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Right and Left Ventricular
Myocardial Perfusion Reserves
Correlate with Right Ventricular
Function and Pulmonary
Hemodynamics in Patients
with Pulmonary Arterial
Hypertension'
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Jens Vogel-Claussen, MD

Jan Skrok, MD Purpose: To evaluate the relationships of right ventricular (RV) and left

ventricular (LV) myocardial perfusion reserves with ventricu-

Monda L. Shehata, MD lar function and pulmonary hemodynamics in patients with
Sukhminder Singh, MD pulmonary arterial hypertension (PAH) by using adenosine
Christopher T. Sibley, MD stress perfusion cardiac magnetic resonance (MR) imaging.

Danielle M. Boyce, MPH Materials and This HIPAA-compliant study was institutional review board
Noah Lechtzin, MD, MHS Methods: approved. Twenty-five patients known or suspected to have
Reda E. Girgis, MD PAH underwent right heart catheterization and adenosine
Steven C. Mathai, MD, MHS stress MR imaging on the same day. Sixteen matched healthy

control subjects underwent cardiac MR imaging only. RV and
LV perfusion values at rest and at adenosine-induced stress

Thomas A. Goldstein, PhD

Jie Zheng, PhD were calculated by using the Fermi function model. The MR
Jodo A. C. Lima, MD imaging—derived RV and LV functional data were calculated by
David A. Bluemke, MD, PhD using dedicated software. Statistical testing included Kruskal-
Paul M. Hassoun, MD Wallis tests for continuous data, Spearman rank correlation

tests, and multiple linear regression analyses.

Results: Seventeen of the 25 patients had PAH: 11 with scleroderma-
associated PAH, and six with idiopathic PAH. The remaining
eight patients had scleroderma without PAH. The myocardial
perfusion reserve indexes (MPRIs) in the PAH group (median
RV MPRI, 1.7 [25th-75th percentile range, 1.3-2.0]; median
LV MPRI, 1.8 [25th-75th percentile range, 1.6-2.1]) were
significantly lower than those in the scleroderma non-PAH
(median RV MPRI, 2.5 [25th-75th percentile range, 1.8-3.9]
[P = .03]; median LV MPRI, 4.1 [25th-75th percentile range,
2.6-4.8] [P = .0003]) and control (median RV MPRI, 2.9

- [25th-75th percentile range, 2.6-3.6] [P < .01]; median LV
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ulmonary arterial hypertension

(PAH) is a syndrome that results

from restricted blood flow through
the pulmonary arterial circulation, which
ultimately leads to right heart failure
and death (1). The prognosis of patients
with PAH remains poor, with approxi-
mately 10%-15% mortality within 1 year
of the diagnosis despite the administra-
tion of advanced therapy (2,3). Right
ventricular (RV) function is the most
important determinant of survival with
PAH (1).

In normal conditions, the RV mass
is substantially lower than the left ven-
tricular (LV) mass (1:3 ratio) (4). How-
ever, a sustained increase in RV after-
load results in increased RV workload,
RV hypertrophy, and remodeling in pa-
tients with PAH. Although increased RV
workload might necessitate enhanced
RV myocardial perfusion and oxygen
consumption (4,5), a reduction in sys-
tolic flow in the right coronary artery
has been reported in patients with PAH
and has been attributed to increased RV
mass and increased RV systolic pressure
(6,7). RV ischemia in PAH is thought to
be due to an increase in cardiac mass,
which is not accompanied by a propor-
tionate increase in the cross-sectional
area of the coronary vessels that supply
the hypertrophied ventricle (8). There-
fore, a reduction in myocardial perfu-
sion per gram of tissue may contribute
to RV dysfunction and failure in patients
with PAH.

Advances in Knowledge

B Biventricular myocardial perfu-
sion reserve (MPR) is signifi-
cantly reduced in patients with
pulmonary arterial hypertension
(PAH) compared with that in
healthy control subjects.

B Biventricular MPR is inversely
correlated with pulmonary arte-
rial pressure (PAP) and right
ventricular (RV) stroke work
index in patients known or sus-
pected to have PAH.

B Mean PAP and RV ejection frac-
tions are associated with RV MPR

in patients known or suspected
to have PAH.

There is a paucity of human and an-
imal studies that address RV perfusion
in the setting of increased pulmonary
vascular resistance. A direct correlation
between the RV ischemia suggested by
myocardial scintigraphic findings and
the RV dysfunction in patients with id-
iopathic PAH has been observed (9,10).
Myocardial blood flow was increased at
rest in the hypertrophied RV myocar-
dium in a pony model of pulmonary ar-
terial banding; however, this occurred
at the expense of curtailed RV coronary
vascular reserve (5).

The role of biventricular myocar-
dial perfusion reserve in response to
increased pulmonary pressure and the
resulting RV remodeling and dysfunc-
tion in humans remains unclear. We
hypothesized that there was a correla-
tion between RV function and myocar-
dial perfusion in patients with PAH,
and, therefore, we evaluated the re-
lationships of RV and LV myocardial
perfusion with ventricular function and
pulmonary hemodynamics in patients
known or suspected to have PAH by us-
ing adenosine stress perfusion cardiac
magnetic resonance (MR) imaging.

Materials and Methods

Patient Population and Study Design

This prospective, Health Insurance Por-
tability and Accountability Act-compliant
study was approved by the institutional
review board of Johns Hopkins Uni-
versity School of Medicine. Written in-
formed consent was obtained from all
participants. Between January 2007 and
March 2009, a total of 33 patients who
were referred for evaluation of clini-
cally known or suspected pulmonary
hypertension were examined with ad-
enosine stress cardiac MR imaging
and right heart catheterization (RHC),
which were performed on the same day.
All patients were part of a screening

Implication for Patient Care

B Further research is needed to
determine whether reduced MPR
has any prognostic importance in
patients with PAH.

program to detect pulmonary hyperten-
sion and therefore underwent clinically
indicated RHC. The criteria for exclu-
sion from our study were contraindica-
tions to adenosine, incomplete MR im-
aging examination, and nondiagnostic
MR image quality. Three patients were
excluded from the analysis because of
breathing artifacts that substantially af-
fected the cardiac MR image quality. An
additional five patients were excluded
because they could not complete the en-
tire MR imaging protocol owing to non-
compliance or claustrophobia (n = 2)
or contraindications to adenosine (n =3,
resting arterial systolic blood pres-
sure < 100 mm Hg). Thus, the study
sample consisted of 25 patients aged
45-80 years (mean age, 60.1 years =*
9.1 [standard deviation]); the majority
of them were women (n = 22 [88%]),
reflecting the known higher prevalence
of PAH among women (11).

In addition, 16 healthy age- and sex-
matched volunteers (mean age, 53.3 years
+ 6.1; 10 female) underwent MR im-
aging with the same imaging protocol
used for the patients. The volunteers
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were not examined with RHC. These
individuals were screened with use of a
questionnaire to determine the poten-
tial known causes of PAH as exclusion
criteria (ie, scleroderma, rheumatoid
arthritis, systemic lupus erythematosus,
sickle cell disease, chronic obstructive
lung disease, human immunodeficiency
virus, sleep apnea). A lipid profile was
also obtained, and the Framingham
cardiovascular risk score was calculated

(12). Other exclusion criteria for this
control group were diabetes, smoking,
hypertension, and a greater than 10%
Framingham 10-year risk. Nine volun-
teers had been excluded on the basis of
the screening criteria.

On the basis of hemodynamic mea-
surements, the 25 patients were di-
vided into two groups: non-PAH (mean
pulmonary arterial pressure [mPAP]
= 25 mm Hg, n = 8) and PAH (mPAP

> 25 mm Hg, pulmonary capillary wedge
pressure < 15 mm Hg; n = 17) (13). In
all patients, RHC was performed with
fluoroscopic guidance as previously de-
scribed (14). All patients completed the
RHC procedure without complications.

MR Imaging

In all study participants, cardiac stress
perfusion MR imaging was performed
with a 3-T imager (Siemens Trio;

Table 1

Study Subject Data
Control Group Non-PAH Group PAH Group Bonferroni

Parameter* (n=16) (n=29) (n=17) PValuet PValue*
Age (y) 51.7 (48.3-57.7) 58.8 (52.8-64.9) 64.4 (51.7-67.3) .06 NS
mPAP (mm Hg) 17.5 (15.5-19.5) 42.0 (32-48.5) <.00018 <.003
SPAP (mm Hg) 29.5 (27.5-34.5) 70 0 (50.0-84) <.00018 <.003
Pulmonary capillary wedge pressure (mm Hg) 6.5 (6.0-8.0) 10 (7-11.5) 038 NS
PVRI (dynes X sec/cm®/m?) 253.5 (220-348) 1004 (538-1408) .00018 <.003
LV EDV/BSA (mL/m?) 69 6 (56.7-76.0)" 61.7 (58.3-67.2) 56.1 (43.9-66.0)" .03 NS

LV ESV/BSA (mL/m?) 23.5 (18.2-28.6)" 19.4 (18.0-27.4) 16.0 (11.8-22.9)" .03 NS

LV stroke volume/BSA (mL/m?) 44.6 (37.9-48.9) 40.3 (36.5-42.2) 36.8 (30.9-44.2) .052 NS

LV ejection fraction 65.9 (59.4-69.1) 67.7 (57.0-70.3) 68.7 (63.7-72.9) .35 NS

LV mass/BSA (g/m?) 72.8 (66.1-80.7) 70.6 (59.4-73.9) 64.6 (52.5-74.9) .06 NS

RV EDV/BSA (mL/m?) 77.2 (62.4-89.3) 75.9 (64.6-84.8) 84.3 (73.1-99.9) .24 NS

RV ESV/BSA (mL/m?) 33.6 (22.1-42.1) 32.2 (26.0-46.5) 42.7 (33.4-60.3) .04 NS

RV stroke volume/BSA (mL/m?) 43.5 (38.8-47.5) 40.1 (35.9-42.1) 36.8 (31.1-43.6) .08 NS

RV ejection fraction 57.3 (52.0-63.4) 53.7 (46.6-60.4) 48.2 (37.0-52.3) .003 NS

RV mass/BSA (g/m?) 26.0 (22.3-30.0) 22.9 (19.5-29.5) 31.8 (20.3-55.6) 13 NS
VMI 0.33 (0.31-0.40) 0.35(0.32-0.39) 0. 45 (0.36-0.84)" .001 .029
At-rest LV perfusion (mL/g X min) 1 00 (0.76-1.38) 1 01 (0.60-1.22) .1(0.64-1.53) .78 NS
At-rest LV perfusion [(mL/g X min)/RPP] X 10000 .1(1.0-1.6) .1(0.8-1.3) 2(0.9-1.7) .69 NS
Stress LV perfusion (mL/g X min) .8(2.8-6.4) .6 (3.1-4.9) .3(1.4-3.4) .002 NS

LV MPRI 6 (2.7-4.1) .1(2.6-4.8) .8 (1.6-2.1)* <.0001 <.003
LV MPRI, septum .3(2.7-4.6) .9 (2.8-5.4) .9 (1.6-2.4) <.0001 <.003
LV MPRI, other** .7 (2.6-4.0) 3(2.8-4.8) 1(1.6-2.2)* <.0001 <.003
At-rest RV perfusion (mL/g X min) 0. 61 (0.46-0.88) 0. 65 (0.39-0.82) 0. 97 (0.45-1.11) .25 NS
At-rest RV perfusion [(mL/g X min)/RPP] X 10000 0. 79 (0.63-1.03) 0. 74 (0.5-0.9) 1(0.7-1.2) 18 NS
Stress RV perfusion (mL/g X min) 4 (1.9-3.1) .0(1.2-2.7) .5(0.9-2.5) .07 NS

RV MPRI 9 (2.6-3.6)" 5(1.8-3.9)" 7(1.3-2.0)" <.0001 <.003
RV stroke work index (mmHg X mL/m?) .8(5.9-8.7) 16 7 (11.6-21.3) .00018 <.003
At-rest LV-RV perfusion ratio 1.5(1.2-1.8) 5(1.4-1.8) 3(1.2-1.5) 31 NS
Stress LV-RV perfusion ratio 1.7(1.4-2.2) .3 (1.5-2.5) 5(1.3-1.7) .01 NS

Note.—With exception of Pvalues, data are median values, with 25th—75th percentile ranges in parentheses.

* BSA = body surface area, EDV = end-diastolic volume, ESV = end-systolic volume, PVRI =

pressure, VMI = ventricular mass index.

pulmonary vascular resistance index, RPP = rate-pressure product, SPAP = systolic pulmonary arterial

T P values for comparison between non-PAH, PAH, and control groups with the Kruskal-Wallis test. Only in the cases of significance, the Mann-Whitney U test was then used for intergroup

comparisons.

NS = not significant after Bonferroni correction, accounting for the 29 variables tested.
§ Only the Mann-Whitney U test was used for these direct comparisons.

I P < .05 (Mann-Whitney U test) for intergroup comparisons.
# P < .01 (Mann-Whitney U test) for intergroup comparisons.
** MPRI of LV wall, with septum excluded.
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C. d.
Figure 1:

0.0
ml/min/g

Representative short-axis perfusion maps show RV and LV regions of interest in (a, b) healthy

control subject and (c, d) patient with PAH (mPAP, 45 mm Hg; pulmonary capillary wedge pressure, 10 mm Hg)
at rest (@, ¢) and during adenosine-induced stress (b, d). Perfusion scales are at right. There were significantly
lower RV and LV myocardial perfusion reserve indexes (MPRIs) in the PAH group than in the healthy control

group (Table 1). Also note the RV remodeling in ¢ and d.

Siemens, Erlangen, Germany). We in-
duced stress by infusing adenosine at
a rate of 140 pg per kilogram of body
weight per minute. After 3 minutes,
gadopentetate dimeglumine (Magne-
vist; Bayer Schering Pharma, Berlin,
Germany) was injected at a dose of
0.025 mmol per kilogram of body weight,
which was followed immediately by a
20-mL normal saline flush; both were
injected at a rate of 3 mL/sec. The im-
ages were obtained by using saturation-
recovery gradient-echo cardiac MR im-
aging with the following parameters:
2.1/1.05 (repetition time msec/echo
time msec), a 12° flip angle, a minimal
field of view, a matrix of 192 X 116,
an in-plane spatial resolution ranging
from 1.7 X 2.1 mm to 2.1 X 2.5 mm,

an acquisition duration of 175 msec,
a section thickness of 10 mm, and a
generalized autocalibrating partially par-
allel acquisition acceleration factor of
two. Two short-axis sections were ac-
quired during 80 heart beats. The basal
short-axis section was acquired during
systole of one heart beat, and the middle
short-axis section was acquired during
systole of the following heart beat in an al-
ternating fashion—one section per beat—
to result in a temporal resolution of two
R-R intervals for each section. We im-
aged the patients during systole because
of the higher biventricular wall thickness
at systole compared with that at diastole.
At-rest perfusion MR images were ob-
tained at least 10 minutes after the stress
perfusion MR images were obtained.

Cine MR images were acquired by us-
ing a retrospective electrocardiographi-
cally gated turbo fast low-angle shot seg-
mented gradient-echo sequence. These
segmented gradient-echo turbo fast low-
angle shot cine images were acquired
by using 6.5/3.2, a flip angle of 15°, a
bandwidth of 260 Hz/pixel, a generalized
autocalibrating partially parallel acquisi-
tion acceleration factor of two, seven
segments, a section thickness of 8 mm,
a matrix of 256 X 192, a minimal field
of view, an in-plane spatial resolution
ranging from 1.3 X 1.3 mm to 1.6 X
1.6 mm, an acquired temporal resolu-
tion of 40 msec, and 30 reconstructed
cardiac phases. Short- and long-axis seg-
mented inversion-recovery gradient-echo
delayed-enhancement MR images were
also obtained in each participant after a
total gadopentetate dimeglumine dose of
0.2 mmol/kg was administered (13).

MR Imaging Analysis
For absolute quantification of myocar-
dial blood flow, perfusion maps were
generated at rest and during adenosine-
induced stress on a pixel-by-pixel basis
by using the Fermi function model and
dedicated software (16-18). Before the
perfusion maps were generated, mo-
tion correction and denoising were per-
formed as previously described (19,20).
When necessary (in 19 of the 41 partici-
pants), we also performed separate mo-
tion corrections that were optimized for
each ventricle to minimize the motion
between time points. For the arterial
imput function measurement, a region
of interest was placed in the LV cavity.
On the short-axis gradient-echo perfu-
sion MR images, two regions of inter-
est, outlining the RV and LV walls, were
drawn. These regions of interest were
then copied onto the perfusion maps
(Fig 1). On the two short-axis sections,
75% of the RV myocardial volume could
be analyzed for the myocardial perfusion
analysis. This is similar to the work of
Plein et al (21), who demonstrated that
72% of RV segments could be analyzed
by using a high-spatial-resolution perfu-
sion MR sequence at 3 T. The septum
was considered a part of the LV.

For each short-axis section, RV and
LV mean myocardial blood flow values
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were calculated. Then, the mean myo-
cardial blood flow value of the short-axis
sections was averaged for each ventricle.
Because the at-rest myocardial blood flow
is closely related to the rate-pressure
product, the at-rest mean global RV and
LV myocardial blood flow values in each
patient were corrected for the respective
rate-pressure products—that is, the ab-
solute myocardial blood flow values were
divided by the rate-pressure product,
and the resulting quotients were divided
by 10 000 (22,23). The LV and RV MPRIs
were then calculated for each patient as
the ratio of myocardial blood flow dur-
ing hyperemia to that during rest (24).
One experienced observer (J.S., 2 years
experience in cardiac MR imaging), who
was blinded to the patients’ diagnoses and
RHC results, performed the MR perfu-
sion analysis. To assess interobserver
agreement, a second blinded experi-
enced observer (J.V., 7 years experience
in cardiac MR imaging) performed the
MR perfusion analysis.

With use of MASS 6.2.1 software
(Medis, Leiden, the Netherlands), the
RV and LV endo- and epicardial borders
were traced on consecutive short-axis
cine MR images at end-systole and
end-diastole for biventricular function
analysis. The ventricular mass index
(VMI) was calculated from the RV mass
(an in grams) and LV mass (]V[w in
grams) during diastole: VMI = M /M, .
The RV stroke work index (SWI,) was
calculated according to the following
equation: SWI,, = (mPAP — mRAP) X
RV SV/BSA X 0.0136, where BSA is the
body surface area (in square meters),
RV SV is the RV stroke volume, and
mRAP is the mean right atrial pressure
(in millimeters of mercury).

Statistical Analyses

Results are presented as median values,
with 25th-75th percentile ranges. Ven-
tricular mass and volume parameters
were indexed as body surface area
(BSA) values: BSA = 0.007184 X w0425 x
h%725 where w is the weight (in kilo-
grams) and h is the height (in centime-
ters). The Shapiro-Wilks test was used
to test whether variables were normally
distributed. Because many of the vari-
ables were not normally distributed, non-

parametric tests were used to perform uni-
variate analyses. The Kruskal-Wallis test
with Bonferroni correction—accounting
for the number of variables tested—was
used for comparisons between the three
study groups. When the Kruskal-Wallis
test result was significant, the subgroups
were compared by using the Mann-
Whitney U test (25,26). This strategy
is specific to situations in which there
are only three comparison groups, as in
our present study. If one performs an
omnibus test such as the Kruskal-Wallis
test to determine if the means differ
between any of the three groups and
then conducts further intergroup test-
ing only if the omnibus test result is
significant, the originally set a error
level is preserved. The correlation be-
tween ventricular MPRI and both MR
imaging-derived cardiac functional in-
dexes and catheter-derived hemodynamic
parameters was tested by using the
Spearman rank correlation test. P < .05
was considered to indicate significance.
A multiple linear regression analysis was
performed to estimate the relationships
of RV and LV MPRIs with ventricular
mass index, ejection fraction, and mPAP.
Residual plots were visually examined
to assess for nonlinearity or lack of ho-
moscedasticity. Residuals were tested
for normality. Interobserver agreement
was tested by using Lin concordance
correlation coefficients (27). Statistical
analyses were performed by using 2007
Stata Statistical Software, release 10
(StataCorp, College Station, Tex).

Subject Population

Of the 25 patients, 17 had RHC-proved
PAH (11 with scleroderma-related PAH,
six with idiopathic PAH). PAH was ex-
cluded in the remaining eight patients
with scleroderma (non-PAH group). No
significant differences in the at-rest and
stress heart rates, systolic blood pres-
sure, or rate-pressure product between
the control subjects, patients without
PAH, and patients with PAH were ob-
served (Table 2). The median Framing-
ham cardiovascular risk score was 1%
(range, 1%-4%) in the control group

and 1% (range, 19%-2%) in the patient
groups (P = .95). Delayed-enhancement
MR imaging did not depict any myocar-
dial infarctions in our study population.

Biventricular Myocardial Perfusion
Reserve in PAH

The LV MPRI in the PAH group (me-
dian, 1.8; 25th-75th percentile range,
1.6-2.1) was significantly lower than
those in the non-PAH (median, 4.1;
25th-75th percentile range, 2.6-4.8
[P < .01]) and control (median, 3.6;
25th-75th percentile range, 2.7-4.1 [P <
.01]) groups. Similarly, the RV MPRI in
the PAH group (median, 1.7; 25th-75th
percentile range, 1.3-2.0) was signifi-
cantly lower than those in the non-PAH
(median, 2.5; 25th-75th percentile range,
1.8-3.9 [P = .03]) and control (median,
2.9; 25th-75th percentile range, 2.6-3.6
[P < .01]) groups (Table 1, Figs 1, 2).
There were no significant differences
in LV MPRI (P = .48) or RV MPRI (P=.31)
between the control and non-PAH groups
(Fig 2). There was a significant positive
correlation between RV MPRI and LV
MPRI (p = 0.63, P = .01 for patient group
[n =25]; p=0.73, P < .002 for entire
study group [n =41]). At rest, the median
LV perfusion-RV perfusion ratios were
1.5, 1.5, and 1.3 in the control, non-PAH,
and PAH groups, respectively (Table 1).
Biventricular myocardial perfusion
reserve and pulmonary pressures.—
Significant correlations between LV and
RV MPRIs and RV pressures were ob-
served (Table 3, Fig 3). LV MPRI had sig-
nificant linear negative correlations with
mPAP (p = —0.79, Bonferroni P < .002)
and pulmonary vascular resistance index
(p=—0.72, Bonferroni P < .002). There
were also significant linear negative cor-
relations between RV MPRI and mPAP
(p = —0.59, Bonferroni P = .036).
Biventricular myocardial perfusion
reserve and RV function.—There were
no significant correlations between LV
and RV MPRIs and LV function parame-
ters. However, we did observe significant
correlations between LV and RV MPRIs
and the following RV function and work-
load parameters (Table 3): between LV
MPRI and RV end-diastolic volume-BSA
ratio (p = —0.42, P = .036), RV end-
systolic volume-BSA ratio (p = —0.48,
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Table 2

Vital Signs and Rate-Pressure Products at Rest and during Adenosine-induced Stress

Parameter

Control Group (n = 16)

Non-PAH Group (n = 8) PAH Group (n=17)

At-rest heart rate
(beats/min)

At-rest systolic blood
pressure (mm Hg)

At-rest rate-pressure
product (beats/min X
mm Hg)

Stress heart rate
(beats/min)

Stress systolic blood
pressure (mm Hg)

Stress rate-pressure
product (beats/min X
mm Hg)

66 (61-71)
126 (114-132)

8044 (7443-8696)

97 (76-103)

126 (114-131)

12068 (9078-13352)

79 (64-86) 75 (68-84)

110 (108-123) 121 (97-128)

8780 (6655—-10093) 8360 (7795-9962)

95 (86-110) 87 (72-96)

112 (108-117) 118 (109-134)

10464 (9321-13144) 10692 (8001-11741)

Note.—Data are median values, with 25th-75th percentile ranges in parentheses. There were no significant differences in
at-rest and stress heart rates, systolic blood pressure, and rate-pressure product between the control subjects, patients without

PAH, and patients with PAH.

@ Control

B Non-PAH

O PAH

0 -
RV MPRI
Figure 2:

]

LV MPRI

Graph illustrates median values (with 25th and 75th percentile

error bars) of RV and LV MPRIs (y-axis) in control, non-PAH, and PAH groups.
P <.05 () and P << .01 (=, 1) for comparisons of PAH group with control
and non-PAH groups. There were no significant differences in LV MPRI (P = .48)
or RV MPRI (P = .31) between the control and non-PAH groups.

P =.014), RV ejection fraction (p =0.53,
P=.007), RV mass-BSA ratio (p=—0.53,
P = .006), ventricular mass index (p =
—0.54, P = .007), and RV stroke work
index (p = —0.75, P < .0001); and be-
tween RV MPRI and RV end-systolic
volume-BSA ratio (p = —0.44, P = .03),

RV ejection fraction (p = 0.47, P =.018),
and RV stroke work index (p = —0.63,
P =.0007). However, after Bonferroni cor-
rection, by accounting for the number of
variables tested, only the correlations
of RV and LV MPRIs with RV stroke
work index remained significant.

Multiple linear regression analysis.—
A multiple linear regression model analy-
sis that included ventricular mass in-
dex, RV ejection fraction, and mPAP as
parameters for predicting RV and LV
MPRIs was performed. mPAP (P = .025;
B = —.044 [95% confidence interval:
—.82, —.006]) and RV ejection fraction
(P = .045; B = .057 [95% confidence
interval: .001, .11]) were independent
predictors of RV MPRI. Only mPAP
(P <.0001; B =—0.71 [95% confidence
interval: —.11, —.035]) was an inde-
pendent predictor of LV MPRI.

Interobserver variability.—Correla-
tion coefficients for interobserver con-
cordance regarding LV measurements
were 0.95, 0.96, and 0.97 for at-rest
perfusion, stress perfusion, and MPRI,
respectively. Correlation coefficients for
interobserver concordance regarding RV
measurements were 0.90, 0.62, and 0.80
for at-rest perfusion, stress perfusion,
and MPRI, respectively.

In this study we found that the patients
with PAH had lower RV and LV perfu-
sion reserves compared with the healthy
control subjects and the patients who
were suspected of having but did not
have PAH. RV and LV MPRIs were sig-
nificantly correlated with increasing
pulmonary arterial pressure and with
measures of RV workload, systolic dys-
function, and remodeling (ie, ventricu-
lar mass index). Biventricular MPRI was
inversely associated with mPAP and RV
stroke work index.

The fact that the patients with PAH
in our study had reduced perfusion re-
serves in not only the RV but also the
LV was not surprising. Patients with scle-
roderma have a systemic component of
endothelial dysfunction that is correlated
with disease severity (28,29). Similarly,
idiopathic PAH is known to be associated
with peripheral endothelial dysfunction
(30). In a study of 18 patients with idio-
pathic PAH, Wolff et al (30) demonstrated
an association between pulmonary vascu-
lar resistance index, mPAP, and periph-
eral endothelial dysfunction—results that
are consistent with our findings, which in-
dicated significant correlations between
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LV MPRI in response to adenosine-
induced stress and both mPAP and pul-
monary vascular resistance index.

Nitenberg et al (31) evaluated coro-
nary sinus flow in patients with primary
scleroderma myocardial disease and
healthy control subjects at rest and dur-
ing dipyridamole-induced stress and ob-
served significantly decreased coronary
flow reserve in the scleroderma group
in the absence of significant coronary
artery stenosis, which they attributed
to reduced coronary microvascular va-
soreactivity. None of these patients was
reported to have pulmonary fibrosis or
systemic hypertension; however, they all
had at-rest LV perfusion abnormalities
at thallium 201 scintigraphy. Similarly,
the patients with PAH in our study had
a significantly reduced LV MPRI. The
fact that there was a difference in LV
MPRI between the scleroderma non-
PAH group and the PAH group, which
consisted mainly of patients with scle-
roderma, may be explained by more ad-
vanced myocardial microvascular dys-
function or, alternatively, the presence
of PAH leading to decreased coronary
perfusion pressure in the latter group
(32). Although myocardial involvement
in scleroderma is often clinically asymp-
tomatic, it is increasingly recognized
with imaging and is estimated to be a
poor prognostic factor (32-35).

Our study results showed signifi-
cantly lower RV at-rest myocardial blood
flow per gram of myocardial tissue com-
pared with the LV values in the scle-
roderma non-PAH and control groups,
with a median LV-to-RV myocardial flow
ratio of 1.5 at rest. This result is similar
to a previously reported ratio of 1.51 in
healthy subjects (4). In our PAH group,
the median at-rest LV-to-RV myocardial
blood flow ratio was reduced to 1.3,
mainly owing to a trend of increased
at-rest RV perfusion. In a study involving
ponies, significantly increased at-rest RV
perfusion was observed in the animals
with pulmonary hypertension compared
with that in the healthy control animals,
at the expense of the RV myocardial
perfusion reserve (3). A significantly
decreased RV MPRI in the patients with
PAH compared with that in the control
subjects was also observed in our study.

Table 3

Correlations between MPRI and LV Function Parameters

RV MPRI (n = 25)

LV MPRI (n = 25)

Bonferroni Bonferroni
Parameter* p Value P Value P Value p Value P Value P Value
Age (y) 0.1 .63 NS -0.2 .34 NS
mPAP (mm Hg) —0.59 .002 .036 -0.79 <.0001 <.002
SPAP (mm Hg) —0.56 .004 NS -0.8 <.0001 <.002
PCWP (mm Hg) —0.26 2 NS —0.45 .025 NS
PVRI (dynes sec/cm®/m?) —0.48 .01 NS —0.72 <.0001 <.002
LV EDV/BSA (mL/m?) 0.36 .07 NS 0.36 .08 NS
LV ESV/BSA (mL/m?) 0.37 .07 NS 0.4 0495 NS
LV stroke volume/BSA 0.29 16 NS 0.25 .23 NS
(mL/m?)
LV ejection fraction —0.22 .28 NS —0.24 .26 NS
LV mass/BSA —0.0008 1 NS —-0.07 .76 NS
RV EDV/BSA -0.37 .07 NS —0.42 .036 NS
RV ESV/BSA —0.44 .03 NS —0.48 014 NS
RV stroke volume/BSA 0.28 18 NS 0.24 .24 NS
(mL/m?)
RV ejection fraction 0.47 .018 NS 0.53 .007 NS
RV SWI (mm Hg X —0.63 .0007 .01 —0.75 <.0001 <.002
mL/m?)
RV mass/BSA —0.32 a1 NS —0.53 .006 NS
Ventricular mass index —0.26 .21 NS —0.54 .007 NS
LV MPRI 0.63 .0008 .01

Note.—NS = not significant after Bonferroni correction, accounting for the 18 variables tested.

* BSA = body surface area, EDV = end-diastolic volume, ESV = end-systolic volume, PCWP = pulmonary capillary wedge
pressure, PVRI = pulmonary vascular resistance index, SV = stroke volume, SWI = stroke work index, SPAP = systolic pulmonary

arterial pressure, VMI = ventricular mass index.

mPAP (mmHg)

LV MPRI

a.
Figure 3:

mPAP (mmHg)

RV MPRI

b.

Graphs illustrate significant inverse relationships between mPAP and (a) LV MPRI (p = —0.79,

Bonferroni P <.002) and (b) RV MPRI (p = —0.59, Bonferroni P=.036) in 25 patients known or suspected

to have PAH.

There are several mechanisms where-
by PAH may lead to reduced RV myocar-
dial perfusion reserve and thus to myo-
cardial ischemia: Marked RV remodeling
with RV myocardial hypertrophy results

in increased wall tension, which leads
to decreased oxygen supply, increased
oxygen extraction, and decreased per-
fusion secondary to compression of
the coronary circulation. Furthermore,
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systemic hypotension, common with
PAH and partially related to ventricular
interdependence, leads to decreased
coronary driving pressure, especially
when pulmonary artery pressures are
equal to or higher than systemic pres-
sures. Aside from these hemodynamic
alterations, a dysfunctional microcir-
culation such as that seen with sclero-
derma or idiopathic PAH may further
contribute to decreased vasoreactivity
and tissue ischemia (36). Investigators
in a recent study involving humans re-
ported a strong negative correlation (p =
—0.73) of right coronary artery flow per
gram of myocardial tissue in propor-
tion to the degree of RV hypertrophy in
patients with pulmonary hypertension
(6). Consistent with these findings, our
study further revealed significant cor-
relations between RV and LV MPRIs
and worsening RV ejection fraction,
remodeling, and workload, suggesting
that reduced myocardial perfusion re-
serve may contribute to RV failure in
patients with PAH with increasing RV
workload.

Interobserver agreement regarding
the RV perfusion measurements was
moderate compared with that regard-
ing the LV measurements. This may be
explained by technical postprocessing
challenges, especially in the relatively
thin-walled RV compared with the LV.
To overcome these challenges, we sought
to perform at-rest and stress perfusion
MR imaging during systole for each
short-axis section to maximize the RV
and LV wall thicknesses by using high-
spatial-resolution gradient-echo MR im-
aging (37,38). In addition, we recorded
the mean value of both short-axis sec-
tions for each ventricle to minimize the
influence of potential artifacts. Coro-
nary angiography was not performed
to exclude significant coronary artery
stenosis in this study. However, we did
not observe any characteristic focal re-
versible or fixed myocardial perfusion
defects in a coronary artery distribution
during adenosine stress MR imaging or
any myocardial infarctions at delayed-
enhancement MR imaging.

The significance of some correla-
tions of biventricular MPRI with RV
function and remodeling parameters

was lost after Bonferroni correction for
multiple variable testing (Table 3). We
believe that this was mainly owing to
the relatively small sample size in this
exploratory study and that these cor-
relations should be regarded as strong
associations, the significance of which
needs to be proved in future studies
with larger sample sizes.

In conclusion, reduced RV and LV
myocardial perfusion reserves are asso-
ciated with elevated mPAP in patients
known or suspected to have PAH who
undergo RHC. The reduced adenosine-
induced biventricular vasoreactivity in
patients with idiopathic PAH and pa-
tients with scleroderma-related PAH
is closely correlated to increased RV
workload and RV dysfunction, suggest-
ing that reduced myocardial perfusion
reserve may contribute to RV dysfunc-
tion in patients with PAH. Further re-
search is needed to determine whether
reduced myocardial perfusion reserve
has any prognostic importance in pa-
tients with PAH.
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