First-Pass Anger Camera Radiocardiography:
Biventricular Ejection Fraction, Flow,
and Volume Measurements

Martin L. Nusynowitz, Anthony R. Benedetto, Richard A. Walsh,

and Mark R. Starling’

Division of Nuclear Medicine, Department of Radiology, University of Texas Medical Branch,
Galveston, and Divisions of Nuclear Medicine and Cardiology, University of Texas Health

Science Center, San Antonio, Texas

First-pass (FP) right and left ventricular ejection fraction results were compared with
equilibrium radiocardiographic (ER) measurements, and FP left ventricular ejection fraction
(LVEF) values were compared with biplane contrast angiographic (CA) measurements in 13
patients with and seven patients without regurgitant valvular disease. Regurgitant fractions
were calculated from differences between the FP right and left ventricular stroke volumes.
Ejection fractions determined by FP were precise (mean CV = 9.6% RVEF, 13.4% LVEF).
Mean LVEF by FP and ER were essentially identical, and both were lower than by CA.
LVEF e correlated with LVEF by ER and CA (r = 0.88, p < 0.001). Mean RVEF by both FP
and ER were also correlated (r = 0.82, p < 0.001). There was correlation between FP
(corrected) and CA left ventricular stroke (r = 0.77), end-diastolic (r = 0.88), and end-systolic
(r = 0.91) volumes, but underestimates were noted when uncorrected flows were used (r =
0.52-0.71). The FP regurgitant fraction measurements separated the patients with regurgitant
valvular disease from those without and agreed well with CA grading of regurgitation.
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Leﬁ ventricular ejection fraction measurements by
first-pass (FP) radiocardiographic techniques correlate
well with contrast angiography (CA) (1,2), but because
of the complexity of the shape of the right ventricle,
geometric methods of determining right ventricular
ejection fraction (RVEF) are difficult (3,4). A number
of radiocardiographic RVEF methods have been de-
scribed and appear to be satisfactory, as judged by
internal consistency of repeated measurements and cor-
relation of FP with equilibrium radiocardiographic
(ER) methods (5,6). Because of problems arising from
overlying cardiac chambers, first-pass RVEF methods
have utilized right anterior oblique (RAO) or anterior
projections in order to spatially separate atrial activity
from that of the right ventricle; these FP techniques
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also allow for temporal separation of the left and right
ventricles. Equilibrium radiocardiographic methods (7)
performed in the left anterior oblique (LAO) projection
have used special collimation (30° slant hole) in an
attempt to separate the right atrium from the right
ventricle.

First-pass RAO projection techniques, from a theo-
retical viewpoint at least, allow determination of RVEF;
however, none of the techniques, including equilibrium
methods, has been subjected to thorough validation by
independent means because of the difficulty of defining
a widely acceptable “gold standard” for comparison.
Furthermore, the RAO projection FP technique does
not permit simultaneous calculation of the cardiac out-
put and stroke volume from either ventricle because
the spatial overlap of the chambers in the equilibrium
phase precludes the determination of equilibrium con-
centrations for either ventricle, which are necessary for
the Stewart-Hamilton calculational method.

First-pass radionuclide methods for the determina-
tion of cardiac output (and, hence, stroke volume) have
been used successfully with probe and multicrystal de-
tectors (8,9). These studies have shown the validity of
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FP measurements as compared with CA results, but
widespread application has not ensued. Furthermore,
the use of these methods with Anger cameras has been
extremely limited.

Because we were interested in the determination of
ejection fraction, flow, and volume information from
both ventricles, we performed ejection fraction, flow,
and volume measurements in a modified LAO projec-
tion, which allowed evaluation of both ventricles si-
multaneously. The purposes of our investigation were
to ascertain if valid measurements of left and right
ventricular ejection fractions, flows, and volumes could
be made using noninvasive FP radiocardiographic
methods and Anger scintillation cameras and to deter-
mine if the right and left ventricular flow data could be
used to estimate the degree of regurgitant valvular dis-
ease.

MATERIALS AND METHODS

The study group consisted of 20 patients in whom cardiac
catheterization was performed for evaluation of either coro-
nary artery disease, valvular heart disease, or congestive heart
failure. The radiocardiographic studies were performed within
48 hr of the catheterization, usually on the day preceding the
catheterization procedure.

Right heart catheterization was performed using a balloon-
tipped flow-directed catheter, and brachial artery catheteriza-
tion was performed using an NAMIC" catheter. Cardiac out-
put determinations were obtained using both the Fick princi-
ple and indocyanine green dye indicator dilution method. All
determinations were performed in triplicate.

Left heart catheterization was performed using standard
brachial or femoral techniques. Simultaneous biplane left
ventricular cineangiograms were obtained in the 30° RAO and
60° LAO/20° caudal projections following injection of 40-60
ml Renografin-76 at 10-15 ml/sec and 500 psi at a framing
rate of 60/sec. Left ventricular end-diastolic and end-systolic
volumes were calculated using a modified biplane formula
(10). Left ventricular ejection fraction was calculated in the
standard fashion.

The blood volume (V) was determined by using 5 uCi
iodine-125 ('*’I) radioiodinated human serum albumin,' be-
cause the rate of egress of this material from the circulation is
much lower than that of technetium-99m (**™Tc) albumin
albumin preparations (/7). Corrections for overestimation of
the red cell volume were employed using techniques previ-
ously described (12).

Following the determination of V,, the FP study was un-
dertaken. A rapid bolus injection (without flushing) of 8-10
mCi of [®*™TcJalbumin? in a volume of <1 ml into the external
jugular vein was used to generate FP curves employing a large
crystal camera with a LEAP collimator and a 20% window
centered on 140 keV. This dose was established by determin-
ing the gamma camera count rate response to increasing
quantities of radionuclide, using the high count rate mode. A
100-ml flask filled with ~80 ml of water was placed against
the face of the collimator and sequential 1-ml aliquots of 1
mCi each of [*™Tc]pertechnetate were added to the flask and

Volume 28 « Number 6 * June 1987

mixed. The count rate for each activity level was calculated
from a computer® and plotted. A linear response without
significant deadtime loss was observed up to 10 mCi. Dead-
time was calculated by the two-source method to be 1.6 usec.

With the patient supine, the camera was centered over the
heart in the 45° LAO position using 10° caudal tilt. The
computer system was used to acquire the data in serial mode
for 40 sec after injection, using 10-msec time markers and a
1.30% zoom.

Following acquisition of FP data, equilibrium data were
obtained 5, 7.5, 10, 12.5, and 15 min after injection for a 10-
sec period each, in order to calculate the equilibrium concen-
tration (Cy) by back extrapolation to zero time, assuming
monoexponential disappearance of the tracer from the blood
pool (11). For calculation of ventricular ejection fractions
(and other parameters), the images were first reformatted into
500-msec frames. Regions of interest (ROI) were defined for
the superior vena cava, right ventricle (RV), lungs, left ventri-
cle (LV), and left ventricular background. The LV background
region was drawn from 3 o’clock to 6 o’clock immediately
adjacent to the LV region of interest, avoiding lung and
descending aorta. A background region for the RV was
deemed unnecessary for the first-pass RVEF determination,
because background is extremely low (/3). The RV region
was defined manually by carefully outlining the RV, taking
care to exclude right atrial activity insofar as possible by
observing each frame individually and correcting the RV
outline as necessary. This ROI was utilized for determination
of RVEF by generation of a high frequency FP curve from
frames reformatted at 40-msec intervals (8). This curve was
smoothed once temporally (1-2-1 filter) to reduce high fre-
quency statistical noise, allowing ready identification of end
systole and end diastole. The FP ejection fraction subroutine
of the computer system was used to directly calculate the
RVEEF as the difference between end-diastolic and end-systolic
counts divided by end-diastolic counts. An average of 3.3 +
1.0 s.d. clearly defined individual heart beats were manually
identified for the RV, and each patient’s mean RVEF and
coefficient of variation were calculated. We used only beats
following peak ventricular activity because unpredictable re-
sults were observed in earlier work in our laboratory when
beats prior to the peak were used.

Similar procedures were used to calculate the LVEF, except
that the FP gross curves were corrected for background by
subtracting the normalized and ten-times temporally
smoothed background curves. An average of 5.3 + 1.1 heart
beats were manually identified for the LV.

The patients were injected with an additional 10-12 mCi
[**™Tc]albumin after completion of the FP study for acquisi-
tion of equilibrium radiocardiograms. Left ventricular equilib-
rium radiocardiographic ejection fraction [LVEF g, was ob-
tained by methods previously described (6); the right ventric-
ular equilibrium radiocardiographic ejection fraction
[RVEF gg)] was similarly obtained (5) using a right paraven-
tricular background correction. Note that the FP measure-
ment of EF employed a single ROI drawn to include the entire
left or right ventricle (essentially, an end-diastolic ROI),
whereas ER measurements used manually drawn end-diastolic
and end-systolic ROI. Briefly stated, end-systolic and end-
diastolic frames for each ventricle were identified in the equi-
librium study, and hand drawn ROI for both ventricles were
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defined on the spatially smoothed and background-subtracted
images. The FP results were compared with the ER images.
Left ventricular FP results were compared with results of CA.

For determination of flow by FP radiocardiography, the
Stewart-Hamilton principle was employed. The cardiac out-
put, F, is given by:

il _ Cf X V,,
min A,

, (0))

where C; (cpm/ml) is the equilibrium concentration of the
tracer in the blood, V,, (ml) is the blood volume, and A, (min-
cpm/ml) is the area under the extrapolated FP curve. Stroke
volume (SV) was obtained from F and heart rate (HR):

SV = F/HR. 2)

Using the FP ejection fraction, end-diastolic volume (EDV)
and end-systolic volume (ESV) were calculated by the equa-
tions:
EDV = SV/EF A3)
ESV = EDV - SV. (C))

The stroke volumes, as obtained from the right ventricular
region of interest [RVSVRv)] and from the lung region of
interest [RVSVy,], were used without correction. The stroke
volume obtained from the LV was evaluated both in an
uncorrected manner and with the following correction for
bolus smearing and regurgitation.

Sequential FP determination of the RV, lung, and uncor-
rected LV flows (stroke volumes) in 13 patients with left-sided
regurgitant valvular disease (R+) and seven patients without
regurgitation (R—) showed progressive diminution in both
groups (Table 1). Because there is no significant difference
between the ratios of the R+ and R— group on the side where
there was no regurgitation, it can be assumed that both bolus
smearing and regurgitation distort the radiocardiograms sim-
ilarly. That is to say, disruption of the tracer bolus due to the
regurgitant process has the same qualitative effect as smearing
has on the tracer bolus as it proceeds downstream, as evi-
denced by declining flows, even in the nonregurgitant group
(R-).

Accordingly, identical corrections may be applied to both
bolus smearing and regurgitation in order to calculate the total
corrected LV flow. The uncorrected left ventricular flow re-
sults from the algebraic summation of the forward left ven-
tricular flow (F) and the back flow (regurgitant flow and/or
bolus smearing effect, B; Fig. 1):

uncorrected LV flow = F — B. )
Solving for B,
B = F — (uncorrected LV flow). 6)
TABLE 1

Flow Ratios of Right Ventricle to Lung and Lung to Left
Ventricle in Patients With (R+) and Without (R—) Left-
Sided Regurgitant Valvular Disease

R- R+ p

RV/lung flow 1.29+008 1.24+007 NS.

Lung/LV (uncorrected) 122+ 009 188+020 <0.05
flow
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FIGURE 1

Schematic representation of flow in a heart with left sided
regurgitant valvular disease. B'includes back flow and/or
bolus smearing effects.

If it is assumed that there is no right-sided regurgitation, then
the forward flow of the LV is equal to the lung flow:

F = lung flow. )
Substituting in Eq. (6),
B = lung flow — (uncorrected LV flow). (8)

Because the total corrected LV flow is the sum of the forward
flow and B, we have:

corrected (total) LV flow = lung flow + B. 9)
Finally, the regurgitant fraction is derived from the total

corrected LV flow (CLVF) and B.
B
RF = CLVE" (10)
For example,

RVSVy) = 92 ml [lung flow]
LVSVpyy = 97 ml [uncorrected LV flow].

From Eq. (8):
B=92-97=-5ml
From Eq. (9):
LVSVro) = 92 + (—=5) = 87 ml [CLVF].
From Eq. (10):

=5 ml

“%m - 0%

indicating absence of regurgitation.

Using the 500-msec images, the total area under the FP
curve was calculated by a monoexponential extrapolation of
the initial downslope of the curve to the region under the
recirculation portion. First-pass curves were obtained for the
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ROI previously described for RV, lungs, and LV. The heart
rate was determined by electrocardiographic monitoring dur-
ing the FP study and was used in the determination of stroke
volume.

Unless stated otherwise, all values are given as X + 1 s.e.
Standard parametric statistics were employed and product
moment correlation coefficients were calculated (/4).

RESULTS

The patients final diagnoses and results of the ejection
fraction and coefficient of variation determinations are
presented in Table 2. Coefficient of variation, a stand-
ard statistical measure of precision, reflects the degree
of reproducibility of ejection fraction from beat to beat.

The mean coefficient of variation for the first-pass
left ventricular ejection fraction [LVEF )] was 13.4 +
1.4%. The mean LVEF g, was 42.9 + 3.6%, whereas,
the mean LVEFgRr, was 43.9 + 4.0%; there was no
significant difference between methods (paired t-test).
The mean contrast angiographic left ventricular ejec-
tion fraction [LVEFs)] was 49.0 + 4.2%; this was
significantly higher than the results of FP or ER (p <
0.01). The mean LVEF, in the subgroup of patients
with regurgitant valvular disease (R+) was 36 + 4%,
whereas, in those without regurgitation (R—) the mean
LVEF ) was 55 + 4% (p < 0.01).

The mean coefficient of variation for the first-pass
right ventricular ejection fraction [RVEF )] was 9.6 +

LVEF (gR (%)

LVEF (FP ](%)

FIGURE 2

Correlation of left ventricular ejection fractions from equi-
librium and first-pass radiocardiography. Y = 0.99X + 1.4;
r=0.89; p <0.001.

1.0%. The mean RVEF,) was 41.4 + 3.4% and the
mean RVEF g, was 42.8 + 3.3%, there was no signifi-
cant difference between the paired results. However,
when these patients were divided into those without
regurgitant valvular disease (R—) and those with regur-
gitant valvular disease (R+), the mean RVEF ) for R+

TABLE 2
Final Diagnosis, Degree of Regurgitation, Ejection Fractions and their Coefficients of Variation
Patient Degree of RVEF g5, CV  LVEFem CV  RVEFem LVEFgm LVEFe,

no. Age/sex Diagnosis’ regurgitation (%) (%) (%) (%) (%) (%) (%)
1 56 F NL 0 61 1" 69 15 62 60 74
2 60F CAD, MR + 3 10 34 18 33 33 38
3 58 F NL 0 60 8 69 16 55 62 80
4 50 F NL 0 63 14 61 17 52 62 64
5 67F CAD, MR +4 49 5 44 4 45 35 48
6 62F AS, MS, AR, MR +1 70 10 70 - 56 70 57
7 58M  CAD 0 48 12 a7 10 63 58 63
8 31M  CM,MR + 24 7 26 14 14 13 14
9 45F CAD, MR +1 19 10 34 12 33 34 38
10 61M  CAD,MR +1 55 7 32 9 52 30 46
" 38M  CAD (] ] 7 42 12 33 ] 48
12 53M AR +2 37 7 44 18 54 46 50
13 49F MR +3 25 19 29 20 18 34 30
14 25M  Repaired Tetralogy, + 38 3 21 15 43 22 26

MR
15 60 F MR + 24 6 35 9 25 31 40
16 17M  infundibular Steno- 0 54 8 52 4 57 62 75
Sis

17 34M MS 0 33 6 45 10 39 56 59
18 82M AR, MR +3 38 6 37 13 40 60 57
19 67M MR, CAD +3 31 21 54 8 39 59 59
20 66 F CM, MR +1 2 14 13 31 - 10 15

X=414 96 429 134 428 439 49.0

se= 34 10 36 1.4 33 4.0 42

“NL, normal, no disease found; CAD, coronary artery disease; MR, mitral regurgitation; AR, aortic regurgitation; MS, mitral stenosis; AS, aortic

stenosis; CM, cardiomyopathy.
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FIGURE 3

Correlation of right ventricular ejection fractions from equi-
librium and first-pass radiocardiography. Y = 0.78X + 9.9;
r=0.82; p <0.001.

was 36 + 4%, significantly lower than that for R—, 51
+ 4% (p < 0.05).

The validity of the FP method employed for deter-
mination of LVEF is confirmed by the correlations with
the ER method (r = 0.89, p < 0.001) and with the CA
method (r = 0.88, p < 0.001). The regression of
LVEF R, on LVEF &, is essentially the line of identity
(Fig. 2). Similarly, the correlation of RVEFgr, and
RVEF &, was significant (r = 0.82, p < 0.001; Fig. 3).

200
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FIGURE 4

Correlation of left ventricular stroke volumes by contrast
angiocardiography and the corrected first-pass method. Y
=1.05X — 8; r = 0.77; p < 0.001.
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FIGURE 5

Correlation of left ventricular end diastolic volumes by
contrast angiocardiography and the corrected first-pass
method. Y = 0.84X + 3; r = 0.88; p + 0.001.

The corrected FP left ventricular stroke volumes and
the CA stroke volumes correlated (Fig. 4), with no
significant difference between paired data [LVSV gpc) =
96 + 5 ml, LVSVca) = 92 = 7 ml]. The uncorrected
values, however, correlated poorly; the LVSV gy, was
52 + 6 ml, significantly lower than for CA (p < 0.001).

Correlation was noted between the corrected FP and
CA left ventricular end-diastolic volumes (Fig. 5) with
a significant difference (p < 0.01) between the paired

500 -
h [ ]
E
<
o
>
(7))
w
>
-
o T T T T T T T T T 1
0 100 200 300 400 500
LVESV[FPC](ITI')
FIGURE 6

Correlation of left ventricular end systolic volumes by
contrast angiocardiography and the corrected first-pass
method. Y = 0.86X — 12; r = 0.91; p < 0.001.
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TABLE 3
Comparison of Right Ventricular Flows as Obtained from First-Pass Right Ventricular and Lung Regions of Interest
with Results of Green Dye and Fick Measurements

Correlation
coefficient
Linear regression equation s.e.e. (ml) n p
Right Ventricular ROI
RVSVap) = 0.48[RVSVmy)] + 18.1 123 0.81 <0.001
RVSVgckq = 0.64[RVSV@y)] + 2.9 20.0 0.76 <0.001
Lung ROI:
RVSV(ap = 0.82[RVSVy] + 1.3 1.3 0.85 <0.001
RVSVgrcg = 1.19[RVSVyy) — 27.6 145 0.88 <0.001

results [LVEDV gpc) = 255 + 25 ml; LVEDVca) = 218
+ 24 ml). A weak correlation was noted between the
uncorrected results and CA (Table 2) and, again, un-
corrected mean values were significantly lower (p <
0.001) than those of CA [LVEDV gpy) = 128 + 14 ml].

Correlation of the corrected FP left ventricular end-
systolic volumes with CA left ventricular end-systolic
volumes was also obtained (Fig. 6), and paired t-testing
showed the FP data to be higher (p < 0.01) than the
CA results [LVESV(gpc) = 159 + 24 ml; LVESV () =
126 + 23 ml]. There was lesser correlation between the
uncorrected left ventricular FP results and CA end-
systolic volume determinations; LVESV iy, Was signi-
ficantly lower (76 £ 12 ml; p < 0.01).

Table 3 summarizes the results of the right ventric-
ular measurements. First-pass right ventricular stroke
volume was ascertained from the right ventricular re-
gion of interest [RVSV ry)] and from the lung region of

150 1
.E 100 1
Q
() i
>
M 50
>
(o o ]
0 T T T T T 1
0 50 100 150
RVSV FICK ](ml)
FIGURE 7

Correlation of right ventricular stroke volumes performed
simultaneously by Fick and indocyanine green dye tech-
niques during cardiac catheterization. Y = .062X + 24; r
= 0.87; p < 0.001.
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interest [RVSV ). Both sets of data were correlated
with RV stroke volumes as measured at cardiac cathe-
terization by the green dye or Fick methods. The cor-
relation between green dye RV stroke volume and the
Fick stroke volume obtained simultaneously at the time
of cardiac catheterization was 0.87, without significant
differences between paired determinations (Fig. 7). The
correlation coefficient between the lung derived data
and the green dye method was 0.85 (Fig. 8); the corre-
lation coefficient with the Fick method was 0.88 (Fig.
9). The FP right ventricular stroke volumes derived
from the right ventricular region of interest also corre-
lated well with the green dye (GD) and Fick methods
(r = 0.81 and 0.76, respectively), but these stroke vol-
umes were considerably higher than the values obtained
from the lung region of interest [GD = 64 + 5 ml, Fick
=62+7 ml, RVSV(LU) =745 ml, RVSV(RV) =93

RVSV gy (m)

FIGURE 8

Correlation of right ventricular stroke volumes performed
by the green dye and first-pass radiocardiographic meth-
ods. Y = 0.81X + 2; r = 0.85; p < 0.001.
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FIGURE 9

Correlation of right ventricular stroke volumes performed
by the Fick and first-pass radiocardiographic methods. Y
=1.19X — 28;r = 0.88; p < 0.001.

From the RVEF and the RVSV/,y,, the right ventric-
ular end-systolic and end-diastolic volumes were cal-
culated for the 13 patients with regurgitant left-sided
valvular disease (R+) and for the seven patients without
valvular regurgitation (R—). Table 4 presents these data.
The mean right ventricular stroke volumes of the R+
group were not significantly different from those in the
R~ group. The group with regurgitant valvular disease
had higher right ventricular end-diastolic and end-sys-
tolic volumes, but they did not differ significantly.

Finally, Table 5 compares the R+ with R— groups.
Figure 10 compares the grading of the extent of regur-
gitation at the time of cardiac catherization and the
calculation of regurgitant fraction from the FP method.
Values of RF >18% were strongly indicative of regur-
gitation.

TABLE 4
Comparison of Right Ventricular Parameters of 13
Patients with Left-Sided Regurgitant Valvular Disease
(R+) and in Seven Patients Without (R—)

Mean s.e. t p

RVEF

R+ 36% 4

R- 51 4 2.41 <0.05
RVSV

R+ 68 mi 6

R 65 7 1.82 N.S.
RVEDV

R+ 202 ml 16

Ao 173 21 1.10 N.S.
RVESV

R+ 134 ml 16

A 88 17 1.86 N.S.
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TABLE 5
Comparison of Left Ventricular Regurgitant Fractions
in R— and R+ Groups

R— R+
Mean 12.3% 28.5%
s.e. 4.2% 2.1%
p <0.001

“Includes Patient 16, with infundibular stenosis; 9.5 + 3.8% if
Patient 16 is excluded.

DISCUSSION

The lack of a standard, universally accepted, and
widely applicable radionuclide method of calculating
RVEF is due to the inherent difficulty in assessing the
accuracy of radiocardiographic RVEF determinations.
The problems involved with CA assessment of RV
volumes have been outlined by Berger et al. (/5) and,
even where applied, have been technically demanding
(4,16).

Equilibrium radiocardiographic techniques, which
are widely used for the determination of LVEF, are not
easily applied to RVEF assessments because the right
ventricle overlies the right atrium. Nevertheless, Mad-
dahi et al. (5) and other investigators (/7) have suc-
cessfully employed an ER technique using two ROI for
the right ventricle. Holman et al. (7) described an ER
technique for assessing RVEF using a special 30° slant
hole collimator to separate right atrial from right ven-
tricular activity. Correlation with FP methods of deter-
mining RVEF was obtained, although this slant hole

50
40 1 o
30 1 0

20 1 - .. e e e oo oo . _ . _

LVRF(%)

.
10 - hd

0 4

-10

Degree of regurgitation

FIGURE 10

Scattergram of left ventricular regurgitant fractions using
correction methods described in the text versus the semi-
quantitative degree of regurgitation estimated visually dur-
ing contrast angiocardiography.
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technique resulted in overestimation of the ejection
fraction.

Stecle et al. (/6) introduced the FP radiocardi-
ographic technique for the determination of RVEF
using an RAO projection. The method appears satisfac-
tory, because the right ventricle can be separated from
the surrounding chambers both temporally and spa-
tially; it has had wide application (/3,15,17-19). In-
deed, the first-pass RVEF in the RAO projection cur-
rently is the accepted method of determining RVEF,
although there is a paucity of validation studies with
other methods. The precision of this technique has been
well documented; accuracy of the method is only infer-
ential (13,15). Other FP methods using krypton-81m
and xenon-133 have been reported recently (20-22).

A desirable goal in the performance of the noninva-
sive radiocardiographic study is the opportunity to not
only obtain biventricular ejection fractions but also to
measure cardiac output and stroke volume for each
ventricle. This would enable calculation of end-systolic
and end-diastolic volumes for each ventricle as well as
permit (theoretically, at least) the quantitation of shunts
and valvular regurgitation. The disadvantage of em-
ploying the RAO projection is its inability to quantitate
stroke volumes of each chamber, because the right and
left ventricles superimpose, precluding the measure-
ment of equilibrium concentrations of tracer in the
ventricles.

This report demonstrates that the precision of deter-
mining RVEF from the LAO projection is as good as
that of the left ventricle as judged by similar mean
coefficients of variation. The accuracy of this method,
indeed, with all other RVEF methods, is difficult to
judge. However, the good correlation of RVEF g, with
RVEF R, and the insignificant mean difference between
paired determinations is strong supportive evidence for
the accuracy of the RVEF,, demonstrating internal
consistency between methods; the RVEF gg, has shown
high correlation with RVEF g, from the RAO projec-
tion (18,19).

Further supporting evidence for the validity of the
RVEF,) can be seen by comparing the results in pa-
tients with (R+) and without (R—) regurgitant valvular
disease. Those with regurgitation would be expected to
have lower RVEF values because of higher pulmonary
artery pressures (/9,23); supportive evidence for this
finding was also observed in the present study.

First-pass radionuclide methods for quantitative de-
termination of ventricular flow, volumes, and regurgi-
tant fraction have had limited application, despite the
fact that the theoretical basis of such studies has been
known for years. This is attributable to a variety of
reasons, predominantly arising from limitations of
equipment (for example, deadtime losses and, thus,
count rate limitations of early Anger cameras). Hence,
FP methodology was limited to multicrystal cameras
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not widely available and with spatial resolution inferior
to Anger cameras. Modern Anger cameras and com-
puter systems are now widely available and possess high
count rate capability, thus, permitting the performance
of FP studies with only minimal deadtime losses when
using significant amounts of radiopharmaceutical.
Nevertheless, the technique of performing such studies
is very important, and meticulous attention to detail is
necessary.

1. A tight bolus injection is essential. This is readily
performed with the patient in a supine position using a
jugular vein injection; flushing of the syringe is unnec-
essary, and the procedure is less painful than antecubital
injections. Antecubital injections are adequate, but only
if care is taken to use the basilic vein and the dose is
rapidly flushed. With either method, valsalva maneu-
vers by the patient must be avoided.

2. Radioiodinated serum albumin should be used for
blood volume determination because the disappearance
of [Tclalbumin from the circulation is rapid (11);
whether or not such disappearance affects the blood
volume (V) and equilibrium concentration (C;) por-
tions of the Stewart-Hamilton equation equally in op-
posite directions, so that the effects of disappearance of
[Tclalbumin from the blood cancel, is unknown and
remains to be tested. If it does turn out that the loss
from the circulation results in an expanded V, value
balanced by a decrease in C;, then the technique may
be simplified by elimination of the radioiodinated
serum albumin determination of V,. With the present
technique, [Tc]albumin losses from the circulation
must be corrected. Furthermore, corrections must be
made for overestimation of the V, due to the difference
in total body and peripheral venous hematocrit (12).

3. In estimating the area under the FP curve we have
used a monoexponential extrapolation of the initial
downslope. Alternative methods, such as gamma var-
iate techniques, may also be used, but the adequacy of
other methods was not tested in this study.

4. Automation of calculation reduces error and al-
lows answers to be obtained quickly; we have developed
programs for this purpose.

As can be seen from the data in Tables 1 and 2 there
is a step-down in stroke volume as one proceeds from
RYV to lung to LV (uncorrected data). Possible reasons
for this step-down include deadtime losses, which de-
crease as the bolus dissipates, inadequate mixing, or
bolus smearing, which has the effect of increasing the
area under the FP curve, thereby, resulting in a calcu-
lated lower flow as one proceeds downstream. When
correlations of RVSV from analysis of the right ventric-
ular region of interest or the lung region of interest were
made with green dye and Fick stroke volumes, better
results were obtained with the lung curve (Table 3).
This is probably due to both better mixing of the
radiopharmaceutical with the blood as it traverses the
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lung and elimination of right atrial activity (24,25). Of
course, the calculation of RVEF, of necessity, must
come from the right ventricular region of interest curve.
Accordingly, we have adopted the pulmonary flow as
representative of RVSV and calculated RV volumes
and regurgitant fractions from these data (Table 2).

The degree of correlation between the RVSV as
derived from the first pass lung curve [RVSVy)] and
with the Fick and green dye methods is surprisingly
high, considering the studies were performed on differ-
ent days, in different environments, with different de-
grees of invasiveness, and under different conditions of
sedation. The correlation between Fick and green dye
stroke volumes performed almost simultaneously at the
time of cardiac catheterization was similar (r = 0.87).
Thus, the validity of the RVSV from both the right
ventricular region of interest and the lung region of
interest is established, but the latter is preferred.

At the time we performed this study, there was not a
good angiographic method available to test the validity
of the derived right ventricular end-systolic and end-
diastolic volumes. However, if the ejection fraction is
valid and the RVSYV is valid, then the derived volumes
should also be valid. The values for RVEDV and
RVESY obtained are certainly reasonable and believa-
ble, lending credence to their validity; furthermore,
similar techniques applied to the left ventricle result in
LVEDYV and LVESYV that correlate well with contrast
angiographic data.

The flow data derived directly from the left ventric-
ular region of interest (uncorrected) resulted in unreal-
istic volumes for left ventricular stroke, end-diastolic,
and end-systolic volumes. Furthermore, the uncor-
rected LV data correlated poorly with the CA results.
In contrast, the results of the left ventricular flow and
volumes, when corrected, correlate highly with the CA
data. It should be remembered, however, that the CA
technique is subject to a number of limitations: (a) the
iodinated contrast material employed, unlike radiola-
beled tracers, produces inotropic and chronotropic ef-
fects that alter the parameters being studied; (b) a
limited number of images are obtained and a “repre-
sentative beat” is selected to determine end-systolic and
end-diastolic volumes; (c) the placement of the cardiac
edge for determination of the end-systolic and end-
diastolic volumes is subject to observer interpretation;
(d) with cardiomegaly, the assumption that the heart
remains an ellipsoid of revolution becomes less realistic.
Notwithstanding these limitations, the CA method has
remained the standard method against which newer
techniques are compared,; it is gratifying, therefore, that
the FP corrected left ventricular results described herein
correlate so highly. Further support of the validity of
the correction of LVSYV is derived from the good agree-
ment with the catheterization methods of estimating
regurgitant fraction.
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In conclusion, FP determination of the LVEF in the
LAO projection gives precise and accurate measure-
ments. The precision of the RVEF is similar. Although
there is no good way to corroborate the accuracy of the
RVEF measurement due to the lack of a widely ac-
cepted “gold standard,” the values obtained seem to be
in keeping with the expectations of this patient group.
Furthermore, the significant correlation of the RVEF &,
and the RVEFgR, lends substance to the accuracy of
this method. The corrected left ventricular stroke vol-
ume (LVSV ) correlates highly with LVSV ¢4, and
the results obtained are similar. Similar high correla-
tions are obtained for LVEDV pc) and LVESV gpc) and
CA techniques. Right ventricular stroke volume
[RVSV )] results are similar to and correlate highly
with both green dye and Fick methods. Right ventric-
ular end-diastolic and end-systolic volumes appear to
be reasonable. Finally, the regurgitant fractions derived
from the methods employed distinguish the R+ and
R-— groups of patients and agree well with results of
catheterization. Therefore, the LAO projection tech-
nique, as described in this investigation, is a valid
method for obtaining simultaneous right and left ven-
tricular ejection fractions, flows, volumes, and regurgi-
tant fractions.

NOTES

* North American Instrument Corp., Hudson Falls, NY.
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* Medi-Physics, Inc., Richmond, CA.

§ Medical Data Systems, Ann Arbor, MI.
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