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Right ventricular ischemia occurs in experimental models of pul-
monary hypertension. We analyzed right ventricular size and
function and 2°'T1 uptake to determine if there was a relationship
between 2°'Ti uptake and systolic function in 19 patients with
pulmonary artery hypertension who were being evaluated for
heart-lung transplantation. All patients had dipyridamole stress
2017 scintigraphy, radionuciide angiography and echocardiogra-
phy. In nine patients (Group 1), right ventricular ejection fraction
was <30% (mean 22% =+ 8%). In 10 patients (Group 2) it was
>30% (mean 45% = 11%). In Group 1, right ventricular 2°'T}
uptake in the lateral wall after dipyridamole was increased com-
pared to Group 2 (40% + 7% versus 28% + 15% counts/pixel,
p < 0.05) while left ventricular free wall uptake was similar. The
ratio of right to left ventricular 2°'T1 uptake was increased in
Group 1 versus Group 2 (0.81% =+ 0.30% versus 0.49% =+
0.18%, p < 0.05). At 4 hr, right ventricular free wall 2°'T] clear-
ance was comparable, 51% + 13% versus 51% + 18% in
Groups 1 and 2, respectively. No patient had perfusion abnor-
malities. Right ventricular ejection fraction was inversely related
to dipyridamole stress right ventricular 2°'T1 uptake, r = —0.49,
p < 0.03, s.e.e. = 13.6. Right ventricular 2°'T1 uptake was
directly related to right ventricular wall thickness (r = 0.56, p =
0.18, s.e.e. = 10.4). Therefore, patients with more severe right
ventricular systolic dysfunction have greater 2°'Tl uptake after
dipyridamole stress, suggesting increased myocardial mass and
possibly biood flow in response to hypertrophy. Patients with the
most marked hypertrophy have impairment of right ventricular
systolic function, independent of ischemia.
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In patients with pulmonary artery hypertension, devel-
opment of right ventricular enlargement and dysfunction is
associated with poor survival (1-4). Previous studies have
documented the decline in right ventricular systolic func-
tion that occurs with pressure overload (5-7). Right ven-
tricular systolic dysfunction also occurs in experimental
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preparations as pulmonary artery pressure is increased
(89). Part of the decline in function in these models is
related to ischemia. The right ventricle is susceptible to
ischemia when pulmonary artery pressure is raised and
coronary reserve becomes limited (8-11).

In patients with pulmonary hypertension, the hypertro-
phied right ventricle may be susceptible to ischemia. Thal-
lium-201 is widely used to depict left ventricular myocar-
dial blood flow. Since right ventricular mass (12) and blood
flow/gram of myocardium (13,14) are substantially less
than for the left ventricle, the former is usually only faintly
seen on standard planar imaging in patients. One would
expect increased uptake in patients with right ventricular
hypertrophy. Few studies have described increased right
ventricular 2'T1 uptake in patients with pulmonary artery
hypertension (15, 16). The purpose of this investigation was
to analyze right ventricular 'T] uptake in patients with
longstanding pulmonary artery hypertension to determine
how %'T1 kinetics relate to right ventricular size and func-
tion, and if these patients show evidence of right ventric-
ular ischemia.

MATERIALS AND METHODS

Patients

Over a 3-mo period, we studied 19 patients with pulmonary
artery hypertension who were being considered for heart-lung
transplantation. A dipyridamole 2**T1 perfusion scan was ordered
as part of the transplant evaluation to exclude significant coronary
artery disease. There were 9 men and 10 women, age 34 + 7 yr.
The primary diagnoses and duration of symptoms are listed in
Table 1. Most patients were severely disabled and could not
exercise. All xanthine preparations were withheld for at least 72 hr
before testing. Other medications were not withheld prior to test-

ing.

Dipyridamole Thalllum-201 Scintigraphy

All patients received 300-400 mg of crushed oral dipyridamole
dissolved in orange juice. The heart rate and cardiac rhythm were
monitored continuously. The blood pressure and 12-lead ECG
were obtained every 5 min. After 40 min, 2.5 mCi of %°'T] was
given intravenously. The patient had planar imaging using a con-
ventional gamma camera (GE Starcam, Milwaukee, WI) and a
general all-purpose collimator. A symmetrical 20% window cen-
tered around the 68-80 keV mercury x-rays and a 10% window on
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TABLE 1

Clinical Data
Duration Age NYHA PAS RVEF
Diagnosis om om (Class) RVH (mmHg) (%)
Group 1
1 Cobalt 17 52 4 0 54 24
2 PPH 4 32 4 + 90 10
3 Sarcoid 8 39 4 + 60 26
4 PA Stenosis 31 31 3 + 120 28
5 PPH 5 42 3 + 87 29
6 MCTD 5 26 3 + 81+ 16
7 Alpha-1 15 34 2 + 55* 24
8 PPH 5 43 3 + 90 27
9 PPH 4 37 4 + 100 10
M 10 37 33 82 2
sd. 9 8 0.7 22 8
Group 2

10 VSD 3 19 2 + 140 54
1 Eos Gran 8 39 2 + 64* 35
12 VSD 28 38 2 + 94 59
13 PDA 4 33 3 + 140 36
14 CF 12 27 4 + 71* 66
15 PPH 4 29 3 + 86 43
16 CF 4 28 2 + 81* 39
17 Bronch 8 33 3 0 46 38
18 CF 7 31 3 + 42 37
19 PPH 3 30 3 + 88 44
M 8 31 27 85 45
s.d. 7 6 0.7 34 1"

*Pressure estimated by doppler echocardiography.

Alpha-1 = alpha-1 antitrypsin deficiency; Bronch = bronchiectesis; Cobalt = cobalt lung disease; CF = cystic fibrosis; Eos Gran = eosinophilic
granuloma; M = mean; MCTD = mixed connective tissue disease; NYHA = New York Heart Association; PA = pulmonary artery, PAS = pulmonary
artery systolic pressure; PDA = patent ductus arteriosus; PPH = primary puimonary hypertension; s.d. = standard deviation; RVEF = right
ventricular ejection fraction; RVH = right ventricular hypertrophy by ECG; VSD = ventricular septal defect.

the 167 keV peak were used. The initial set of images was ob-
tained approximately 5 min after 2°'T1 injection. Images were
obtained for a preset time of 8 min. All images were stored on a
computer disc in a 128 x 128 matrix format for later processing.
The first image was obtained in the view that gave best septal
separation. The camera was then rotated 30 degrees RAO and
then 30 degrees LAO from the best septal view. A fourth image
was obtained by lying the patient on his right side in the true
lateral position. After the initial set of images were acquired, all
patients received 100 mg of intravenous aminophylline. A second
set of images was obtained 4 hr after the initial images in the same
positions.
Qualitative Thallium-201 Analysis

The perfusion scans were interpreted subjectively without
knowledge of clinical data. The images were graded for the con-
centration of 2°'T1 in the region of the right ventricular free wall on
the best LAO image. Right ventricular activity was graded as 3+
for activity greater than that in the left ventricular free wall, 2+ for
activity equal to that of the left ventricular free wall and 1+ for
activity less than that in the left ventricular free wall. The size of
the right ventricular cavity was compared qualitatively to that of
the left. The right ventricle was considered dilated if its cavity was
greater than the left ventricle.
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Quantitative Thallium-201 Analysis

Quantitative analysis of both ventricles was performed. The
processing involved modified bilinear interpolative background
subtraction and standard 9-point smoothing according to
previously described techniques (17-19). In order to separate the
ventricles, analysis of the best LAO image was performed. A
region of interest (ROI) was drawn over the lateral wall of the
left ventricle on the background subtracted image and the
counts/pixel recorded. The computer positioned the identical
region over this area on the delayed image. The percent wash-
out represents the difference in counts/pixel of the left ventri-
cular lateral wall between the initial and delayed image, normal-
ized for the initial counts (1819). A similar analysis was
performed for the right ventricle. In the best LAO view, a ROI
was drawn on the background subtracted image over the right
ventricular free wall. The septum was not included in the
region. The computer positioned the same ROI over the right
ventricle in the delayed images and the percent washout was
computed from the percent change in counts/pixel between the
two ROISs. The ratio of right-to-left ventricular uptake was com-
puted by comparing counts/pixel in the respective ROIs on the
stress view.
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Right Ventricular Ejection Fraction

After 2°'Tl imaging, the patients’ red blood cells were labeled in
vivo with 25 mCi of ™ Tc. A gamma camera (GE Starcam or
Picker) equipped with a low-energy, all-purpose parallel-hole col-
limator was positioned in the LAO position which gave best septal
separation with 10-15 degrees of caudal tilt. Gated equilibrium
radionuclide angiograms were obtained in a 32-frame per cardiac
cycle format. The gated studies were analyzed using a semi-
automatic program which generated ROIs over the right ventricle
in systole and diastole. The frames were displayed in an endless
loop movie format to assist in edge detection. A phase image was
generated to aid in separation of the right atrium and ventricle.
From the ROISs, a background corrected time activity curve was
generated from which right ventricular ejection fraction was cal-
culated (20).

Echocardiography

Standard two-dimensional echocardiography was performed.
Adequate data for interpretation of right ventricular size and wall
thickness were available in 17 patients. Right ventricular wall
thickness was measured in the subcostal view. The transverse
diameter of the right ventricular outflow tract was measured in the
short axis view at the level of the mitral valve. The diameter of the
right ventricular inflow tract was measured in the apical four
chamber view at the tricuspid valve level.

Hemodynamics

Most patients (n = 14) had right heart catheterization per-
formed within 3 mo of the noninvasive evaluation. The catheter-
ization was performed with a standard Swan-Ganz catheter. In the
remaining five patients, pulmonary artery systolic pressure was
estimated from Doppler echocardiographic recording of the ve-
locity of the regurgitant jet of the tricuspid valve according to
previously published methods (21).

Analysis

Data are presented as mean =+ s.d. Differences between Groups
1 and 2 (see below) were compared by Student’s t-test for un-
paired data. Linear regression analysis was performed between
right ventricular wall thickness, size, ejection fraction and pres-
sures, and right ventricular free wall 2°'T] uptake.

RESULTS

Clinical Data

The patients had symptoms for an average of 9.2 + 8 yr.
In 14 patients, symptoms were NYHA Class III or IV. The
remaining five patients had Class I symptoms. All but two
patients had right ventricular hypertrophy on their 12-lead
ECG (22). Home oxygen was required by 11 patients. The
majority required treatment with digoxin, diuretics and
calcium channel blockers. All patients had elevated pulmo-
nary artery pressures (mean pulmonary artery systolic

pressure 84 * 28 mmHg).

Response to Dipyridamole

At 40 min after dipyridamole ingestion, the patients had
a mild but significant decline from baseline in supine sys-
tolic blood pressure (125 + 10 to 113 + 12 mmHg, p <
0.002) with no change in diastolic pressure. The heart rate
increased (88 = 910 97 = 7, p < 0.001). No patient devel-
oped chest pain or significant ST segment depression dur-
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FIGURE 1.

Example of a best
LAO view after
dipyridamole vaso-
dilation in a Group
1 patient. Note
marked right ven-
tricular 2°'T1 uptake,
chamber dilatation

ing monitoring. Gastrointestinal tract side effects were
common (Table 1).

Ventricular Function

The mean right ventricular ejection fraction was 34% *
15% (range 10%-66%). In our laboratory, we consider
severe right ventricular dysfunction as an ejection fraction
<30%. We dichotomized the patients into two groups on
this basis. There were nine patients who had severe dys-
function with a right ventricular ejection fraction <30%
(mean 22% =* 8%, Group 1). The remaining 10 patients
with ejection fractions >30% had a mean right ventricular
ejection fraction of 45% * 11%, (Group 2). Although dis-
ease duration and mean NYHA Class tended to be greater
in Group 1 versus Group 2, pulmonary artery systolic
pressure was similar in the two groups. Right ventricular
wall thickness tended to be greater in Group 1 compared to
Group 2 (1.4 + 0.14 versus 0.95 + 0.03 cm, p = 0.13). Right
ventricular outflow tract dimension was 3.72 % 0.40 cm in
Group 1 versus 3.25 + 0.47 cm in Group 2, p < 0.05. Right
ventricular inflow tract dimension also tended to be greater
in Group 1 versus Group 2 (5.43 = 1.01 versus 4.56 + 0.69
cm, p = 0.07). Left ventricular ejection fraction was nor-
mal in all patients. No patient had left ventricular hyper-
trophy on the ECG or two-dimensional echocardiogram.

Qualitative Thallium-201

No patient had a left or right ventricular perfusion ab-
normality on the planar images (Fig. 1). In Group 1, three
of nine patients had 3+ right ventricular 2*T1 uptake. The
remaining six patients had 2+ uptake. In Group 2, three of
ten patients had 3+, two patients had 2+ and five patients
had 1+ uptake. The mean uptake score was 2.4 = 0.5 in
Group 1 versus 1.8 = 0.9 in Group 2, p < 0.08. In Group 1,
seven patients had right ventricular dilatation versus three
Group 2 patients (Chi Square = 2.63, p = 0.1).

Quantitative Thallium-201

In Group 1, counts/pixel in the right ventricular lateral
wall on the stress view were increased compared to Group
2 (40 x= 7 versus 28 * 15 counts/pixel, p < 0.05). Left
ventricular free wall 2*'T] uptake on the dipyridamole
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FIGURE 2. Relation between right ventricular ejection fraction
(RVEF) and initial right ventricular (RV) 2°'T1 uptake.

stress image was similar in both groups (51 + 14 versus 54
* 21 counts/pixel). Therefore, the ratio of right-to-left ven-
tricular 2°'T1 uptake during pharmacologic vasodilatation
was greater in Group 1 versus Group 2 (0.81 + 0.30 versus
0.49 = 0.18, p < 0.05). Right ventricular free wall 2°'Tl
washout was comparable between the two groups; 51% +
13% versus 51% * 18% in Groups 1 and 2, respectively.
Left ventricular free wall washout was also similar be-
tween Groups 1 and 2 (49% = 15% versus 53% + 13%).
Right ventricular ejection fraction was inversely related to
initial right ventricular 2°'T1 uptake (r = —0.49, p < 0.03,
s.e.e. = 13.6 (Fig. 2)) to right ventricular wall thickness (r
= —-0.47, p = 0.05, s.e.e. = 14.6) and to right ventricular
dimension (r = —0.50, p = 0.04, s.e.e. = 14.3). Initial right
ventricular °'T1 uptake was also related to ventricular size.
Initial right ventricular free wall 'T1 uptake was directly
related to right ventricular wall thickness (r = 0.56, p =
0.18, s.e.e. = 10.4) and inflow tract dimension (r = 0.58, p
= 0.15, s.e.e. = 10.3). There was no relation between right
ventricular 2°'T] uptake and systolic pulmonary artery
pressure (n = 19) or right atrial pressure (n = 14). Right
ventricular 2°'T1 uptake tended to be related to the calcu-
lated pulmonary vascular resistance (n = 14) (r = 0.46, p <
0.1, s.e.e. = 11.6).

DISCUSSION

The response of the right ventricle to increased afterload
is to dilate and hypertrophy. Horan and colleagues showed
a linear relation between right ventricular mass and free
wall area in 1500 human hearts at autopsy (23). By dilating,
the right ventricle uses the Frank-Starling mechanism, in-
creasing its preload to maintain cardiac output (24,25).
Hypertrophy allows normalization of wall stress and im-
proved ejection performance (26), yet, prolonged overload
impairs contractility (27). Eventually, the right ventricle
fails and cor pulmonale occurs. In patients with pulmonary
artery hypertension, the development of cor pulmonale is a
poor prognostic sign and a major cause of death (1-4).
Whether right ventricular ischemia contributes to the sys-
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tolic dysfunction was explored by analyzing %' Tl kinetics
in this setting.

Despite the excessive and prolonged afterload, results
fail to substantiate the presence of myocardial ischemia as
a major factor contributing to right ventricular dysfunction.
In experimental preparations, elevations in pulmonary ar-
tery pressure cause a decline in right coronary artery vas-
cular reserve and ischemia (8, 11). Likewise, in systemic
hypertension, coronary vascular reserve can be impaired
and is related to 2°'T1 perfusion abnormalities (28). How-
ever, in our patients with significant pulmonary hyperten-
sion, we failed to demonstrate either right ventricular per-
fusion defects or abnormal 'T1 kinetics to suggest
ischemia. Differences between right and left ventricular
pressure overload may be related to the known variations
in coronary flow patterns between the two ventricles (29).
In addition, since patients with systemic hypertension and
normal left ventricular mass have abnormal coronary flow
reserve, systemic hypertension may be related to small
vessel pathology and abnormal coronary vasodilator re-
sponse independent of left ventricular hypertrophy (30). A
similar primary small vessel abnormality may not exist in
the right ventricles of patients with pulmonary hyperten-
sion. We cannot exclude the possibility that subendocar-
dial ischemia was occurring and was in part responsible for
the systolic dysfunction. Additional studies evaluating
right ventricular %' Tl kinetics at several points in time after
injection, and right ventricular flow and metabolism with
positron emission tomography, may help determine the
potential role of ischemia in this setting.

Since initial Tl uptake is proportional to myocardial
blood flow (31-33), it is likely that our Group 1 patients had
increased right coronary flow after vasodilatation com-
pared to patients in Group 2. Flow may have been in-
creased in response to right ventricular enlargement (34).
Since these patients had more right ventricular dilatation
on two-dimensional echocardiography and on planar imag-
ing, greater right ventricular wall thickness, and more pro-
longed illness, it may be that they had a greater duration of
right ventricular overload leading to systolic dysfunction.
The direct relationships between right ventricular wall
thickness and size and dipyridamole stress Z'T] uptake
confirm that patients with the greatest right ventricular
mass have more prominent 2°'T] uptake. The inverse rela-
tionship between initial ?°'T] uptake and ejection fraction
suggests that these patients with the greatest hypertrophy
have worse ventricular function. This implication is con-
firmed by the inverse relationship between both right ven-
tricular wall thickness and dimension and right ventricular
ejection fraction. In a similar fashion, decreased left ven-
tricular contractility has been reported in prolonged left
ventricular pressure overload in patients with aortic steno-
sis (35,36) and systemic hypertension (37).

There are few studies which have analyzed right ventric-
ular 2°'T1 uptake. Cohen et al. first showed that right ven-
tricular 2°'T1 uptake is increased in patients with pulmo-
nary artery hypertension (15). In a study of 99 patients with
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a variety of cardiac diseases, Kondo et al. showed that
right ventricular 2°'T] uptake increased linearly with right
ventricular systolic and end-diastolic pressures and stroke-
work (16). In an animal model of right ventricular hyper-
trophy, Rabinovitch et al. confirmed that right ventricular
2011 yptake correlated with mass and was increased sig-
nificantly in animals with pulmonary artery hypertension
compared to controls (34). Our results confirm these ex-
perimental reports showing significant correlations be-
tween right ventricular Z'T] uptake and mass as estimated
by dimension and wall thickness. We did not find a rela-
tionship between 2'Tl uptake and pulmonary artery or
right atrial pressures. It may be that some of our patients
with severe right ventricular overload had decreased pul-
monary artery pressures due to lower cardiac output. The
modest correlation between 2°'T] uptake and pulmonary
vascular resistance supports this supposition.

Right ventricular ?°'T1 kinetics have not been reported
previously. Our washout rates for both ventricles at 4 hr
were rapid and equivalent. Since washout rates are pro-
portional to initial 2°'T] uptake (38), the near equal rates
between the ventricles depict the marked right ventricular
uptake in these patients. In patient studies, the myocardial
clearance rate of 2*'Tl appears to be slower after dipyri-
damole than exercise (39,40). The splanchnic bed acts as a
reservoir, releasing the isotope into the blood causing
higher blood levels and decreased gradient for myocardial
washout (40). Our high levels of clearance may be related
to differences in splanchnic uptake in patients with marked
elevations in right heart pressures compared to normals.

Methodologic Issues

We used the right and left ventricular lateral walls on the
view with best ventricular separation to quantitate 2°'Tl
uptake and washout. On this view, the two lateral walls are
easily separated from the interventricular septum. We used
oral dipyridamole to cause coronary vasodilatation. Intra-
venous dipyridamole was not available to us at the time of
the study. Although oral dipyridamole may not be as reli-
able as the intravenous form, blood dipyridamole levels
and effects appear to be similar when it is given intrave-
nously (41). All our patients had a significant hemody-
namic effect at the time of 2°'Tl injection.

Changes in background (42) and other technical factors
(43) can influence quantification of myocardial 2°'T1 activ-
ity. High levels of splanchnic uptake can cause over-sub-
traction of myocardial counts (44). Nonetheless, one
would not expect a difference in background subtraction in
the patient groups. In addition, each patient acted as his
own control since right ventricular uptake was normalized
to left ventricular uptake. It is unlikely that differences in
background subtraction, positioning or attenuation can ex-
plain the dissimilarity in °'T] uptake between the groups.
Finally, the separation of our patients into two groups was
arbitrary and based on our previous clinical segration of
patients with right ventricular dysfunction. The linear re-
lations between 2°'T1 uptake, right ventricular ejection
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fraction and wall thickness suggest that these factors vary
in a continuous manner.

In conclusion, patients with pulmonary hypertension
have increased right ventricular *°'T] uptake directly re-
lated to right ventricular size and inversely related to right
ventricular systolic function.
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