7.26) 0.002
GAP index 1.32 (1.04–1.68) 0.20 1.22 (0.95–1.57) 0.12

FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide; BMI: body mass index;
PA:A ratio: pulmonary artery to ascending aorta diameter ratio; GAP index: scoring system based on gender,
age and two lung physiology variables (FVC and DLCO). #: n=98 patients; ¶: BMI missing patient data n=4.
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and gender-adjusted incidence of thoracic aortic aneurysm as 10.4 per 100000 person-years [26]. This
suggestion of an increased prevalence of aortic aneurysms among IPF patient requires further investigation
in larger epidemiologic cohorts.

The limitations in our study include the variability that exists with capturing the pulmonary artery exactly
at the level of bifurcation on the HRCT images. The very good correlation among our three readers,
however, suggests that this is not a major issue. The presence of aortic aneurysmal enlargement might also
affect the calculation of the ratio. However, only a small minority of our patients had aortic dilation/
aneurysm, which may have “normalised” their ratios. We chose to normalise the pulmonary artery size by
the use of PA:A ratio only, as there is precedent for this in multiple other clinical trials [16, 27, 28]. In
addition, in a prior large cohort study, in which the measurement of pulmonary artery size and PA:A ratio
were stratified by various characteristics, including age, gender, height, body surface area and
cardiovascular risk factors, only a weak to very weak correlation was demonstrated [29].

We were limited in our assessment of the correlation between pulmonary artery size and haemodynamic
variables due to the number of available RHCs and their temporal relationship to HRCT. The available
RHC data that was analysed supports a positive correlation between the mPAP and PA:A ratio with a
notable stronger relationship with more temporally proximate HRCT studies. The paucity of
contemporaneous haemodynamic data does not diminish from the powerful prognostic information
imparted, but rather underscores the universal availability and applicability of this simple HRCT
measurement. Specifically, we demonstrate that the PA:A ratio is a noninvasive tool that can be utilised as
an independent prognostic indicator regardless of the status of concomitant pulmonary hypertension. Our
finding of the PA:A ratio performing better than the GAP index should be viewed with some caution and
requires further validation in a larger, independent cohort. One difference between our analysis of
outcomes and the original GAP description is that ours was a composite of time to death or transplant,
while the original description was as a predictor of mortality only.

In conclusion, measurement of the PA:A ratio on HRCT can be easily performed without additional
invasive testing. A PA:A ratio >1 appears to be an independent predictor of outcomes in IPF patients.
Evaluation of this readily available ratio may facilitate prognostication and counselling of patients with IPF.
In addition, it may prove to have a role in stratifying patients within clinical studies as well as prioritisation
for lung transplantation. Future studies are encouraged to further evaluate this ratio. Such studies might
include correlating the ratio with contemporaneous invasive haemodynamic measurements as well as
looking at the significance of change in the pulmonary artery diameter and PA:A ratio over time.
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