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Abstract
Pulmonary hypertension (PH) is defined as an elevated mean pulmonary artery pressure at rest (mPAP ≥ 25 mmHg), evaluated 
by right heart catheterization (RHC). The aim of the present study was to evaluate HRCT findings in relation to transthoracic 
echocardiographic data to better characterize PH in IPF patients and to identify a non-invasive composite index with high 
predictive value for PH in these patients. 37 IPF patients were enrolled in this retrospective study. All patients underwent a 
complete assessment for PH, including transthoracic Doppler echocardiography, HRCT scan and right heart catheterization. 
Right heart catheterization was done in 19 patients (51.3%) as pre-lung transplant assessment and in 18 patients (48.6%) 
to confirm PH, suspected on the basis of echocardiography. Twenty out of 37 patients (54%) were confirmed to have PH 
by RHC. Multivariate regression showed that the combination of sPAP, PA area measured by HRCT and the ratio of the 
diameter of the segmental artery to that of the adjacent bronchus in the apicoposterior segment of the left upper lobe was 
strongly correlated with mPAP (R2 = 0.53; p = 0.0009). The ROC analysis showed that 931.6 was the ULN for PA area, with 
86% sensitivity and 61% specificity (0.839 AUC); 20.34 was the ULN for the ratio of PA area to ascending aorta diameter, 
with 100% sensitivity and 50% specificity (0.804 AUC). The composite index proposed in the present study could help early 
detection of IPF patients suspected of PH requiring confirmation by RHC (if deemed clinically necessary).
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Introduction

Pulmonary hypertension (PH) is defined as an elevated 
mean pulmonary artery pressure at rest (mPAP ≥ 25 mmHg), 
evaluated by right heart catheterization (RHC). The latest 
clinical classification confirmed five major groups, based 
on pathological and hemodynamic characteristics [1, 2]. We 
focused on PH associated with idiopathic pulmonary fibro-
sis (IPF), which is the most common idiopathic interstitial 
pneumonia. Pulmonary hypertension associated with IPF is 
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classified in group 3: PH due to lung disease and/or hypoxia 
[1, 3].

Idiopathic pulmonary fibrosis is a progressive and often 
fatal idiopathic interstitial pneumonia with a median survival 
of 3–5 years. It is limited to the lung and associated with 
a histological and/or radiological pattern of usual intersti-
tial pneumonia [4]. The development of PH has a negative 
impact on quality of life of IPF patients and is associated 
with poor outcomes [5–7]. In recent years, it has been dem-
onstrated that PH affects survival by increasing the risk of 
death [5–9].

The incidence and prevalence of PH in IPF are unclear 
and estimates vary widely due to underlying disease severity, 
patient population and diagnostic methods [9]. Currently, 
there is no specific therapy for PH associated with IPF. A 
recent clinical trial of a therapy produced negative results 
[10]; although two new molecules are now available for IPF 
treatment [pirfenidone and nintedanib], lung transplant is 
still the best choice in selected IPF patients to change the 
disease natural history and to improve survival [2, 4, 11].

The elective method of diagnosis of PH is RHC, an 
expensive invasive procedure with recognized complica-
tions, including hematoma (14%), pneumothorax (about 
7%), arrhythmia (4%), episodes of hypotension [3%] and 
even death (0.055%) [12]; therefore, it requires an expert 
center and selected patients.10 Different studies have used a 
variety of other methods, contributing to the heterogeneity 
of the epidemiological data on PH in IPF [5, 9, 13].

Most data on the incidence of PH in IPF come from small 
cohorts, usually patients with advanced disease undergoing 
RHC as part of evaluation for lung transplant. These patients 
typically do not represent the general IPF population, usually 
being younger, more severe, and without significant medical 
comorbidities [6, 9].

Clinically, PH in IPF is difficult to recognize, and most of 
the symptoms are aspecific. Exertional dyspnea, as well as 
fatigue and palpitations are commonly found in both condi-
tions [14]. Further appropriate tests are needed to diagnose 
PH when there is a strong clinical suspicion based on the 
severity of symptoms that exceed the expected, on the basis 
of lung function data or on the development of clear signs 
of right heart failure.

Echocardiography is a useful non-invasive technique for 
early investigation of suspected PH in IPF patients, although 
it cannot properly visualize all segments of the right heart 
and is operator dependent [2]. Non-invasive biomarkers, 
such B-type natriuretic peptide (BNP) and N-terminal pro-
hormone BNP (NT-pro-BNP), have been proposed, but fur-
ther work is needed before they can be applied in routine 
clinical practice [15–17].

High-resolution computed tomography (HRCT) of the 
chest is widely used as an integral part of diagnostic evalu-
ation of patients with IPF. A number of features reflecting 

pulmonary hypertension can be measured by HRCT, but the 
literature is not unanimous about its accuracy in detecting 
PH [18–23]. HRCT and transthoracic echocardiographic 
measurements are both correlated with mPAP in lung dis-
eases associated with PH and in idiopathic pulmonary arte-
rial hypertension; a combination of the two provides com-
plementary information that may improve the diagnostic 
power for PH [22, 23].

Since no non-invasive tool for diagnosis of PH in IPF 
patients has been identified and validated, RHC remains an 
elective technique.

The aim of the present study was to evaluate HRCT find-
ings in relation to transthoracic echocardiographic data to 
better characterize PH in IPF patients and to identify a non-
invasive composite index with high predictive value for PH 
in these patients.

Materials and methods

Thirty-seven IPF patients, monitored and diagnosed from 
2011 to 2019 at the Regional Referral Centre for Intersti-
tial Lung Diseases at the University Hospital of Siena, were 
enrolled in this retrospective study. All patients underwent 
a complete assessment for PH, including transthoracic Dop-
pler echocardiography, HRCT scan and right heart cathe-
terization. Diagnostic imaging and radiological evaluation 
were performed at the Diagnostic Imaging Unit of the Uni-
versity of Siena, Italy. Inclusion criteria included diagnosis 
of IPF according to the latest evidence-based guidelines of 
the American Thoracic Society and European Respiratory 
Society/ALAT/JRS [4], pulmonary artery pressure measured 
by right heart catheterization performed for clinical pur-
poses, chest HRCT and echocardiography within 1 month 
of RHC, and HRCT imaging performed at our institution. 
All patients were diagnosed during a multidisciplinary dis-
cussion by expert pulmonologists, radiologists, pathologists, 
rheumatologists, occupational doctors and internists. The 
population included IPF patients in waiting list for lung 
transplantation [24].

Patients with other types of interstitial lung diseases, 
such as ILD associated with connective tissue disease, drug-
induced ILD, other types of idiopathic interstitial pneumo-
nia, or patients with left heart disease, chronic pulmonary 
artery thromboembolism, or any cause of PH other than IPF 
were excluded from the study.

All patients underwent complete respiratory assessment 
with lung function tests, blood gas analysis and 6-min walk-
ing test performed according to international guidelines and 
good clinical practice. They gave their written informed con-
sent to participation in the study, which was approved by 
our local ethics committee (CEAVSE 180,712; OSS_REOS 
12,908).
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High‑resolution computed tomography

HRCT was performed with a 64-row CT scanner (VCT, GE 
Healthcare, Milwaukee, WI, USA). All patients were imaged 
in prone position, with breath-holding at maximum lung 
capacity. HRCT examination was obtained in axial scan-
ning mode for 12 patients and in spiral scanning mode for 
25 patients. Acquisition parameters used in axial CT acqui-
sitions were: 120 kV, 375 mA, 0.625 mm slice thickness 
(16i/rotation, 10 mm interval), 0.7 s rotation time, 50 cm 
sFOV. The images were reconstructed with the “bone plus” 
algorithm.

Acquisition parameters used in spiral CT acquisitions 
were: 140 kV; 250–330 mA, index noise 16, 3.75 mm slice 
thickness, 0.6 s tube rotation time, 0.937 beam pitch, 1.5 mm 
reconstruction interval. The images were reconstructed with 
a slice thickness of 1.25 mm using both the “bone plus” and 
“standard” algorithms.

A radiology resident and an experienced thoracic radi-
ologist, both blinded to the clinical and hemodynamic data, 
independently and retrospectively evaluated the HRCT 
scans. The interobserver agreement was obtained by apply-
ing a Kappa test. The Kappa unit ranged from 0 (chance 
agreement) to 1 (total agreement), in particular K values 
were deciphered in the following way: K < 0.20, poor 
agreement; K = 0.21–0.40, fair; K = 0.41–0.60, moderate; 
K = 0.61–0.80, good; K = 0.81–1.00, very good. Two authors 
(G.B, E.B.) examined the HRCT images independently and 
in a blinded fashion; radiological interpretation was made 
using the same criteria by visual quantitative analysis, as 
absent, mild (less 33% of lung involvement), moderate 
(between 33 and 66% of lung involvement) and severe (more 
than 66% of lung involvement). Divergent opinions were 
discussed and a consensus on final diagnosis was reached 
in all cases with the contribution of a third expert radiolo-
gist with 15 years of experience in diffuse lung pulmonary 
diseases (M.A.M). The HRCT parameters considered were: 

diameter and area of the main pulmonary artery (before the 
bifurcation) and, on the same CT section, diameter of the 
ascending aorta and mid anteroposterior diameter of the 
thoracic vertebra (a fixed structure that reflects the overall 
body size) (Figs. 1a, 2a); the widest short-axis diameters of 
the segmental arteries and bronchi of the following four lung 
segments: apical segment of the right upper lobe (Fig. 2b), 
apicoposterior segment of the left upper lobe, posterior basal 
segment of the right lower lobe, and posterior basal segment 
of the left lower lobe; diameters of the left ventricle and 
venae cavae (Fig. 1a–c). Evidence of emphysema, pericar-
dial effusion, and hiatal hernia was also recorded. 

Echocardiography

During echocardiographic study, systolic pulmonary artery 
pressure sPAP was estimated by quantifying tricuspid regur-
gitant jet velocity (TRV) and inferior vena cava diameter/
collapsibility index [25]. In all patients, the Doppler signal 
from tricuspid regurgitation was satisfactory. The tricus-
pid regurgitation pressure gradient (TRPG) was calculated 
according to the modified Bernoulli equation TRPG = 4 
× (TRV)2 and sPAP was calculated from the equation 
sPAP = TRPG + estimated right atrial pressure.

Right heart catheterization

Right heart catheterization was performed through the 
femoral or brachial vein and the following heart hemody-
namic parameters were measured: systolic pulmonary artery 
pressure (sPAP), mean pulmonary artery pressure (mPAP), 
pulmonary capillary wedge pressure (PWP), pulmonary 
vascular resistance (PVR), cardiac index (CI) and cardiac 
output (CO). PH was defined as mPAP ≥ 25 mmHg and 
PWP < 15 mmHg evaluated by RHC.

Fig. 1  a The evaluated HRCT parameters: diameter of the main pul-
monary artery (PA), before its bifurcation, and—on the same CT 
section—diameter of ascending aorta and the mid anteroposterior 

diameter of the thoracic vertebra. b The evaluated HRCT parameters: 
diameter of the superior caval vein. 1c: The evaluated HRCT param-
eters: diameter of the inferior caval vein
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Lung function tests

The following lung function measurements were collected 
at the time of blood sampling (Table 3) and 6 months later: 
forced expiratory volume in the first second (FEV1), forced 
vital capacity (FVC), total lung capacity (TLC), residual 
volume (RV), diffusing capacity of the lung for carbon mon-
oxide (DLCO) and carbon monoxide transfer coefficient 
(KCO) for alveolar volume. All parameters were expressed 
as percentages of predicted values. Measurements were per-
formed according to ATS/ERS standards [26], using a Jaeger 
body plethysmograph with corrections for temperature and 
barometric pressure.

Statistical analysis

A composite index was obtained combining HRCT and 
echocardiographic parameters and the formula obtained is 
reported in Fig. 1S.

Multivariate regression analysis was used to establish a 
composite index of mPAP from HRCT measurements com-
bined with echocardiography parameters. The optimal cutoff 
or upper limit of normal (ULN) for a hypothetical quantita-
tive predictor of PH was determined using receiver operating 
characteristic (ROC) analysis, where the ULN was deemed 
to be the value that yielded the best trade-off between sensi-
tivity and specificity for each PH predictor. The relationship 
between HRCT parameters and mPAP was evaluated using 
linear regression analysis.

Statistical analysis was run using JMP v. 9.0 software 
(SAS Institute, Cary, NC).

Results

The demographic data of our population monitored at Siena 
University Hospital from 2011 to 2019 is shown in Table 1. 
There were 30 male patients and 7 female patients with an 
average age of 63.7 years (range 51–78 years); 64.8% were 
smokers.

Right heart catheterization was done in 19 patients 
(51.3%) as pre-lung-transplant assessment and in 18 patients 
(48.6%) to confirm PH, suspected on the basis of echocar-
diography (Table 2). Twenty out of 37 patients (54%) were 
confirmed to have PH by RHC (Table 3). No differences 
were observed regarding FEV1, FVC and DLco (p > 0,05) 
between groups.

At the first reading, agreement, evaluated trough Cohen’s 
Kappa coefficient (k) between authors for different radiologi-
cal elements, was excellent (k = 0.8–1) for the diameter of 
the segmental artery and good for diameter of the apicopos-
terior segment of the left upper lobe (k = 0.6–0.8).

The significant HRCT parameter related to mPAP was 
the ratio of the diameter of the segmental artery to that of 
the adjacent bronchus of the apicoposterior segment of the 

Fig. 2  a The evaluated HRCT parameters: area of the main pulmonary artery (PA), before its bifurcation, on coronal reformation. b The widest 
short-axis diameters of the artery and bronchus of the apical segment of the right upper lobe

Table 1  Demographic data of IPF patients including age, gender and 
smoking habit

IPF

N. 37
Age 63.7 ± 7 years
Gender 7 F (19 %), 30 M (81%)
Smokers 24 pts (64.8%)
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left upper lobe (R2 = 0.349859; p = 0.0001) (Fig. 3). Pulmo-
nary artery cross-sectional area (R2 = 0.144669; p = 0.06) 
and the ratio of PA area to that of the ascending aorta 
(R2 = 0.131458; p = 0.0749) did not show a significant cor-
relation with mPAP (Fig. 3), nor did we find any statistically 
significant correlation between mPAP and the other three 
artery:bronchus ratios.

Multivariate regression showed that the combination 
of sPAP, PA area measured by HRCT and the ratio of the 
diameter of the segmental artery to that of the adjacent bron-
chus in the apicoposterior segment of the left upper lobe 
were strongly correlated with mPAP (R2 = 0.53; p = 0.0009) 
(Fig. 1s). This composite index had 100% sensitivity and 
53% specificity. Positive and negative predictive values were 
71% and 100%, respectively. The contribution of other echo-
cardiographic parameters (STRAIN and TTP) to the multi-
variate regression was not statistically significant.

The ROC analysis showed that 931.6 was the ULN for 
PA area, with 86% sensitivity and 61% specificity (0.839 
AUC); and 20.34 was the ULN for the ratio of PA area to 
ascending aorta diameter, with 100% sensitivity and 50% 
specificity (0.804 AUC).

The combination of sPAP as measured by echocardiogra-
phy, PA area measured by HRCT and the ratio of the diam-
eter of the segmental artery to that of the adjacent bronchus 
in the apicoposterior segment of the left upper lobe was cor-
related with mPAP (p = 0.0009; R2 = 0.53).

Discussion

Pulmonary hypertension is a risk factor for patients with 
IPF, being related to reduced survival; therefore it should 
be detected as soon as possible.

Chest HRCT is an accurate diagnostic instrument not only 
for the characterization of pulmonary fibrosis or other dif-
fuse lung diseases, but also for simultaneously assessing 
the modifications in the vessel and heart structure induced 
by pulmonary hypertension [27–29]. A composite index 
obtained by combining HRCT and echocardiographic 
parameters has been found to be more accurate than the 
same parameters considered independently.

The challenge we addressed in this study was to find an 
alternative, non-invasive method of diagnosis of PH in IPF 
patients. Although RHC is the selective method, it is an inva-
sive procedure, not without risks and unsuitable for follow-
up in these cases. International guidelines, which recently 
highlighted the role of echocardiography in screening and 
follow-up of PH, may support this non-invasive diagnostic 
method in place of RHC. Since there is currently no spe-
cific therapy for PH associated with interstitial lung diseases, 
RHC can only be used when PH is suspected. A combination 
of chest HRCT and echocardiography could be useful to 
select IPF patients at high risk of PH to undergo RHC, apart 
from those assessed for lung transplant, for whom RHC is 
mandatory.

In our cohort, we demonstrated that a combination of 
HRCT and echocardiographic parameters could be used 
to spare RHC, reducing the risk and corresponding cost in 

Table 2  Classification of patients according to the reason for which 
they were submitted to RHC

RHC done before lung 
transplantation

RHC done suspecting 
PH with echocardiog-
raphy

Patients 19 pts (51.3%) 18 pts (48.6%)
IPF/PH 11 pts (55%) 9 pts (45%)

PAPs DE 50 ± 14 mmHg
IPF/without IP 8 pts (47%) 9 pts (53%)

PAPs DE 41 ± 10 mmHg

Table 3  Patients divided according to the presence of PH

IPF/PH IPF/noPH

Patients 20 (54%) 17 (46%)
Gender 18 M (90%)

2 F (10%)
12 M (70%)
5 F (30%)

Age 64.7 ± 7.6 years 61.4 ± 5.8 years
Smokers 13 11
Pulmonary function test parameters (median, IQR)
FEVI (%) 58 (43–83) 59 (42–77)
FVC (%) 58 (39–74) 53 (42–74)
DLCO (%) 21 (19–26) 31 (19–35)
TLC (%) 56 (47–71) 60 (40–75)

Fig.3  Linear regression between mean pulmonary artery pressure, 
measured at RHC (mPAP), and the ratio of the diameter of segmental 
artery to the adjacent bronchus in the left upper lobe (R2=0,349859; 
p = 0,0001)
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44.5% of patients (4/9) without PH, who did not require 
RHC for assessment for lung transplant.

In patients with PH who underwent RHC, despite an 
sPAP < 40 mmHg as measured by echocardiography (they 
were being assessed for the lung-transplant waiting list), the 
composite index indicated PH better than echocardiography, 
because of the high sensitivity, in agreement with RHC. The 
high negative predictive value of this index was not due to 
the low prevalence of PH in our study population, as 54% 
of patients had PH.

The literature shows that patients with PH may experience 
fluctuations in mPAP over periods of a few hours, suggesting 
the need to confirm the results with further data obtained by 
a group of tests (HRCT, DE and RHC) performed in a short 
period of time. In this perspective, HRCT is useful because 
it detects structural alterations due to PH. Devaraj et al. dem-
onstrated that the ratio of the diameter of the main pulmonary 
artery to the diameter of the ascending aorta and the ratio of the 
cross-sectional area of the main pulmonary artery to the diam-
eter of the ascending aorta were correlated with mPAP [22].

In our study, we did not find any statistically significant cor-
relation between these parameters, including LFT parameters 
[7], although our population was more homogeneous than those 
of all previous studies. We only included patients diagnosed 
with idiopathic pulmonary fibrosis, while Devaraj’s patients 
had a spectrum of diseases associated with PH (groups 1, 2, 3, 
4 and 5 of the Venice classification system). Evaluating chest 
HRCT parameters in a consecutive cohort of acute hospital-
ized patients with different diagnoses, who underwent chest 
HRCT and RHC with a mean interval of 3 days, Chan et al. 
showed significant differences in mean PA/AA ratio between 
PH and non-PH patients. Most patients in the PH group showed 
elevated PWP due to congestive heart failure [30].

In a previous study, the ratio of the diameter of the main 
pulmonary artery to that of the ascending aorta in patients 
with PH associated with pulmonary fibrosis showed a 
weaker correlation with mPAP than it did in patients without 
pulmonary fibrosis [21]. Again, the population was hetero-
geneous, including different types of pulmonary fibrosis, not 
only IPF. Another limit of Devaraj’s last two studies was the 
range of the time interval between chest HRCT and RHC: 
up to 9 months [21, 22].

Using linear regression analysis, we found a strong cor-
relation between mPAP and the ratio of the diameter of the 
segmental artery to that of the adjacent bronchus of the api-
coposterior segment of the left upper lobe, but not between 
mPAP and the other three segmental artery: bronchus ratios. 
There is limited data in the literature on this issue. Devaraj 
showed that the segmental artery:bronchus ratio matched the 
severity of PH and was highly reproducible using a scoring 
system [22].

In most cases, diagnosis of PH is made in the late stages 
of IPF. Early recognition of PH in IPF patients is mandatory 

to allow them to participate in clinical trials. The high risk 
of mortality and poor prognosis associated with PH in IPF 
patients require special attention from clinicians. Also in 
patients evaluated for lung transplant, early detection of PH 
is important to correctly define transplant timing. Future 
therapeutic approaches are required to improve survival and 
the quality of life of these patients. The composite index pro-
posed in the present study could help early detection of IPF 
patients suspected of PH requiring confirmation by RHC [if 
deemed clinically necessary]. Further studies are needed in 
a bigger prospective, cohort of IPF patients, also extending 
its application to other interstitial lung diseases associated 
with PH, to confirm its clinical utility.
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