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BACKGROUND High-altitude pulmonary hypertension (HAPH), as the group 3 pulmonary hypertension, has been less

studied so far. The limited medical conditions in the high-altitude plateau are responsible for the delay of the clinical

management of HAPH.

OBJECTIVES This study aims to identify the imaging characteristics of HAPH and explore noninvasive assessment of

mean pulmonary arterial pressure (mPAP) based on computed tomography angiography (CTA).

METHODS Twenty-five patients with suspected HAPH were enrolled. Right heart catheterization (RHC) and pulmonary

angiography were performed. Echocardiography and CTA image data were collected for analysis. A multivariable linear

regression model was fit to estimate mPAP (mPAPpredicted). A Bland-Altman plot and pathological analysis were

performed to assess the diagnostic accuracy of this model.

RESULTS Patients with HAPH showed slow blood flow and coral signs in lower lobe pulmonary artery in pulmonary

arteriography, and presented trend for dilated pulmonary vessels, enlarged right atrium, and compressed left atrium in

CTA (P for trend <0.05). The left lower pulmonary artery-bronchus ratio (odds ratio: 1.13) and the ratio of right to left

atrial diameter (odds ratio: 1.09) were significantly associated with HAPH, and showed strong correlation with mPAPRHC,

respectively (r ¼ 0.821 and r ¼ 0.649, respectively; all P < 0.0001). The mPAPpredicted model using left lower artery-

bronchus ratio and ratio of right to left atrial diameter as covariates showed high correlation with mPAPRHC (r ¼ 0.907;

P < 0.0001). Patients with predicted HAPH also had the typical pathological changes of pulmonary hypertension.

CONCLUSIONS Noninvasive mPAP estimation model based on CTA image data can accurately fit mPAPRHC and is

beneficial for the early diagnosis of HAPH. (JACC: Asia 2022;2:803–815) © 2022 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

ABR = pulmonary artery-

bronchus ratio

HAPH = high-altitude

pulmonary hypertension

LVEF = left ventricle ejection

fraction

mPAP = mean pulmonary

arterial pressure

PASP = pulmonary arterial

systolic pressure

PH = pulmonary hypertension

RHC = right heart

catheterization

rPA = the ratio of main

pulmonary artery to aorta

diameter

rRLA = the ratio of right to left

atrial diameter

TRPG = tricuspid regurgitation

pressure gradient
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P ulmonary hypertension (PH) is
defined as mean pulmonary arterial
pressure (mPAP) $25 mm Hg at rest

or >30 mm Hg with exercise as assessed by
right heart catheterization (RHC) and is clas-
sified into 5 groups: group 1 PH, pulmonary
arterial hypertension; group 2 PH, PH due to
left heart disease; group 3 PH, PH due to
lung diseases and/or hypoxia; group 4 PH,
chronic thromboembolic pulmonary hyper-
tension; and group 5 PH, PH with unclear
and/or multifactorial aetiologies.1 Persistent
elevation of pulmonary arterial pressure
leads to irreversible pulmonary vascular
remodeling, which would cause a poor prog-
nosis if left untreated and eventually evolve
into right heart failure.2,3 Thus, early
diagnosis and therapeutic intervention are
crucial to improve outcomes.

It is estimated that more than 140 million
people reside in the high-altitude plateau
areas, which is defined as being at least 2,500 meters
above sea level.4 In addition, approximately 40
million temporary visitors travel to mountain areas
annually.5 The living environment and physiological
conditions between the plain (<1,000 m) and high-
altitude plateau (>2,500 m) residents are different6;
lifelong exposure to hypoxia may lead to progressive
incapacitating syndrome chronic mountain sickness,
which is characterized by severe symptomatic
excessive erythrocytosis and PH due to hypoxemia.5,7

In advanced cases, the condition may progress to cor
pulmonale and congestive heart failure.8 High-
altitude pulmonary hypertension (HAPH) due to
chronic exposure to high altitude is a designated
subset of PH, PH due to lung diseases and/or hypoxia
(group 3 PH).9 However, RHC, as the gold standard
for diagnosis, is rarely performed because of the
limitations of technology and equipment in the high-
altitude plateau areas.10 In addition, echocardio-
graphic measurement of pulmonary arterial systolic
pressure (PASP) is not performed routinely due to
high variability and observer dependence.11 As a
relatively objective and frequently clinically per-
formed imaging examination, computed tomography
angiography (CTA) has a higher data reliability
compared with echocardiography.1 The purpose of
this study was to explore the imaging characteristics
of patients with HAPH via pulmonary angiography
and CTA, and to increase diagnostic accuracy based
on the parameter of noninvasive imaging, further
improving the early diagnosis and treatment of PH in
plateau areas.
METHODS

STUDY DESIGN AND POPULATION. The institutional
review board of Shigatse People’s Hospital approved
this prospective study, and informed consent was
obtained. The inclusion criteria were the following:
1) male or female patient between the ages of 21 and
85 years; 2) admitted in Shigatse People’s Hospital
between August 2020 and August 2021; 3) history of
residence in the plateau for more than 20 years;
4) initial diagnosis suggestive PH (symptoms, signs,
history, electrocardiogram, and chest radiograph);
5) echocardiographic PASP more than 40 mm Hg; and
6) no contraindications of CTA/RHC and had provided
informed consent. Records of all patients undergoing
transthoracic echocardiography, CTA or computed
tomography (CT), arterial blood gases, pulmonary
arteriography, and RHC for the initial diagnostic
workup of suspected HAPH were reviewed. The
exclusion criteria of this study included the
following: signs of chronic thromboembolic disease in
CTA, contraindications of RHC, partial pressure of
oxygen in arterial blood $83 mm Hg, and history of
left heart disease including systolic dysfunction (ie,
dilated or ischemic cardiomyopathy), diastolic
dysfunction (ie, hypertrophic cardiomyopathy), and
valvular disease.8 Furthermore, the interval between
the patients’ CTA and RHC were more than 30 days,
and those who did not measure echocardiographic
PASP were excluded (Supplemental Figure 1). Pa-
tients with HAPH were diagnosed with mPAPRHC

>30 mm Hg according to the Qinghai criteria pub-
lished by the International Society for Mountain
Medicine in 2005.12

PULMONARY ARTERIOGRAPHY AND CTA/CT

ACQUISITION. Scans of 25 patients had been ac-
quired at our institution on United Imaging scanners
and were performed in a supine position in inspira-
tory breath-hold. Scanning parameters were as fol-
lows: tube voltage of 120 kVp, tube current 300 mA,
tube rotation time 0.3s, and collimator width
64 mm � 0.625 mm. Scan plans were made prospec-
tively and ranging from the apex pulmonis to the
diaphragm. Iodinated contrast agent (iomeprol,
400 mgL/mL, Bracco Sine, China) was injected
through the median cubital vein with double-syringe
power injector. The intelligent tracking mode was
used and flushing with 20 mL saline at 4 mL/s before
scanning. A 60-mL contrast agent was injected at
4 mL/s followed by a saline bolus of 50 mL. The
scanning was triggered when the density of the main
pulmonary artery reached the preset peak 80 HU.13

On the 4-chamber transversal view, the widest part of
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atrium perpendicular to the long axis was measured
as atrial diameter, which were also measured in 3
adjacent slices for verification. The diameter of the
left lower bronchus was measured at the junction
with the left main bronchus, and the diameter of the
accompanying artery was measured at the same slice
and the artery-bronchus ratio (ABR) was calculated.

ECHOCARDIOGRAPHY. The peak tricuspid regurgi-
tation velocity, the main pulmonary artery diameter,
the vertical/transverse diameter of left/right atrium/
ventricle and the left ventricle ejection fraction
(LVEF) were measured by echocardiography using the
guideline from the American Society of Echocardiog-
raphy.14 The pressure gradient between the right
atrium and ventricle was estimated based on the
tricuspid regurgitation pressure gradient (TRPG)
calculated with the modified Bernoulli equation.15

The inferior vena cava diameter and collapsibility
estimated the right atrial pressure. PASP was calcu-
lated based on the estimated pressure gradient and
right atrial pressure.16

RHC. RHC was performed according to standard pro-
cedures by an interventional cardiologist with more
than 5 years of experience.1,5 In short, an introducer
sheath was placed in the right femoral vein. A JR 4.0
catheter (Cordis) was introduced to the pulmonary
artery under local anesthesia tomeasuremPAP by RHC
(mPAPRHC). mPAPRHC was recorded in the main pul-
monary artery above the pulmonary valve, and systolic
(diastolic) pressures of right ventricle, right atrium,
and superior vena cava were measured using a stan-
dard technique image analysis.17

HISTOLOGY AND IMMUNOHISTOLOGY. For histolog-
ical analysis, lung tissue samples were fixed in 10%
formalin, dehydrated, and paraffin-embedded for
sectioning and then used for hematoxylin-and-eosin
staining and immunohistochemical staining. For a-
smooth muscle actin (SMA) immunohistochemical
staining, sections were incubated overnight with
primary antibody against a-SMA (19245S, Cell
Signaling Technology) Image J (V1.49, NIH) software
was used for vascular thickness and image areas
analysis. Wall thickness was calculated as the ratio of
the difference between the external and internal di-
ameters to the external diameter of the pulmonary
artery. All lung tissues were collected intra-
operatively with surgical indications, informed con-
sent and the approval of the ethics committee of
Shigatse People’s Hospital, and the pathological
diagnosis was confirmed by the pathologists accord-
ing to the pathological sections. The characteristics
and pathological diagnosis of 9 plateau residents are
shown in Supplemental Materials. Patients without
surgical indications were excluded for pathological
analysis.

STATISTICAL ANALYSIS. Characteristics of the study
patients were described by mPAPRHC, and normal
distribution of measurements was tested with the
Shapiro-Wilk test. Data were presented as mean � SD
or median (IQR) if not normally distributed. Cate-
gorical data were presented as absolute number
(percentage). Group differences were assessed by
one-way analysis of variance, and Kruskal-Wallis H
test or Fisher exact test as appropriate. The linear
trend between continuous variables and the
different level of mPAPRHC was evaluated by linear
regression analysis. The trend between dichotomous
variables’ positive or negative rate and the elevated
mPAPRHC was evaluated by the Cochran-Armitage
trend test. Parameters with statistically significant
differences were included in subsequent correlation
and logistic regression analysis. Correlation between
parameters and mPAPRHC was analyzed using Pear-
son’s/Spearman’s correlation. The univariate logistic
regression analysis was used to calculate odds ratios
(ORs) and 95% CIs. Difference, correlation, and
regression analysis were used to filter variables into
the model. A forward stepwise multivariable linear
regression analysis was performed to generate a nu-
merical model for noninvasive mPAP estimation
(mPAPpredicted) with a required variable significance
of 0.05 in the model, and a cut-off value of 0.1 for
exclusion. Bland-Altman analyses were performed to
assess the diagnostic consistency of mPAP from the
estimation model with that of RHC. A receiver oper-
ating characteristic (ROC) curve was constructed and
the area under the ROC curve was calculated to
assess the diagnostic performance to detect HAPH by
estimation model. All the analyses were performed
using R (v.4.1.2) and SPSS (v.26.0). The 2-sided
P < 0.05 was considered statistically significant.

RESULTS

BASIC CLINICAL CHARACTERISTICS OF THE STUDY

POPULATION. A total of 25 suspected HAPH patients
were enrolled in our study (mean age, 64 years; males,
60%), with average mPAPRHC to be 46 mm Hg ranging
from 18 to 101 mm Hg. Of these patients, 7 (28%), 13
(52%), and 5 (20%) were with mPAPRHC of #30 mm Hg,
30 to 60 mm Hg, and >60 mm Hg, respectively.18

There were no significant differences in sex and age
among all groups. Patients with HAPH were more
prone to have elevated transaminase, uric acid, and
creatine phosphokinase-MB (P for trend <0.05)
(Table 1), which indicates right cardiac insufficiency
with increased mPAPRHC. The between-group
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TABLE 1 Characteristics of Clinical Laboratory Indicators

Total

3 Levels of Predicted mPAP

Chi-Square/F/H P Value P Value for Trend#30 (n ¼ 7) 30-60 (n ¼ 13) >60 (n ¼ 5)

Male 15 (60) 4 (57) 6 (46) 5 (100)

Female 10 (40) 3 (43) 7 (54) 0 (0) 4.271 0.150 0.192

Age, y 64 (42-70) 52 (39-66) 64 (46-71) 66 (42-76) 1.548 0.461 0.401

CRP, mg/L 1.38 (0.20-3.60) 0.20 (0.20-0.61) 1.68 (0.64-8.18) 2.94 (0.69-6.01) 2.904 0.234 0.998

RBC, �1012/L 5.47 � 1.02 5.20 � 1.08 5.46 � 1.12 5.90 � 0.65 0.651 0.531 0.267

WBC, �109/L 5.39 (4.66-7.00) 5.11 (4.40-7.72) 5.75 (4.65-7.09) 5.39 (4.66-6.47) 0.261 0.878 0.326

Neu, % 68.5 (59.2-71.4) 67.3 (59.1-68.6) 70.4 (67.8-73.7) 58.6 (58.5-69.1) 4.694 0.096 0.538

HGB, g/L 160 � 37 162 � 30 147 � 36 192 � 30 3.195 0.061 0.144

HCT, % 50.3 � 10.8 49.6 � 10.8 48.0 � 11.4 57.1 � 7.7 1.349 0.280 0.239

ALT, U/L 30 (18-52) 31 (21-44) 21 (14-45) 60 (34-87) 6.189 0.045a 0.044b

AST, U/L 27 (23-59) 25 (21-51) 26 (23-46) 68 (47-90) 7.458 0.024a 0.005b

Albumin, g/L 40.0 (34.4-46.0) 46.6 (39.8-65.7) 38.8 (33.4-41.4) 36.4 (30.1-48.2) 5.595 0.061 0.058

TBil, mmol/L 19.7 (13.3-39.1) 15.1 (13.3-17.9) 29.4 (10.4-39.9) 30.0 (20.8-72.5) 2.623 0.269 0.052

CREA, mmol/L 84.30 �19.58 75.09 � 18.08 87.27 � 19.89 89.50 � 20.32 1.111 0.347 0.220

UA, mmol/L 340 (255-492) 260 (187-383) 302 (256-409) 622 (508-663) 10.839 0.004a <0.001b

BUN, mmol/L 4.89 � 2.36 4.54 � 1.34 4.54 � 1.96 6.29 � 4.01 1.111 0.347 0.216

NT-proBNP, pg/L 2470 (791-3,979) 175 (75-5,123) 2,811 (931-3,801) 2,470 (1,553-5,978) 1.922 0.382 0.353

PT, s 13.48 � 3.47 12.03 � 2.94 13.29 � 2.45 16.00 � 5.43 2.139 0.142 0.053

FIB, g/L 2.00 (1.76-2.60) 2.50 (2.30-2.81) 2.00 (1.65-2.42) 1.86 (1.60-2.44) 2.959 0.228 0.282

D-D dimer, mg/L 0.55 (0.38-1.57) 0.33 (0.23-0.45) 0.73 (0.50-2.30) 0.62 (0.46-2.09) 6.323 0.042a 0.454

PH 7.43 (7.40-7.46) 7.42 (7.40-7.45) 7.43 (7.41-7.47) 7.42 (7.37-7.45) 1.502 0.472 0.876

PaO2, mm Hg 51 (48-58) 50 (47-56) 51 (48-67) 55 (38-58) 0.587 0.746 0.932

PaCO2, mm Hg 32 (28-37) 32 (30-32) 35 (31-41) 26 (22-34) 4.175 0.124 0.512

BE, mmol/L -3.7 (-5.0 to -0.5) -3.7 (-6.0 to -2.0) -2.0 (-4.5 to -2.5) -5.0 (-13 to -3.5) 4.000 0.135 0.524

SaO2, % 83.9 � 9.6 84.7 � 3.0 83.8 � 12.0 83.0 � 10.4 0.041 0.960 0.781

HCO3
-, mmol/L 21.41 (19.60-24.3) 21.4 (21.2-21.8) 24.1 (20.1-27.0) 18.6 (12.4-21.2) 4.363 0.113 0.156

TC, mmol/L 3.39 � 0.83 3.61 � 0.85 3.35 � 0.85 3.17 � 0.87 0.417 0.664 0.384

TG, mmol/L 0.96 � 0.27 1.11 � 0.29 0.87 � 0.26 0.97 � 0.26 1.840 0.182 0.391

HDL-C, mmol/L 1.11 � 0.31 1.16 � 0.26 1.14 � 0.31 0.99 � 0.41 0.489 0.602 0.377

LDL-C, mmol/L 1.94 (1.53-2.35) 2.02 (1.57-2.13) 1.92 (1.47-2.56) 1.85 (1.56-2.42) 0.250 0.883 0.745

Blood glucose, mmol/L 4.40 (4.04-4.88) 4.42 (3.91-5.27) 4.50 (4.07-4.98) 4.17 (3.80-4.47) 1.700 0.427 0.176

CK-MB, ng/mL 1.93 (1.29-3.95) 1.05 (0.56-2.15) 2.22 (1.40-3.95) 4.62 (1.42-6.16) 6.003 0.050a 0.024b

Myoglobin, ng/mL 46.7 (33.6-63.1) 52.7(33.8-52.8) 40.0 (29.7-56.1) 68.0 (29.2-107.0) 1.150 0.563 0.306

cTnT, ng/mL 0.42 (0.25-0.51) 0.45 (0.23-0.45) 0.38 (0.21-0.64) 0.44 (0.20-0.51) 0.042 0.979 0.806

HbA1c, % 5.70 (5.39-6.50) 5.48 (4.10-5.70) 6.20 (5.48-6.86) 6.34 (5.41-6.8) 2.795 0.247 0.185

Values are n (%), median (IQR), or mean� SD. Group differences were assessed by 1-way ANOVA, Fisher exact test, or Kruskal-Wallis H tests. aP < 0.05: the group difference assessed by Kruskal-Wallis H test
was significant. bP < 0.05: the linear association between continuous variables was significant, and the elevated mPAPRHC is evaluated by linear regression analysis.

ALT ¼ alanine aminotransferase; ANOVA ¼ analysis of variance; AST ¼ aspartate aminotransferase; BE ¼ base excess; BUN ¼ Blood urea nitrogen; CK-MB¼ creatine phosphokinase-MB; CREA ¼ creatinine;
CRP ¼ C-reactive protein; cTnT ¼ cardiac troponin T; FIB ¼ fibrinogen; HCO3

- ¼ bicarbonate concentration; HCT ¼ red blood cell specific volume; HDL-C ¼ high-density lipoprotein cholesterol;
HGB ¼ hemoglobin; HbA1C ¼ glycosylated hemoglobin; LDL-C ¼ low-density lipoprotein cholesterol; mPAP ¼ mean pulmonary arterial pressure; Neu ¼ neutrophilic granulocyte percentage; NT-
proBNP ¼ N-terminal pro–B-type natriuretic peptides; PaCO2 ¼ carbon dioxide partial pressure; PaO2 ¼ oxygen partial pressure; PH ¼ pulmonary hypertension; PT ¼ prothrombin time; RBC ¼ red blood
cell; RHC ¼ right heart catheterization; SaO2 ¼ oxyhemoglobin saturation; TBil ¼ total bilirubin; TC ¼ total cholesterol; TG ¼ triglyceride; UA ¼ uric acid; WBC ¼ white blood cell.
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difference and 95% CI of clinical characteristics are
described in Supplemental Table 1. The correlation
(Supplemental Table 2) and the estimation model be-
tween lab tests and mPAPRHC (Supplemental Figure 2)
suggested auxiliary role in clinical diagnosis.
IMAGING CHARACTERISTICS OF HAPH. As echocar-
diography is regarded as the initial screening method
for PH, noninvasive imaging examinations were first
analyzed by echocardiography and parameters are
shown in Table 2. Participants with high mPAPRHC

were more likely to have enlarged right ventricle in
both transverse diameter (P for trend ¼ 0.019) and
vertical diameter (P for trend ¼ 0.001), increased
TRPG and PASP (P for trend ¼ 0.010 and 0.009,
respectively), whereas no significant differences were
found in atrial and left ventricle diameter and LVEF
between the 3 groups.

Next, all participants underwent pulmonary CTA,
showing that participants with high mPAPRHC were
more likely to have enlarged right atrium (P for
trend ¼ 0.004), dilated superior/inferior vena cava (P
for trend ¼ 0.008 and 0.004, respectively), main
pulmonary artery (P for trend ¼ 0.015), and left pul-
monary artery (P for trend ¼ 0.017). Furthermore, the

https://doi.org/10.1016/j.jacasi.2022.09.014
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TABLE 2 Characteristics of Parameters of Echocardiography

Group Total

3 Levels of Predicted mPAP

Chi-Square/F/H P Value P Value for Trend#30 (n ¼ 7) 30-60 (n ¼ 13) >60 (n ¼ 5)

RATD, mm Normal 3 (12) 2 (29) 1 (8) 0 (0)

Enlarge 22 (88) 5 (71) 12 (92) 5 (100) 2.181 0.271 0.123

RAVD, mm Normal 2 (8) 2 (29) 0 (0) 0 (0)

Enlarge 23 (92) 5 (71) 13 (100) 5 (100) 3.960 0.103 0.053

RVTD, mm Normal 6 (24) 4 (57) 2 (15) 0 (0)

Enlarge 19 (76) 3 (43) 11 (85) 5 (100) 5.171 0.065 0.019a

RVVD, mm Normal 5 (20) 5 (71) 0 (0) 0 (0)

Enlarge 20 (80) 2 (29) 13 (100) 5 (100) 12.760 0.001b 0.001a

LATD, mm Normal 14 (56) 5 (71) 7 (54) 2 (40)

Enlarge 11 (44) 2 (29) 6 (46) 3 (60) 1.255 0.663 0.281

LAVD, mm Normal 15 (60) 5 (71) 8 (62) 2 (40)

Enlarge 10 (40) 2 (29) 5 (38) 3 (60) 1.263 0.660 0.295

LVEDD, mm Normal 17 (68) 5 (71) 8 (62) 4 (80)

Enlarge 8 (32) 2 (29) 5 (38) 1 (20) 0.633 0.861 0.826

LVESD, mm Enlarge 17 (68) 5 (71) 8 (62) 4 (80)

Normal 8 (32) 2 (29) 5 (38) 1 (20) 0.633 0.861 0.826

MPAD, mm Enlarge 6 (24) 4 (57) 2 (15) 0 (0)

Normal 19 (76) 3 (43) 11 (85) 5 (100) 5.171 0.065 0.019a

TRPG, mm Hg 51.4 � 24.4 35.7 � 22.2 52.1 � 22.1 71.8 � 20.1 4.020 0.033c 0.010d

PASP, mm Hg 62.5 � 24.7 47.0 � 21.6 62.7 � 22.6 83.8 � 20.9 4.068 0.031c 0.009d

LVEF, % 63 (53-66) 62 (47-67) 63 (53-63) 66 (60-68) 1.520 0.468 0.268

Values are n (%), mean � SD, or median (IQR). Group differences were assessed by 1-way ANOVA, Fisher exact test, or Kruskal-Wallis H tests. aP for trend < 0.05: the trend
between dichotomous variables’ positive or negative rate and the elevated mPAPRHC based on Cochran-Armitage trend test was significant. bP < 0.05: the group difference
assessed by Fisher exact test was significant. cP < 0.05: The group difference assessed by one-way ANOVA was significant. dP for trend < 0.05: the linear association between
continuous variables was significant, and the elevated mPAPRHC is evaluated by linear regression analysis.

LATD ¼ transverse diameter of left atrium; LAVD ¼ vertical diameter of left atrium; LVEDD ¼ left ventricle end-diastolic diameter; LVEF ¼ left ventricular ejection fraction.
LVESD ¼ left ventricle end-systolic diameter; MPAD ¼ main pulmonary artery diameter measured by echocardiography; PASP ¼ echocardiographic pulmonary arterial systolic
pressure estimate; RATD ¼ transverse diameter of right atrium; RAVD ¼ vertical diameter of right atrium; RVTD ¼ transverse diameter of right ventricle; RVVD ¼ vertical
diameter of right ventricle; TRPG ¼ tricuspid regurgitation differential pressure; other abbreviations as in Table 1.
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ratio based on the above parameters also increased
with high mPAPRHC, such as the ratio of right to left
atrial diameter (rRLA), the ratio of main pulmonary
artery to aorta diameter (rPA), and left lower ABR (P
for trend <0.001) (Table 3). The vessel, bronchial, and
atrial measurements obtained from CTA and CT scans
are shown in Figure 1A. Compared with CTA
(Figure 1A, upper), the CT image (Figure 1A, lower) was
more blurred but could still be used if CTA was not
available. The between-group difference and 95% CI
of imaging characteristics in echocardiography and
CTA is described in Supplemental Table 3.

After CTA and CT, RHC and angiography were
next performed, and pulmonary angiography was
adopted to further show the imaging characteristics
of HAPH patients. Compared to plateau residents
with normal mPAPRHC, the blood flow of the pul-
monary artery in patients with HAPH were much
slower. The “coral sign” was observed more obvi-
ously in the lower pulmonary artery, which showed
arterial branches increased, enlarged, and twisted
with intima rough similar to coral (Figure 1B) and
was in consistent with observations from CTA and
CT.
IDENTIFICATION OF POTENTIAL PREDICTORS.

The parameters in echocardiography and CTA were
uniformly analyzed to select potential predictive
variables. Pearson’s/Spearman’s correlation analysis
of imaging measurements in relation to mPAPRHC

showed low correlation between mPAPRHC and echo-
cardiography parameters, such as TRPG (r ¼ 0.469)
and PASP (r ¼ 0.439) (P < 0.05). There were moderate
correlations between mPAPRHC and right atrial diam-
eter (r ¼ 0.546), superior vena cava diameter
(r ¼ 0.516), main pulmonary artery diameter
(r ¼ 0.559), and rPA (r ¼ 0.583) (P < 0.05). High cor-
relations between mPAPRHC and inferior vena cava
diameter (r ¼ 0.617) and rRLA (r ¼ 0.649) were also
documented (P < 0.001). The left lower ABR had the
strongest correlation with mPAPRHC (r ¼ 0.821; P <

0.0001) (Table 4). Above all variables, parameters of
CTA had a relatively stronger correlation with
mPAPRHC compared with those of echocardiography.

The univariate logistic regression analysis con-
ducted by HAPH as the dependent variable showed
that compared with plateau residents with normal
mPAP from CTA scans, the ORs of right atrial diam-
eter, inferior vena cava diameter, and left pulmonary

https://doi.org/10.1016/j.jacasi.2022.09.014


TABLE 3 Characteristics of Parameters of CTA

Total

3 Levels of Predicted mPAP

F/H P Value P Value for Trend#30 (n ¼ 7) 30-60 (n ¼ 13) >60 (n ¼ 5)

RAD, mm 64.1 � 16.3 49.4 � 8.0 67.7 � 14.7 75.2 � 16.4 6.183 0.007a 0.004b

LAD, mm 38.6 � 9.1 41.3 � 5.5 39.2 � 9.5 33.0 � 11.2 1.320 0.287 0.129

SVCD, mm 29.8 � 8.7 24.9 � 3.2 29.4 � 7.5 38 � 11.9 4.284 0.027a 0.008b

IVCD, mm 23.1 � 6.0 18.6 � 3.0 23.3 � 4.9 28.6 � 7.8 5.172 0.014a 0.004b

AAD, mm 33.0 � 4.6 34.3 � 5.2 32.2 � 4.9 33.2 � 3.2 0.472 0.630 0.698

MPAD, mm 38.8 � 7.2 34.3 � 7.4 39.0 � 6.6 44.4 � 4.8 3.522 0.047a 0.015b

LPAD, mm 26.7 � 4.8 23.1 � 4.6 27.5 � 4.5 29.6 � 2.9 3.831 0.037a 0.017b

RPAD, mm 26.2 � 4.9 24.9 � 4.6 25.5 � 5.3 30.0 � 2.55 2.064 0.151 0.074

rRLA, % 162.5 (119.8-202.6) 115.7 (112.8-125.0) 167.0 (134.0-226.4) 190.0 (160.8-379.4) 11.483 0.003c <0.001b

rSIVC, % 130.0 (116.3-150.4) 130.0 (117.7-136.4) 129.7 (103.9-160.5) 134.3 (105.9-168.4) 0.074 0.963 0.883

rPA, % 118.3 � 19.9 100.1 � 15.1 121.8 � 16.4 134.5 � 16.7 7.244 0.004a <0.001b

Left upper ABR, % 133.3 (114.6-150.0) 133.3 (116.7-144.4) 133.3 (106.3-146.4) 150.0 (122.2-155.6) 2.062 0.357 0.423

Left lower ABR, % 154.6 (134.8-186.1) 120.0 (118.2-141.7) 154.6 (147.2-185.4) 233.3 (175.0-250.0) 14.310 <0.001c <0.001b

Right upper ABR, % 154.9 � 40.4 131.2 � 33.9 154.3 � 32.0 190.0 � 49.5 3.841 0.037a 0.011b

Right intermediate ABR, % 147.6 � 40.7 122.6 � 23.1 149.6 � 38.4 177.6 � 49.6 3.182 0.061 0.020b

Values are mean � SD or median (IQR). Group differences are assessed by one-way ANOVA, Fisher exact test, or Kruskal-Wallis H tests. aP < 0.05: the group difference assessed by one-way
ANOVA was significant. bP for trend < 0.05: the linear association between continuous variables was significant, and the elevated mPAPRHC is evaluated by linear regression analysis.
cP < 0.05: the group difference assessed by Kruskal-Wallis H test was significant.

AAD ¼ ascending aorta diameter; ABR ¼ pulmonary artery-bronchus ratio; IVCD ¼ inferior vena cava diameter; LAD ¼ left atrial diameter; LPAD ¼ left pulmonary artery diameter;
RAD ¼ right atrial diameter; rPA ¼ the ratio of MPAD to aorta diameter; RPAD ¼ right pulmonary artery diameter; rRLA ¼ the ratio of right to left atrial diameter; rSIVC ¼ the ratio of superior
to inferior vena cava diameter; SVCD ¼ superior vena cava diameter; other abbreviations as in Tables 1 and 2.
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artery diameter were 1.19 (95% CI: 1.03-1.38), 1.31
(95% CI: 1.01-1.71), and 1.30 (95% CI: 1.03-1.65) in
HAPH patients, respectively (P < 0.05). Moreover, the
ORs of rRLA, rPA, and left lower ABR were 1.09
(95% CI: 1.01-1.17), 1.14 (95% CI: 1.01-1.28), and 1.13
(95% CI: 1.02-1.25), respectively (P < 0.05). There was
no significance in echocardiography measurements,
such as TRPG, PASP, and LVEF (Table 5); these results
were consistent with the correlation analysis.

NONINVASIVE ESTIMATION OF PULMONARY ARTERIAL

PRESSURE. According to the results of correlation and
logistic regression analysis, echocardiography
continuous variables, and CTA variables with r > 0.50
and OR (95% CI) >1.00 were taken as the input vari-
ables of the estimation model. The stepwise multi-
variable linear regression showed the best diagnostic
accuracy if left lower ABR and rRLA were included as
covariates with the exclusion of right atrial diameter,
inferior vena cava diameter, rPA, TRPG, and PASP,
which provided superior diagnostic accuracy
compared to each parameter alone (Figure 2A). The
following model for noninvasive estimation of
mPAPRHC was determined: mPAPpredicted ¼ –34 þ 40 �
left lower ABR þ 7 � rRLA (r ¼ 0.907, R2 ¼ 0.823, P <

0.0001) (Figure 2B). Standardized beta coefficients for
left lower ABR and rRLA were 0.757 and 0.255,
respectively. Partial regression plots showed good
representation for selected variables, which could be
incorporated into the estimation model as the main
variables (Figure 2C).
After the model was established, Bland-Altman
analysis was performed to verify the consistency of
mPAP from the estimation model with that of RHC.
Within the 95% limits of agreement, the average dif-
ference between the mPAPpredicted and mPAPRHC was
1.75 mm Hg (Figure 2D). Area under the ROC curve
values of mPAPpredicted, left lower ABR, and rRLA
calculated by ROC curve were 0.952, 0.929, and 0.921,
and cut-off values were 40 mm Hg, 1.61, and 1.43,
respectively (Supplemental Figure 3). The sensitivity/
specificity and positive/negative predictive value
were shown in Supplemental Table 4.

PULMONARY VASCULAR REMODELING IN PREDICTED

HAPH. To further confirm the consistent trend be-
tween the model and pathological damage of HAPH,
collected lung tissues were divided into plateau resi-
dents and patients with HAPH according to the
mPAPpredicted and compared with the plain residents
(Supplemental Table 5). Hematoxylin and eosin
staining and immunohistochemistry staining against
a-SMAwere performed and representative PH vascular
lesions were observed in HAPH patients based on
mPAPpredicted (Figure 3). Compared with plain resi-
dents, microvascular proliferation and fibrosis of in-
tima were increased in plateau residents and were
more pronounced in the plateau HAPH patients (P <

0.01) (Figure 3A). In addition, the anti–a-SMA immu-
nohistostaining showed substantial muscularization
of the pulmonary vasculature in predicted HAPH pa-
tients (P < 0.01) (Figure 3B). Interstitial thickening was

https://doi.org/10.1016/j.jacasi.2022.09.014
https://doi.org/10.1016/j.jacasi.2022.09.014
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FIGURE 1 Imaging Process in Pulmonary Arteriography and CTA/CT
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TABLE 4 Pearson’s/Spearman’s Correlation Coefficients Relating mPAPRHC

to Measurements

Mean � SD or Median (IQR) r P Value

mPAPRHC 45.76 � 21.22 — —

RAD, mm 64.08 � 16.29 0.546 0.005a

LAD, mm 38.56 � 9.09 -0.278 0.179

SVCD, mm 29.84 � 8.70 0.516 0.008a

IVCD, mm 23.12 � 6.01 0.617 0.001a

AAD, mm 32.96 � 4.61 0.037 0.859

MPAD, mm 38.76 � 7.18 0.559 0.004a

LPAD, mm 26.72 � 4.75 0.407 0.043a

RPAD, mm 26.24 � 4.88 0.383 0.059

rRLA 1.63 (1.20-2.02) 0.649 0.001b

rSIVC 1.32 � 0.32 0.069 0.745

rPA 1.18 � 0.20 0.583 0.002a

Left upper ABR 1.33 (1.15-1.50) 0.235 0.258

Left lower ABR 1.55 (1.35-1.86) 0.821 0.001b

Right upper ABR 1.48 � 0.41 0.363 0.074

Right intermediate ABR 1.55 � 0.40 0.287 0.165

TRPG 51.44 � 24.35 0.469 0.018a

PASP, mm Hg 62.5 � 24.69 0.439 0.028a

LVEF, % 63 (53-66) 0.279 0.176

aP < 0.05: the Pearson’s correlation coefficient was significant; the correlation between independent variables
and mPAPRHC was significant. bP < 0.05: the Spearman’s correlation coefficient was significant; the correlation
between independent variables and mPAPRHC was significant.

Abbreviations as in Tables 1 to 3.
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also observed those predicted HAPH patients, and
assumed as focal multiplication of alveolar capillaries,
multiple layers within the alveolar septa at higher
magnification (Figure 3C). The original data from the
vessel wall thickness measurements are shown in
Supplemental Table 6. The results show that HAPH
patients with elevated mPAPpredicted had significant
vascular smooth muscle hyperplasia and alveolar
septa thickening compared with that of the plain res-
idents, suggesting a relatively high consistency of the
prediction model and pathological alteration in PH
patients.

DISCUSSION

This study focused on HAPH, one of the group 3 PH
types with mPAPRHC >30 mm Hg, a PH subset which is
more limited for diagnosis and treatment in plateau
and has not yet drawn enough attention worldwide as
of today.12,19 This is the first study to show imaging
characteristics of HAPH patients by multimodality
d

main pulmonary artery, aorta, right atrium, left atrium, left lower pulmonary

) and a plateau resident with normal mean pulmonary arterial pressure on rig

ess of pulmonary arteriography in a patient with HAPH and a plateau resident w

ery (upper right), left lower pulmonary (lower left), and right lower pulmon

ography; CTA ¼ computed tomography angiography; rPA ¼ ratio of main pu
imaging and demonstrate the pathological changes of
lung tissue from plateau residents, which helps
broaden the knowledge of HAPH (Central Illustration).
In this research, elevated laboratory markers of HAPH
patients related to the liver, kidney, and heart, and
CTA showed enlarged right atrium and rRLA, both of
which suggested the right heart insufficiency and
played an auxiliary role in clinical diagnosis. Then, a
regression model for the noninvasive prediction of
mPAPRHC combining vascular, bronchial, and atrial
diameter based on CTA was successfully established
and showed good diagnostic value. In addition, the
combination of left lower ABR and rRLA in the
regression model provided superior diagnostic accu-
racy compared to each parameter alone. The angiog-
raphy of HAPH patients suggested changes of
ventilation/perfusion ratio in different lobes. The
abnormal morphology and slowed blood flow were
more obvious in the lower pulmonary artery and re-
flected increased circulation resistance, which led the
compensatory lower pulmonary artery dilatation thus
resulting in the increase of ABR (Supplemental
Table 7).

In previous studies of pulmonary arterial pressure
prediction, echocardiographic PASP was used in
combination with other functional imaging modal-
ities such as chest radiography, CT, and magnetic
resonance imaging for model establishment.20-26

However, magnetic resonance imaging was limited
due to low availability and high cost, and echocar-
diographic PASP was not accurate compared with
mPAPRHC in our study, with the difference of more
than 40 mm Hg by echocardiography in some pa-
tients. It was also reported that residents in plateau
were more likely to be associated with right ventric-
ular insufficiency, whereas between-method differ-
ences of PASP and mPAPRHC in patients with right
heart diseases were more obvious than in patients
with left heart diseases.27-29 The diseases spectrum,
the high variability, and observer dependence of
echocardiography might account for the inaccurate
prediction of PASP in plateau.11 Given that CTA pro-
vides more reliable data compared with echocardi-
ography, it could be performed in patients with
suspected PH and serve as a diagnostic algorithm for
suspected PH.1 In addition to assisting in the
artery, and bronchus from a patient with high-altitude pulmonary

ht heart catheterization (mPAPRHC) on CTA (upper) or CT (lower);

ith normal mPAPRHC. Left upper pulmonary artery (upper left), right

ary artery (lower right). ABR ¼ pulmonary artery-bronchus ratio;

lmonary artery to aorta diameter.
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TABLE 5 Odds Ratios for HAPH Associated With Measurement

Wald Chi-Square P Value Odds Ratio (95% CI)

RAD, mm 5.539 0.019a 1.193 (1.030-1.381)

LAD, mm 0.879 0.348 0.953 (0.861-1.054)

SVCD, mm 2.820 0.093 1.169 (0.974-1.403)

IVCD, mm 4.044 0.044a 1.311 (1.007-1.708)

AAD, mm 0.812 0.367 0.911 (0.744-1.116)

MPAD, mm 3.446 0.063 1.140 (0.993-1.310)

LPAD, mm 4.684 0.030a 1.302 (1.025-1.654)

RPAD, mm 0.785 0.375 1.086 (0.905-1.304)

rRLA, % 4.436 0.035a 1.086 (1.006-1.172)

rSIVC, % 0.020 0.887 0.998 (0.970-1.026)

rPA, % 4.612 0.032a 1.137 (1.011-1.278)

Left upper ABR, % 0.075 0.785 1.005 (0.970-1.041)

Left lower ABR, % 5.485 0.019a 1.128 (1.020-1.247)

Right upper ABR, % 3.108 0.078 1.029 (0.997-1.062)

Right intermediate ABR, % 3.142 0.076 1.032 (0.997-1.068)

TRPG, mm Hg 3.462 0.063 1.048 (0.998-1.101)

PASP, mm Hg 3.370 0.066 1.047 (0.997-1.099)

LVEF, % 0.555 0.456 1.036 (0.944-1.136)

aP < 0.05: the group difference assessed by univariate logistic regression test was significant.

HAPH ¼ high-altitude pulmonary hypertension; other abbreviations as in Tables 2 and 3.
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diagnosis of HAPH, CTA provided information to rule
out other lung or cardiac diseases related with PH,
such as congenital heart disease, chronic thrombotic
pulmonary disease, and other diseases easily mis-
diagnosed such as high-altitude pulmonary edema.
Noninvasive prediction of PH based on CTA appeared
to be a promising approach for translation into clin-
ical routine, and several imaging indicators had been
proved with predictive value, such as rPA, rRLA, and
ABR.30-34 Previous modeling studies based on CTA
have converted the 1-dimensional diameter to 2-
dimensional area calculation and 3-dimensional
model establishment, but the practical clinical appli-
cation was difficult in the plateau.33,35 Therefore, the
indicators selected in this study were calculated
based on the parameters easily collected in the
reading process and were more convenient for clini-
cians to make a preliminary diagnosis.

We confirmed the pathological changes of pre-
dicted HAPH based on mPAPpredicted, including
fibrosis of intima, substantial vascular musculariza-
tion, interstitial thickening, and alveolar septa mul-
tiple layers formation. The thinning of the air-blood
barrier reduced the resistance to gas diffusion, and
FIGURE 2 Noninvasive Estimation of Pulmonary Arterial Pressure

Multivariable linear regression and partial regression plot. (A) Correlation and 95% CI between left lower ABR, ratio of right to left atrial diameter (rRLA), and mPAPRHC.

(B) Correlation and 95% CI between mPAPpredicted and mPAPRHC. Noninvasive prediction model: mPAPpredicted ¼ –34 þ 40 � left lower ABR þ 7 � rRLA. (C) Partial

regression plot (dependent variable: mPAPRHC) of left lower ABR and rRLA. Dashed line indicates 95% CI. (D) Bland-Altman analysis (figures are rounded). Mean mPAP

was calculated as (mPAPpredicted þmPAPRHC) / 2. Mean difference between mPAPpredicted and mPAPRHC (middle blue line) is 1.75 mm Hg with a 95% CI. of –1.95 to 5.45

(yellow lines). Abbreviations as in Figure 1.



FIGURE 3 Pathological Analysis in Patients Predicted With HAPH

(A) Quantitative analysis of vascular thickness in hematoxylin and eosin staining (arrow). Microvascular proliferation, fibrosis of intima. Scale bars, 50 mm. (B)

Muscularization of the pulmonary vasculature in immunohistochemistry staining (arrow) and quantitative analysis reflected by a-smooth muscle actin. Scale bars,

50 mm. Data are expressed as mean � SD. **P < 0.01. Data were analyzed using one-way analysis of variance. (C) Upper: Interstitial thickening (original

magnification �4), focal multiplication of alveolar capillaries (arrow). Scale bars, 200 mm. Lower: multiple layers formed within the alveolar septa at higher

magnification (original magnification, �20) (arrow). Scale bars, 50 mm.
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the failure of compensatory thinning of alveolar septa
to adapt to altitude enhancement may be one of the
mechanisms underlying HAPH.36 The pathological
changes, especially the media thickening, were
similar to pulmonary arterial hypertension.37 The
identification of factors triggering proliferation of
pulmonary arterial smooth muscle cells (the main
cellular components of media hypertrophy) in
particular under the stress of hypoxia would provide
therapeutic targets against pulmonary vascular
remodeling in HAPH apart from the basic oxygen
therapy.38

STUDY LIMITATIONS. The sample size was relatively
small in our study, with 25 patients enrolled. Never-
theless, variables were analyzed in different aspects
before the process of model establishment, and the
Bland–Altman analysis, linear regression, and partial
regression plot were used to evaluate the consistency
of the predicting method and RHC in terms of mPAP
assessment and the quality of selected variables. In
addition, typical vascular remodeling of PH was also
found in HAPH patients diagnosed with mPAPpredicted,
which further proved the reliability of this model.39

With the application of RHC in plateau, more sus-
pected HAPH patients will be included for model
correction, and more prospective studies are war-
ranted to further confirm our findings in the future.

CONCLUSIONS

In this study, a noninvasive mPAP estimation model
in HAPH was established based on the pulmonary
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Computed Tomography Angiography (CTA)

The Process of Inclusion and Exclusion

mPAPPredicted

mPAPpredicted =
−34 + 40 × left lower ABR + 7 × rRLA

m
PA

P RH
C

Plateau residents
with normal mPAPRHC

High-altitude pulmonary
hypertension patientsRight heart

catheterization
Chest

radiography

Symptoms
Signs

History

Computed
Tomography

ECG n = 7
Echocardiography

n = 18

0

20

40

60

80

100

120

20 40 60 80 100

r = 0.907
R2 = 0.823
P < 0.0001

Left lower ABR
(pulmonary artery-

bronchus ratio)

rRLA
(ratio of right to

left atrial diameter)

Imaging analysis

Noninvasive
estimation model

Pl
at

ea
u 

re
sid

en
ts

w
ith

 n
or

m
al

 m
PA

PR
HC

Hi
gh

-a
lti

tu
de

 p
ul

m
on

ar
y

hy
pe

rt
en

sio
n 

pa
tie

nt
s

Zeng Y, et al. JACC: Asia. 2022;2(7):803–815.

Computed tomography angiography showed dilated pulmonary vessels, enlarged right atrium, and compressed left atrium in patients with high-altitude pulmonary

hypertension. Left lower pulmonary artery-bronchus ratio (ABR) and ratio of right to left atrial diameter (rRLA) were calculated to further establish a noninvasive

prediction model for mean pulmonary arterial pressure (mPAP). ECG ¼ electrocardiogram; RHC ¼ right heart catheterization.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

imaging characteristics of HAPH patients included: 1)

slow blood flow and coral signs in the lower pulmo-

nary artery in pulmonary arteriography; and 2) serious

dilated pulmonary vessels, enlarged right atrium, and

compressed left atrium in CTA. Echocardiographic

PASP was not accurate for mPAPRHC prediction in

HAPH patients associated with right ventricular

insufficiency.

TRANSLATIONAL OUTLOOK 1: For potential

HAPH patients, CTA provided information to rule

out other lung or cardiac diseases related with PH

and diseases easily misdiagnosed, and further pre-

dicted mPAPRHC based on the ARB and the atrial

ratio.

TRANSLATIONAL OUTLOOK 2: For HAPH patients

intolerant of contrast agents during the CTA proced-

ure, the measurements of CT may reduce the accuracy

of prediction. This predictive model should be cor-

rected in a feedback manner to improve its diagnostic

accuracy with the increase of confirmed cases in the

future.
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ABR and the rRLA in CTA, and was confirmed by gold
standard RHC and pathology. The estimation model
reduced the insufficiency of echocardiography in
predicting pulmonary artery pressure and provided a
more accurate method for early diagnosis of HAPH in
plateau.
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