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Abstract

Rationale: Obesity is associated with an increased risk of
pulmonary hypertension (PH); however, regional adipose tissue
deposition is heterogeneous with distinct cardiovascular
phenotypes.

Objectives: To determine the association of body mass index
(BMI) and thoracic visceral and subcutaneous adipose tissue areas
(VAT and SAT, respectively) with PH in patients with advanced
lung disease referred for lung transplantation.

Methods: We studied patients undergoing evaluation for lung
transplantation at three centers from the Lung Transplant Body
Composition Study. PH was defined as mean pulmonary artery
pressure.20 mm Hg and pulmonary vascular resistance>3 Wood
units. VAT and SATwere measured on chest computed tomography
and normalized to height squared.

Results:One hundred thirty-seven (34%) of 399 patients included in
our study had PH. Doubling of thoracic VAT was associated with
significantly lower pulmonary vascular resistance (b, 20.24; 95%
confidence interval [95% CI], 20.46 to 20.02; P=0.04), higher
pulmonary arterial wedge pressure (b, 0.79; 95% CI, 0.32 to 1.26;
P=0.001), and decreased risk of PH (relative risk, 0.86; 95% CI, 0.74 to
0.99; P=0.04) after multivariate adjustment. Vaspin levels were higher
in patients without PH (median, 101.8 vs. 92.0 pg/ml; P, 0.001) but
did not mediate the association between VAT and the risk of PH. SAT
and BMI were not independently associated with risk of PH.

Conclusions: Lower thoracic VAT was associated with a higher
risk of PH in patients with advanced lung disease undergoing
evaluation for lung transplantation. The role of adipokines in the
pulmonary vascular disease remains to be evaluated.
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Obesity has been implicated as a risk factor
for several types of pulmonary
hypertension (PH) (1), and almost two-
thirds of patients with PH are overweight
or obese at the time of diagnosis (2, 3). PH

occurs in approximately 20% of patients
with parenchymal lung disease (4–6) and
increases the risk of death in these patients
(7–9). The link between obesity and the
development of PH is not well understood.

Obesity is a heterogeneous disease with
multiple fat deposition phenotypes, which
have distinct cardiovascular effects (10–
13). For example, abdominal visceral
adipose tissue area (VAT) is particularly
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metabolically active and is associated with
greater risk of cardiovascular disease
compared with subcutaneous adipose
tissue area (SAT) (14, 15). VAT secretes
various adipokines leading to endothelial
dysfunction (16–18).

In the thorax, epicardial and pericardial
fat make up the main source of VAT, but
the two fat depots are anatomically and
embryologically distinct with unique
characteristics (19). Epicardial fat was
traditionally considered to be white adipose
tissue (similar to abdominal VAT), although
more recent evidence suggests that
epicardial fat more closely resembles brown
adipose tissue with the highest rates of lipid-
consuming and fatty acid metabolism (19–
21). Epicardial fat (unlike other fat depots) is
contiguous with the myocardium with
no fascia separation and strong evidence
for paracrine effects on the coronary
microcirculation (19, 22, 23). Pericardial fat,
on the other hand, is located anteriorly to
the epicardial fat between the visceral and
parietal pericardium and is a source of
proinflammatory cytokines (24, 25).
Pericardial fat has been associated with
adverse cardiovascular outcomes and
coronary artery calcifications (26, 27).
Thoracic adipose tissue is of particular
interest in pulmonary disease, especially
PH, because its lymphatics drain
directly into the pulmonary circulation
and it can exert local and systemic
effects (28).

Although most adipokines promote
inflammatory and atherogenic processes,
there are some adipokines that have a more
favorable cardiovascular profile, such as
vaspin (29). Vaspin inhibits endothelial
cell apoptosis caused by increased free fatty
acids and promotes endothelial nitric
oxide synthase with resulting vasodilation
(30, 31).

Collectively, these data highlight the
complex association of obesity with PH.
Although obesity may be associated with
PH, intrathoracic VAT may actually be
protective via production of adipokines
such as vaspin, which has vasodilatory
properties and could impact the nitric
oxide pathway. We sought to determine the
association of body mass index (BMI) and
intrathoracic VAT and SAT with PH in
patients with advanced lung disease being
evaluated for lung transplantation. We
hypothesized that higher BMI and lower
thoracic VAT would be associated with a
higher risk of PH.

Methods

Study Population
We performed a cross-sectional analysis
of LTBC (the Lung Transplant Body
Composition study) (32), a prospective
multicenter cohort study investigating the
mechanistic links between adiposity and

primary graft dysfunction after lung
transplantation. The LTBC study enrolled
adult patients age greater than or equal to 18
years with advanced lung disease evaluated
for lung transplantation at Duke University,
Columbia University Medical Center, and
the University of Pennsylvania between
2011 and 2013 (33). For this study, we

BA

Figure 1. Thoracic adipose tissue delineation at the level of mid-thorax. (A) Thoracic visceral adipose
tissue (green area). (B) Thoracic subcutaneous adipose tissue (green area).

LTBC subjects with
chest CT imaging

N=530

N=514

N=406

Final study sample
N=399

PH present
N=137

No PH
N=262

Missing PVR on RHC
N=7

N=455

Chest CT uninterpretable
N=16

Diagnosis of CF, non-CF
bronchiectasis, or prior

lung transplantation
N=59

No RHC available
N=49

Figure 2. Flowchart of study inclusion. CF= cystic fibrosis; CT= computed tomography; LTBC=Lung
Transplant Body Composition; PH=pulmonary hypertension; PVR=pulmonary vascular resistance;
RHC= right heart catheterization.
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included patients from LTBC who had a
diagnosis of interstitial lung disease (ILD),
chronic obstructive pulmonary diseases
(COPD), sarcoidosis, or pulmonary arterial
hypertension (PAH) and who underwent
chest computed tomography (CT)
examination as part of the LTBC protocol.
We excluded patients with cystic fibrosis
(CF), non-CF bronchiectasis, or a prior lung
transplantation as PH in the setting of
chronic inflammation from infection or
long-standing calcineurin inhibitors and
corticosteroid use may have a different
etiology from other forms.

PH was defined according to the sixth
World Symposium on Pulmonary
Hypertension recommendations as mean
pulmonary artery pressure (mPAP) .20 mm
Hg and a pulmonary vascular resistance
(PVR)>3Wood units as determined by right
heart catheterization at the time of lung
transplant evaluation (34). We performed a
secondary analysis after excluding patients
with elevated pulmonary arterial wedge
pressure (PAWP) (.15 mmHg). Participants
provided written informed consent for
participation in the LTBC study. This study

was approved by the institutional review
board of the University of Pennsylvania.

CT Measurements of Fat Depots
LTBC study participants underwent chest
imaging during full inspiration performed
with multidetector row CT scanners at the
time of evaluation for lung transplantation.
Details of chest fat quantification have been
previously described (35–37). The thoracic
SAT–VAT interface was defined as the
interior surface of the rib cage; fat within this
surface was considered VAT and that
external to this surface was considered SAT
for all slices that are superior to the
diaphragm. Using a standardized
anatomical space approach that was
originally developed and validated in a
cohort of lung transplant candidates, the
thoracic VAT was measured at the mid-T7
vertebral level, as this has been previously
shown to have maximum correlation with
total volume of thoracic VAT (r= 0.86)
(Figure 1A) (35). The thoracic SAT was
measured at the mid-T8 vertebral level,
which has shown maximum correlation
with total volume of thoracic SAT (r= 0.97)

(Figure 1B) (35). The primary exposure
variables were BMI and thoracic VAT and
SAT. We indexed each of the VAT and SAT
areas to height squared (m2) (37, 38).

Covariates
Demographic variables and clinical
parameters were collected prospectively
including age, sex, race/ethnicity, spirometric
volumes, and 6-minute walk distance.
Weight was measured wearing light indoor
clothing and no shoes to the nearest 0.1 kg.
Height was measured with a wall-mounted
stadiometer to the nearest 0.1 cm.

Vaspin Measurement
Phlebotomy was performed at the lung
transplant evaluation visit and blood was
collected into citrate tubes. We measured
plasma vaspin in duplicate in citrated
samples stored at 2808C using a
commercially available enzyme-linked
immunosorbent assay (R&D Systems). The
intraassay coefficient of variation was 2.17%.
As our analysis was ancillary to the LTBC
study, we only had available samples on a
subset of patients (n= 78), which was
independent of their PH status.

Statistical Analysis
Baseline characteristics of study participants
were compared using two-tailed Student’s
t test, Wilcoxon rank sum test, and Fisher
exact test, as appropriate. Spearman
correlation was used to test the association
between adipose measures and weight and
BMI. These associations were then tested for
nonlinear effects by using quadratic terms
for weight and BMI using polynomial
regression. Logistic regression models were
used to assess the crude association between
VAT and SAT and the odds of PH. Models
were adjusted for a priori confounders
including age, sex, race/ethnicity, primary
lung diagnosis, forced vital capacity (FVC),
and PAWP. We then transformed odds
ratios to relative risks (RRs) using the orsk
package (39). We performed a sensitivity
analysis of generating RRs using a modified
Poisson regression (40).

Generalized additive models with loess
smoothing functions were used to
demonstrate the nonlinear association
between adipose tissue measures and risk of
PH. Similarly, linear regression models were
used to assess the association between
hemodynamic measures (dependent
variables) and the adipose measures
(independent variable) in the entire cohort

Table 1. Baseline characteristics of patients by pulmonary hypertension status

NoPH (n=262) PH (n=137)

Age, yr 6169 596 11
Sex, F, % 38 46
Race/ethnicity, %
Non-Hispanic white 84 66
Non-Hispanic Black 9 20
Hispanic 4 5
Asian 2 7
Other/multiracial 1 2

Body mass index, kg/m2 25.864.1 25.76 4.5
Primary lung diagnosis, %
Interstitial lung disease 59 63
Chronic obstructive pulmonary disease 35 15
Pulmonary arterial hypertension — 12
Sarcoidosis 4 7
Other 2 3

Forced expiratory volume in 1 s, % pred (n=371) 426 21 476 21
Forced vital capacity, % pred (n=371) 536 18 536 21
6-min walk distance, m (n=397) 351 (252–427) 287 (201–382)
Functional status, % (n=246)
Needs no assistance — 1
Needs some assistance 32 48
Needs full assistance 68 51

Hemodynamics
Mean pulmonary artery pressure, mm Hg 20 (17–24) 33 (27–40)
Pulmonary artery wedge pressure, mm Hg 10 (7–14) 9 (6–13)
Pulmonary vascular resistance, Wood units 1.9 (1.3–2.4) 4.7 (3.8–6.9)
Cardiac output, L/min 5.29 (4.60–6.16) 4.51 (3.92–5.30)
Cardiac index, L/min/m2 2.80 (2.44–3.19) 2.49 (2.14–2.85)

Definition of abbreviations: PH=pulmonary hypertension; pred=predicted.
Mean6SD or median (interquartile range).
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(with and without PH) and adjusted these
models for the same confounders. We
generated five data sets using multiple
imputation by chained equations to
handle missing data using the mice
package in R (41).

We performed sensitivity analysis after
restricting the study sample to those with
normal PAWP, after restricting the sample
to those without PAH, and checked for
effect modification by underlying lung
disease diagnosis. We also performed
mediation analyses to explore whether
vaspin mediated the association of adipose
tissue with PH using nonparametric
bootstrapping estimation methods using
the mediation package in R (42). All
analyses were performed using R 2018
version 3.6.1.

Results

Patient Demographics
There were 530 patients in the LTBC study,
514 of whomhad interpretable chest CT scans
(Figure 2). After excluding patients with a
diagnosis of CF or non-CF bronchiectasis and
those who had previously received lung
transplantation as well as those who either did
not have a right heart catheterization or were
missing hemodynamic measurements, 399
patients were included in our final study
sample. Of these, 137 subjects (34%; 95%
confidence interval [95% CI], 29–39%) had
PH (Table 1). There were no differences in
age or sex between patients with and without
PH. There was also no difference in BMI
between patients with and without PH
(25.76 4.5 vs. 25.86 4.1 kg/m2; P=0.82).

Patients with PH were more likely to be non-
Hispanic Black or Asian than those patients
without PH. Patients with PH were more
likely to have higher forced expiratory volume
in 1 second and more commonly identified as
needing some assistance rather than full
assistance. Not surprisingly, patients with PH
had lower 6-minute walk distance, higher
PVR, and lower cardiac index.

Association of Thoracic Visceral and
Subcutaneous Adipose Tissues with
Body Mass Index
Thoracic VAT was nonlinearly associated
with BMI (Figure 3A; P for quadratic trend
0.01). Similarly, thoracic SAT was
nonlinearly associated with BMI (Figure 3B;
P for quadratic trend 0.04).

Association between Thoracic
Visceral and Subcutaneous Adipose
Tissue and Hemodynamic Variables
Doubling of the thoracic VAT area was
associated with significantly lower PVR (b,
20.24; 95% CI, 20.46 to 20.02; P= 0.04)
and higher PAWP (b, 0.79; 95% CI, 0.32 to
1.26; P= 0.001) after adjustment for age, sex,
race/ethnicity, underlying lung disease, and
FVC in the entire study cohort (Table 2). A
doubling of thoracic SAT area was also
independently associated with lower PVR
and higher PAWP.

A 1-kg/m2 increase in BMI was
independently associated with higher
mPAP, lower PVR, higher PAWP, and
lower cardiac index.

Association between Thoracic
Visceral and Subcutaneous
Adipose Tissue and Risk of
Pulmonary Hypertension
Higher thoracic VAT area was associated
with decreased risk of PH (RR per doubling
of VAT area = 0.88; 95% CI, 0.78–0.99;
P= 0.03) (Table 3), which persisted after
adjustment for age, sex, race/ethnicity, FVC,
lung disease diagnosis, and PAWP (Table 3
and Figure 4). The association of thoracic
VAT and PH held even after additional
adjustment for BMI. Thoracic SAT and BMI
were not associated with risk of PH in this
cohort (RR per doubling of thoracic
SAT= 0.92; 95% CI, 0.78-1.09 and RR per 1
kg/m2 increase in BMI = 1.00; 95% CI 0.97-
1.04), Table 3). The associations observed in
the full cohort were maintained in a
sensitivity analysis restricted to patients with
normal PAWP and restricted to those
without PAH after adjustment for age, sex,
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Figure 3. (A) Nonlinear association between thoracic visceral adipose tissue andbodymass index. The 95%
confidence intervals are depicted in gray shade. (B) Nonlinear association between thoracic subcutaneous
adipose tissue and body mass index. The 95% confidence intervals are depicted in gray shade.
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race/ethnicity, FVC, and lung disease
diagnosis (RR per doubling of thoracic VAT
area = 0.86; 95% CI, 0.74–0.99; P= 0.05 and
RR per doubling of thoracic VAT
area = 0.84; 95% CI, 0.72–0.98; P= 0.03,
respectively). The use of binomial modified
Poisson regression resulted in RRs that were
identical to those in our main analysis.

There was no significant effect
modification by underlying lung disease of
the association between thoracic VAT and
PH risk (P for interaction = 0.16). After
limiting the study population to subjects
with ILD (n= 239) or COPD (n= 113), we
observed comparable results (but with wider
95% CI due to smaller sample size, as
expected) (data not shown).

Association between Thoracic
Visceral Adipose Tissues, Vaspin, and
Risk of Pulmonary Hypertension
Blood samples were available for 78 subjects.
Circulating vaspin levels were positively
correlated with thoracic VAT (r=0.38;

P= 0.001) but not with thoracic SAT
(r= 0.02; P= 0.86) or with BMI (r= 0.08;
P= 0.47). Vaspin levels were higher in the
patients without PH as compared with those
with PH (median [interquartile range], 101.8
[66.5–266.5] vs. 92.0 [57.2–175.8] pg/ml;
P, 0.001; Figure 5). However, circulating
vaspin levels did not appear to mediate the
association between thoracic VAT and the
risk of PH (indirect effect 1.0%).

Discussion

We found that higher thoracic VAT area
was independently associated with
decreased risk of PH in patients with COPD,
ILD, sarcoidosis and PAH undergoing
evaluation for lung transplantation. This
association persisted in the subset of patients
with normal PAWP and was not modified
by the underlying lung diagnosis. Higher
thoracic VAT was also independently
associated with lower PVR and higher

PAWP. Even though thoracic SAT was also
associated with PVR and PAWP, it was not
independently associated with the risk
of PH. Thoracic VAT and SAT were
nonlinearly associated with BMI, which was
not associated with risk of PH.

Although VAT is most commonly
associated with increased cardiovascular
risk and endothelial dysfunction, higher
thoracic VAT was associated with a
decreased risk of PH in our study. Thoracic
VAT, particularly epicardial adipose tissue,
has unique properties that distinguishes it
from other VAT depots because of a delicate
equilibrium between protective and harmful
cardiovascular effects. Epicardial fat has
been postulated to function similarly to
brown adipose tissue, with cardioprotection
in the setting of hypothermia and hypoxia
(19). Epicardial adipose tissue expresses
genes associated with brown adipose tissue
including UCP1 (uncoupling protein-1),
which is absent in other fat depots such
as SAT (20). Epicardial fat secretes

Table 3. Unadjusted and adjusted relative risks for the presence of pulmonary hypertension

Model 1* Model 2† Model 3‡ Model 4x

RR
(95% CI)

P
Value

RR
(95% CI)

P
Value

RR
(95% CI)

P
Value

RR
(95% CI)

P
Value

Doubling of VAT cm2/m2 0.88 (0.78–0.99) 0.03 0.84 (0.72–0.97) 0.02 0.86 (0.74–0.99) 0.04 0.83 (0.70–0.97) 0.02
Doubling of SAT cm2/m2 0.96 (0.84–1.09) 0.56 0.90 (0.76–1.06) 0.21 0.92 (0.78–1.09) 0.36 0.84 (0.63–1.08) 0.17
1 kg/m2 increase in BMI 0.99 (0.97–1.03) 0.81 0.99 (0.96–1.03) 0.63 1.00 (0.97–1.04) 0.98 — —

Definition of abbreviations: 95% CI = 95% confidence interval; BMI = body mass index; RR= relative risk; SAT= subcutaneous adipose tissue area;
VAT= visceral adipose tissue area.
*Unadjusted.
†Adjusted for age, sex, race/ethnicity, lung disease diagnosis, and forced vital capacity.
‡Adjusted for age, sex, race/ethnicity, lung disease diagnosis, forced vital capacity, and pulmonary artery wedge pressure.
xAdjusted for age, sex, race/ethnicity, lung disease diagnosis, forced vital capacity, pulmonary artery wedge pressure, and body mass index.

Table 2. Association between thoracic visceral and subcutaneous adipose tissue measures and hemodynamics

mPAP, mm Hg PVR, Wood units PAWP, mm Hg CI, L/min/m2

b 95% CI P
Value

b 95% CI P
Value

b 95% CI P
Value

b 95% CI P
Value

Doubling of
VAT cm2/m2

0.08 20.79 to 0.95 0.86 20.24 20.46 to20.02 0.04 0.79 0.32 to 1.26 0.001 20.02 20.08 to 0.04 0.48

Doubling of
SAT cm2/m2

0.70 20.03 to 1.71 0.17 20.32 20.57 to20.06 0.02 1.11 0.56 to 1.65 ,0.001 20.03 20.10 to 0.04 0.38

Body mass
index per
1 kg/m2

increase

0.33 0.11 to 0.56 0.003 20.04 20.09 to 0.02 0.02 0.33 0.21 to 0.45 ,0.001 20.03 20.04 to 20.01 ,0.001

Definition of abbreviations: b=standardized regression coefficient; 95% CI=95% confidence interval; CI =cardiac index; mPAP=mean pulmonary artery
pressure; PAWP=pulmonary artery wedge pressure; PVR=pulmonary vascular resistance; SAT=subcutaneous adipose tissue; VAT=visceral adipose tissue.
Adjusted for age, sex, race/ethnicity, lung disease diagnosis, and forced vital capacity.
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cardioprotective adipokines, such as
adiponectin, adrenomedullin, and vaspin
(19, 43–46), which could be contributing to
the decrease in PVR associated with higher
thoracic VAT. Vaspin is a serine protease
inhibitor that has protective effects on the
vascular endothelium by inhibiting free fatty
acid–induced apoptosis of endothelial cells
and increasing the effect of nitric oxide and
endothelial nitric oxide synthase mediated
by human signal transducer and activator of
transcription 3 (30, 47). The nitric oxide
signaling pathway is thought to play a major
role in the pathogenesis of pulmonary
hypertension (48–51).

The association between increased
levels of thoracic VAT and decreased risk of
PH in our cohort could be potentially
explained by decreased pulmonary
vasoconstriction or vascular remodeling. In
our cohort, we found that circulating vaspin
levels were positively correlated with
thoracic VAT and were lower in patients
with PH. The serum vaspin levels measured
in our cohort were on the lower spectrum of
reported serum vaspin ranges (52). Serum
vaspin levels are impacted by obesity and
impaired glucose tolerance. We were not
able to show that the association between
thoracic VAT and PH is mediated by
circulating vaspin levels. A single sample of
the peripheral circulation may not reflect

local vaspin levels over time, and we only
had samples on a small subset of our study
sample, so this adipokine (or others) could
still play a role in this relationship.

Higher BMI has been shown to be
positively correlated with increased PAWP

likely as a result of increased intrathoracic
pressure in the obese (53). In our study,
BMI as well as VAT and SAT were
associated with higher PAWP. However,
this study demonstrates that BMI itself
does not sufficiently account for the
heterogeneity of fat depots and deposition
(54). In fact, thoracic VAT and SAT were
not linearly associated with BMI. Even
though we found an association between
higher BMI and higher mPAP, higher
PAWP, and lower PVR, BMI was not
independently associated with the risk of
pulmonary hypertension whereas thoracic
VAT was, even after adjustment for BMI.
One possible explanation is in the
requirement of PVR >3 Wood units in the
sixth World Symposium on Pulmonary
Hypertension definition of PH, which
many patients in our cohort did not meet as
they had mild elevations in mPAP but low
or normal PVR. Another possible
explanation is a truncated BMI distribution
excluding the morbidly obese as patients
were referred for a lung transplant
evaluation. Our work supports the need for
improved phenotyping of obesity and fat
distribution in patients with PH to allow
for improved personalization of
treatments, a priority in pulmonary
vascular disease research (55).

Our study has limitations. Our study
measured intrathoracic VAT but did not
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differentiate between epicardial fat and
pericardial fat. Although our hypothesis is
based on the role of epicardial fat, which is
known to have paracrine and endocrine
effects on the heart, our results refer to
overall intrathoracic VAT. The cross-
sectional design does not permit inferences
regarding the temporal sequence/causality
between adipose measures and
development of PH. We included a
heterogeneous population of patients with
advanced lung disease presenting for lung
transplant evaluation at multiple centers,
which increases our generalizability;
however, our findings may not apply to

patients with less severe lung disease or
who are not suitable candidates for
lung transplant evaluation. Obesity is a
relative contraindication to lung
transplantation, potentially leading to
referral bias. Additionally, many of the
subjects included in our cohort could have
been on corticosteroid therapy, which
could impact glucose tolerance and
vaspin levels. Thus, it is unclear if our
findings hold true for patients with
higher BMI. Finally, we adjusted our
models for several variables that could
affect the relationship between adipose
tissue and PH, although the possibility of

residual or unmeasured confounding
effects remains.

In conclusion, we found that lower
thoracic VAT area was associated with a
higher risk of PH in patients with advanced
lung disease undergoing evaluation for lung
transplantation, an association that was not
observed with thoracic SAT. Our results
support the need for deep phenotyping of
obesity to better understand its association
with PH and explore novel therapeutic
avenues. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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16 Jernås M, Palming J, Sjöholm K, Jennische E, Svensson PA,
Gabrielsson BG, et al. Separation of human adipocytes by size:
hypertrophic fat cells display distinct gene expression. FASEB J 2006;
20:1540–1542.

17 Skurk T, Alberti-Huber C, Herder C, Hauner H. Relationship between
adipocyte size and adipokine expression and secretion. J Clin
Endocrinol Metab 2007;92:1023–1033.

18 Suganami T, Nishida J, Ogawa Y. A paracrine loop between adipocytes
andmacrophages aggravates inflammatory changes: role of free fatty
acids and tumor necrosis factor alpha. Arterioscler Thromb Vasc Biol
2005;25:2062–2068.

19 Iacobellis G. Local and systemic effects of the multifaceted epicardial
adipose tissue depot. Nat Rev Endocrinol 2015;11:363–371.

20 Sacks HS, Fain JN, Holman B, Cheema P, Chary A, Parks F, et al.
Uncoupling protein-1 and related messenger ribonucleic acids in
human epicardial and other adipose tissues: epicardial fat functioning
as brown fat. J Clin Endocrinol Metab 2009;94:3611–3615.

21 Bambace C, Telesca M, Zoico E, Sepe A, Olioso D, Rossi A, et al.
Adiponectin gene expression and adipocyte diameter: a comparison
between epicardial and subcutaneous adipose tissue in men.
Cardiovasc Pathol 2011;20:e153–e156.

22 Corradi D, Maestri R, Callegari S, Pastori P, Goldoni M, Luong TV, et al.
The ventricular epicardial fat is related to the myocardial mass in
normal, ischemic and hypertrophic hearts. Cardiovasc Pathol 2004;
13:313–316.

23 Iacobellis G, Corradi D, Sharma AM. Epicardial adipose tissue:
anatomic, biomolecular and clinical relationships with the heart. Nat
Clin Pract Cardiovasc Med 2005;2:536–543.

24 Mazurek T, Zhang L, Zalewski A, Mannion JD, Diehl JT, Arafat H, et al.
Human epicardial adipose tissue is a source of inflammatory
mediators. Circulation 2003;108:2460–2466.

25 Sacks HS, Fain JN. Human epicardial adipose tissue: a review.AmHeart
J 2007;153:907–917.

26 Mahabadi AA, Massaro JM, Rosito GA, Levy D, Murabito JM, Wolf PA,
et al. Association of pericardial fat, intrathoracic fat, and visceral
abdominal fat with cardiovascular disease burden: the Framingham
Heart Study. Eur Heart J 2009;30:850–856.

27 Rosito GA, Massaro JM, Hoffmann U, Ruberg FL, Mahabadi AA, Vasan
RS, et al. Pericardial fat, visceral abdominal fat, cardiovascular

ORIGINAL RESEARCH

Al-Naamani, Pan, Anderson, et al.: Thoracic Adipose Tissue and Pulmonary Hypertension 1399

http://www.atsjournals.org/doi/suppl/10.1513/AnnalsATS.202003-247OC/suppl_file/disclosures.pdf
http://www.atsjournals.org


disease risk factors, and vascular calcification in a community-based
sample: the Framingham Heart Study. Circulation 2008;117:605–613.

28 Ibrahim MM. Subcutaneous and visceral adipose tissue: structural and
functional differences. Obes Rev 2010;11:11–18.

29 Sawicka M, Janowska J, Chudek J. Potential beneficial effect of some
adipokines positively correlated with the adipose tissue content on
the cardiovascular system. Int J Cardiol 2016;222:581–589.

30 Jung CH, Lee WJ, Hwang JY, Seol SM, Kim YM, Lee YL, et al. Vaspin
protects vascular endothelial cells against free fatty acid-induced
apoptosis through a phosphatidylinositol 3-kinase/Akt pathway.
Biochem Biophys Res Commun 2011;413:264–269.

31 Sun N, Wang H, Wang L. Vaspin alleviates dysfunction of endothelial
progenitor cells induced by high glucose via PI3K/Akt/eNOS pathway.
Int J Clin Exp Pathol 2015;8:482–489.

32 Singer JP, Peterson ER, Snyder ME, Katz PP, Golden JA, D’Ovidio F,
et al. Body composition and mortality after adult lung transplantation
in the United States. Am J Respir Crit Care Med 2014;190:1012–1021.

33 Diamond JM, Arcasoy S, McDonnough JA, Sonett JR, Bacchetta M,
D’Ovidio F, et al.; Lung Transplant Body Composition Study. Adipose
gene expression profile changes with lung allograft reperfusion. Am J
Transplant 2017;17:239–245.

34 Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA,
Krowka M, et al. Haemodynamic definitions and updated clinical
classification of pulmonary hypertension. Eur Respir J 2019;53:
1801913.

35 Tong Y, Udupa JK, Torigian DA, Odhner D, Wu C, Pednekar G, et al.
Chest fat quantification via CT based on standardized anatomy space
in adult lung transplant candidates. PLoS One 2017;12:e0168932.

36 Tong Y, Udupa JK, Torigian DA. Optimization of abdominal fat
quantification on CT imaging through use of standardized anatomic
space: a novel approach. Med Phys 2014;41:063501.

37 Anderson MR, Udupa JK, Edwin E, Diamond JM, Singer JP, Kukreja J,
et al. Adipose tissue quantification and primary graft dysfunction after
lung transplantation: the Lung Transplant Body Composition study. J
Heart Lung Transplant 2019;38:1246–1256.

38 Shah RV, Murthy VL, Abbasi SA, Blankstein R, Kwong RY, Goldfine AB,
et al. Visceral adiposity and the risk of metabolic syndrome across
body mass index: the MESA Study. JACC Cardiovasc Imaging 2014;
7:1221–1235.

39 Wang Z. Converting odds ratio to relative risk in cohort studies with
partial data information. J Stat Softw 2013;55:1–11.

40 Zou G. A modified poisson regression approach to prospective studies
with binary data. Am J Epidemiol 2004;159:702–706.

41 van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate imputation by
chained equations in R. J Stat Softw 2011;45:1–67.

42 Tingley DYT, Hirose K, Keele L, Imai K. Mediation: R package for causal
mediation analysis. J Stat Softw 2014;59:1–38.

43 Iacobellis G, Pistilli D, Gucciardo M, Leonetti F, Miraldi F, Brancaccio G,
et al. Adiponectin expression in human epicardial adipose tissue in

vivo is lower in patients with coronary artery disease. Cytokine 2005;
29:251–255.

44 Silaghi A, Achard V, Paulmyer-Lacroix O, Scridon T, Tassistro V, Duncea
I, et al. Expression of adrenomedullin in human epicardial adipose
tissue: role of coronary status. Am J Physiol Endocrinol Metab 2007;
293:E1443–E1450.

45 Hirata Y, Tabata M, Kurobe H, Motoki T, Akaike M, Nishio C, et al.
Coronary atherosclerosis is associated with macrophage polarization
in epicardial adipose tissue. J Am Coll Cardiol 2011;58:248–255.

46 Ouwens DM, Sell H, Greulich S, Eckel J. The role of epicardial and
perivascular adipose tissue in the pathophysiology of cardiovascular
disease. J Cell Mol Med 2010;14:2223–2234.

47 Jung CH, Lee WJ, Hwang JY, Lee MJ, Seol SM, Kim YM, et al. Vaspin
increases nitric oxide bioavailability through the reduction of
asymmetric dimethylarginine in vascular endothelial cells. PLoS One
2012;7:e52346.

48 Xue C, Johns RA. Endothelial nitric oxide synthase in the lungs of
patients with pulmonary hypertension. N Engl J Med 1995;333:
1642–1644.
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