
CORRESPONDENCE

Right Ventricular Fibrosis Is Related to Pulmonary
Artery Stiffness in Pulmonary Hypertension: A Cardiac
Magnetic Resonance Imaging Study

To the Editor:

Right ventricular (RV) fibrosis is a histological hallmark of RV
failure and has been difficult to assess using noninvasive imaging.
However, novel methods in cardiac magnetic resonance imaging
(CMR) now allow for the quantification of myocardial extracellular
volume (ECV), a marker of diffuse interstitial fibrosis that has been
histologically validated (1–3). This measure of fibrosis was recently
applied to the right ventricle (4). In the current study, we set out to
examine the relationship between pulmonary artery (PA) stiffness,
an important contributor to RV dysfunction, and RV fibrosis by
using noninvasive CMR methods to better understand the
maladaptive RV response to PA stiffness. We hypothesized that the
PA pulse wave velocity (PWV) and relative area change (RAC),
measures of PA stiffness, would be associated with RV fibrosis, as
assessed by the RV ECV.

Methods
This cross-sectional study was approved by the Providence VA
Medical Center Institutional Review Board (2015-051). Adult men
and women (.30 yr of age) with pulmonary hypertension (PH)
who had been referred for a clinical CMR examination at the
Providence VA Medical Center were recruited. Informed consent
was obtained from all participants.

The study participants underwent measurements of resting
blood pressure, height, and weight, and their medical charts
were abstracted for demographic, historical, and right heart
catheterization (RHC) data. The median (25–75%) number of
days between RHC and CMR was 125 (56–365.5).

CMR. Studies were performed with a 3-T scanner (Siemens
Verio, Siemens Medical Solutions). CMR with ECG gating was done
using a dedicated 32-element phased-array coil, which allowed
parallel imaging with integrated acquisition of coil sensitivity
reference data. Left ventricular (LV) and RV volumes, mass, and
function were quantified and analyzed according to the guidelines
of the Society for Cardiovascular Magnetic Resonance (5, 6).
Specifically, cine steady-state free precession was performed in a
stack of short-axis slices to cover both the atria and the ventricles.
A retrospectively gated gradient echo sequence with steady-state
free precession (“trueFISP”) was used for cine CMR to acquire
images for 25 phases of the cardiac cycle during breath-holding
(repetition time [TR]/echo time [TE]/flip angle = 3.2/1.8 ms/458,
slice thickness = 6 mm, 1923 170 matrix, field of view [FOV] =
z3403 320 mm, and iPat factor = 2). LV and RV endocardial and
epicardial borders on all short-axis cine images at the end-diastolic

and end-systolic frames were manually traced to determine the
end-diastolic and end-systolic volumes, respectively. LV and RV
mass measurements were calculated by subtracting the endocardial
volume from the epicardial volume at end-diastole, and then
multiplying by the tissue density of myocardium (1.05 g/ml).
Papillary muscles were included when mass was measured
(equivalent to weighing the ventricle) and excluded when volume
was measured (equivalent to blood pool techniques). CVI42 (Circle)
software was used for cardiac volume measurements.

PA PWV was measured using the transit time method (7),
optimized for high temporal resolution. The high temporal
resolution sequence was implemented twice: once at a proximal
main PA cross-sectional location, and once at either a right PA or a
left PA distal cross-sectional location. The decision to image either
the right PA or the left PA was made randomly in case both
branches were well defined in the scouting images. Otherwise, the
branch that appeared better in the scouting images was chosen for
imaging. The imaging parameters of the high-temporal resolution
imaging sequences were as follows: slice thickness = 8 mm, TR= 7
ms, TE = 4 ms, number of averages = 1, number of phases = 128,
velocity encoding = 150 cm/s, bandwidth/pixel = 340 Hz, flip
angle = 158, FOV= 3203 320 mm2, matrix = 2563 256, and
imaging time� 2 minutes (depending on heart rate). PA RAC was
calculated as (maximal area of the PA2minimal area of the
PA)/(minimal area of the PA). The RAC was measured in the right
PA in all cases.

Myocardial ECV/fibrosis assessment (T1 mapping). High-
resolution T1 measurements of the RV free wall in short-axis
orientation at the mid-ventricle at end-systole were performed once
before and four times after contrast with a breath-hold, ECG-gated
Look-Locker technique. Using a radial acquisition, we were able to
achieve an in-plane resolution of approximately 1.2 mm3 1.2 mm.
Additional imaging parameters of the high-temporal resolution
imaging sequences were as follows: slice thickness = 8 mm, TR= 4
ms, TE = 1.9 ms, bandwidth/pixel = 500 Hz, flip angle = 78, and
FOV= 3003 300 mm2. The matrix size was reconstructed to
1283 128 pixels and then zero-filled to 2563 256 pixels. The
segmented Look-Locker sequence with spoiled gradient echo
readout, and a temporal resolution of 87 ms for precontrast
T1 measurements and 55 ms for postcontrast T1 measurements
were used. ECV was calculated as (12 hematocrit)3
[(1/T1myopost2 1/T1myopre)/(1/T1bloodpost2 1/T1bloodpre)].
Hematocrit was obtained on the day of the MRI exam.

Statistical analysis. Continuous variables were described as
mean6 SD in the study population. Categorical variables were
recorded as frequency and percent. Pairwise correlations
between the RV ECV fraction and continuous demographic,
hemodynamic, and CMR variables were assessed by calculating
the Pearson correlation coefficients. Scatterplots of pairwise
relationships were reviewed. Regression modeling was used
to further explore significant relationships on correlation
testing. The statistical significance level was taken as a
P value, 0.05. All analyses were performed with StataSE version
14 (StataCorp).

Results
Nineteen patients who had been referred for CMR consented to
participate in the study. Two patients did not complete the CMR and
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one patient did not have RHC data, resulting in an analytical dataset
for 16 patients. The baseline characteristics of the subjects are
recorded in Table 1. The participants had a mean age of 70.26 8.7
years, were predominantly male (in keeping with the population of
veterans studied), and were obese (mean body mass index [BMI],
31.46 8.0 kg/m2). Common comorbidities included systemic
hypertension, chronic obstructive pulmonary disease, and
diabetes. All of the patients had PH, and mean PA pressures
ranged from 22 to 45 mm Hg, with elevated pulmonary
vascular resistance (PVR, 3.16 1.3 Wood units). On CMR, the
cohort had preserved LV ejection fraction (LVEF) (mean LVEF
58%6 7%), with lower RVEF (mean RVEF 46%6 12%; normal
range 47–68% from Reference 8) and frequent RV hypertrophy
(RV mass: 50.76 16.7 g, median 58 g; upper limit of normal 57 g
from Reference 9). On average, the cohort had increased PA
stiffness (7, 10) (PA PWV: 3.316 1.00 m/s and PA RAC:
0.176 0.10). RV ECV was significantly elevated at 0.386 0.07,
which is consistent with previous reports of RV ECV in subjects
with PH (4).

RV ECV was significantly correlated with PA PWV (0.73,
P= 0.001) and was negatively correlated with PA RAC (20.69,
P= 0.003), but it was not significantly correlated with age, BMI,
mean PA pressure, PVR, LV or RV mass, or EF. Scatterplots with
fitted lines for the linear relationships between RV ECV and PA
PWV or PA RAC are illustrated in Figure 1.

On univariate regression, about half of the variance in RV ECV
could be explained by measures of PA stiffness (53% by PA PWV or
47% by PA RAC). The relationship between RV ECV and either
PWV or RAC remained significant and unchanged or stronger in
regression models adjusting for age, BMI, LVEF, RVEF, LV mass,
RV mass, mean PA pressure, or PVR (b-coefficient for PA
PWV> 0.048/b-coefficient for RAC<20.42 in all models).

Discussion
In the current study, we report for the first time that RV ECV, a
measure of RV fibrosis, was significantly correlated with noninvasive
measures of PA stiffness (PWV and RAC) in a group of patients with
PH undergoing CMR. We did not find a significant relationship
between RV ECV and hemodynamicmeasurements, including PVR.
PA stiffness measures relate to the pulsatile/oscillatory component
of RV afterload, whereas PVR reflects the steady afterload
component (11). PA stiffness measures have been related to
decreased RV function, increased RV hypertrophy, and higher
RV workload (12). We extend those findings to demonstrate,
noninvasively, a relationship between PA stiffness and RV fibrosis
that may reflect deleterious RV and PA remodeling. Limitations of
our study include the small sample size; the recruitment of a
referral population, which limits generalizability; the fact that we
studied a population of veterans, resulting in an older, almost
entirely male population, and thus the observed relationship
between PA stiffness and RV fibrosis may not pertain to women;
the fact that RHCs had already been performed and were not done
on the same day as CMR; and the lack of histologic sampling of
the PA or right ventricle. A prior study of late gadolinium
enhancement in the interventricular septum in patients with PH
showed that this was a significant predictor of mortality in
univariate, but not multivariate, analysis (13); however, an
examination of the effects of RV free-wall fibrosis on survival was
not possible in the current cross-sectional study. In conclusion, our

study shows a relationship between RV fibrosis and PA stiffness on
CMR. Given the cross-sectional nature of this study, we cannot
infer a causal relationship between RV fibrosis and PA stiffness,
and the nature of this interaction requires further exploration.

Table 1. Baseline Characteristics of the Participants

Characteristics All Participants

Age, yr 70.268.7
Sex, male, n (%) 15 of 16 (93.8)
Race, n
White 14
Black 2

Ethnicity, n
Non-Hispanic 14
Hispanic 2

Height, cm 1756 8
Weight, kg 97.8629.6
BSA, m2 2.1660.37
Body mass index, kg/m2 31.468.0
Systolic blood pressure, mm Hg 130624
Diastolic blood pressure, mm Hg 7167
Heart rate, bpm 81613
Pulmonary hypertension group, n
Group 1 2
Group 2 6
Group 3 6
Group 4 1
Group 5 0
Uncertain 1

Type 2 diabetes mellitus, n (%) 9 of 16 (56.2)
Coronary artery disease, n (%) 4 of 16 (25.0)
Congestive heart failure, n (%) 5 of 16 (31.2)
Obstructive sleep apnea, n (%) 7 of 16 (43.8)
Systemic hypertension, n (%) 12 of 16 (75.0)
Chronic obstructive pulmonary disease, n (%) 8 of 16 (50)
Pulmonary fibrosis, n (%) 1 of 16 (6.2)
Cirrhosis, n (%) 3 of 16 (18.8)
Creatinine, mg/dl 0.9660.21
Estimated glomerular filtration rate, ml/min 58.164.6
Tricuspid annular plane systolic excursion, cm 2.16 0.05
Right atrial pressure, mm Hg 1064
Pulmonary artery pressure, mm Hg 3167
Pulmonary artery pressure, mm Hg,

mean range
22–45

Pulmonary artery occlusion pressure, mm Hg 1563
Cardiac index, L/min/m2 2.460.6
Pulmonary vascular resistance, Wood units 3.161.3
Systemic vascular resistance, dyn $ s/cm25 1,5936 656
LV end-systolic volume indexed to BSA, ml/m2 23.867.7
LV end-diastolic volume indexed to BSA, ml/m2 57.2617.7
LV ejection fraction, % 5867
LV mass, g 152641 (n=15)
LV mass indexed to height, g/m 85.9620.8 (n=15)
Pulmonary artery pulse wave velocity, m/s 3.3161.00
Pulmonary artery stroke volume, ml 119.6657.2
Pulmonary artery relative area change 0.1760.10
RV end-systolic volume indexed to BSA, ml/m2 35.9617.4
RV end-diastolic volume indexed to BSA, ml/m2 65.9622.0
RV ejection fraction, % 46612
RV mass, g 50.7616.7 (n=13)
RV mass indexed to height, g/m 28.868.8 (n=13)
RV extracellular volume fraction 0.3860.07

Definition of abbreviations: BSA=body surface area; LV= left ventricular;
RV= right ventricular.
Data are shown as mean6SD unless otherwise specified. n=16 unless
otherwise specified.
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Noninvasive assessments of RV fibrosis on CMR will allow further
longitudinal explorations of the relationship between RV
remodeling, central artery stiffening, and clinical outcomes in
patients with PH. n
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Figure 1. Scatterplots with fitted lines and 95% confidence intervals (CIs) demonstrating a linear relationship between the pulmonary artery pulse wave
velocity (PA PWV) and right ventricle extracellular volume fraction, and an inverse linear relationship between the pulmonary artery relative area
change (RAC) and right ventricle extracellular volume fraction.
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Use of In-Laboratory Sleep Studies in the Veterans
Health Administration and Community Care

To the Editor:

The Veterans Health Administration (VA) is an integrated
healthcare system whose mission is to provide high-quality care that
meets veterans’ needs in a resource-conscious manner (1). When

the VA cannot achieve predefined access standards, veterans are
eligible for referral to non-VA providers (i.e., community care)
under a fee-for-service reimbursement model. Historically,
community care was managed via direct “Fee Basis” relationships
between VA facilities and private providers. However, a
fundamental shift in these relationships began with the Veterans
Choice Program. In an attempt to streamline referrals, “Choice” used
third-party administrators to contract with outside providers and
coordinate care on the VA’s behalf (2). Over time, Choice referrals
expanded and now comprise z10% of the VA’s budget, with annual
costs exceeding $5 billion (3). Given these large investments, it is
essential to understand the efficiency and value of community care.

The challenges of providing care for obstructive sleep apnea
(OSA) are representative of those seen with many specialty services.

Almost half of veterans are at high risk for OSA (4), and
community sleep programs represent an opportunity to
improve access to care. Traditionally, laboratory-based
polysomnography was necessary to diagnose OSA, but portable
home sleep apnea tests (home tests) provide an efficient patient-
centered option. Home tests have equivalent accuracy among
patients for which they are appropriate (5) and cost z74% less
than polysomnography ($170 vs. $663 per test) (6). We compared
relative polysomnography use among veterans tested by VA, Fee
Basis, and Choice providers.

Table 1. Sample Characteristics and Sleep Study Use

VA (n= 113,266) Traditional Fee Basis (n= 31,321) Choice (n= 13,089)

Demographics
Age, yr, mean (SD) 51.5 (14.8) 50.9 (14.6) 51.5 (14.7)
Sex, M 102,310 (90.3) 28,490 (91.0) 11,725 (89.6)
Race

White 73,986 (65.3) 21,023 (67.1) 8,557 (65.4)
Black 27,749 (24.5) 6,158 (19.7) 2,650 (20.3)
Native American 840 (0.7) 320 (1.0) 151 (1.2)
Asian 2,658 (2.4) 1,001 (3.2) 641 (4.9)
Multiracial and other 8,033 (7.1) 2,819 (9.0) 1,090 (8.3)

Hispanic 10,031 (8.9) 3,804 (12.2) 1,460 (11.2)
Distance from VA facility, km* 34.4 (15.9–71.1) 52.5 (19.6–110.7) 51.8 (20.3–120.9)
Region

Northeast 15,470 (13.7) 1,863 (6.0) 268 (2.1)
Midwest 22,505 (19.9) 6,834 (21.8) 1,621 (12.4)
Southeast 51,198 (45.2) 14,357 (45.8) 6,984 (53.4)
West 24,093 (21.3) 8,267 (26.4) 4,216 (32.2)

Medical comorbidities and history
Body mass index, kg/m2, mean (SD) 32.8 (6.1) 32.8 (6.2) 32.9 (6.2)
Charlson score >2 18,958 (16.7) 4,696 (15.0) 2,154 (16.5)
Hypertension 44,893 (44.1) 13,236 (42.3) 6,073 (46.4)
Diabetes 23,178 (20.5) 6,736 (21.5) 2,841 (21.7)

Sleep study used
In-laboratory polysomnogram 70,575 (62.3) 25,381 (81.0) 12,555 (95.9)
Home sleep apnea test 42,691 (37.7) 5,940 (19.0) 534 (4.1)

Sleep study cost per 100
patients, $, mean (SD)†

46,659 (23,028) 55,491 (18,449) 62,473 (9,486)

Definition of abbreviation: VA=Veterans Health Administration.
Data are shown as n (%) unless otherwise specified.
*Data are shown as median (interquartile range) due to skewed distribution.
†Average costs obtained from National 2016 Medicare Pricing Data for each sleep study Current Procedural Terminology code, including technical and
professional fees.
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