
irst-pass radionuclide angiography (FPRNA) of
fers several advantages over equilibrium radionuclide
angiography in the evaluation of ventricular function.
FPRNA can be performed and quantitative data oh
tamed in multiple views. The short imaging time lends
itself to the evaluation ofvery transient phenomena and
minimizes the need for patient cooperation (1). The use
of radionuclides with ultra-short half-lives permits
multiple, rapid, sequential acquisitions (2,3) and simul
taneous radionuclide ventriculography and perfusion
imaging (4).

In clinical practice, FPRNA has essentially been the
province ofthe multicrystal gamma camera. The multi
crystal gamma camera reliably provides acquisition
count rates that are adequate for first-pass imaging (5).
Two major disadvantages of the multicrystal gamma
camera are its poorer spatial and energy resolution
compared to single-crystal cameras and its inability to
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adequately perform the entire gamut of both cardiac
nuclear studies and general nuclear medicine
procedures (5,6).

The practical appeal, then, of a high count rate sin
gle-crystal camera is that it could perform adequate
FPRNA as well as the entire spectrum of nuclear stud
mes.In this study, we present a comprehensive investiga
tion of the application of such a high count rate fully
digital single-crystal gamma camera to first-pass radio
nuclide angiography.

MATERIALS AND METHODS

Study Design and Patient Population
Two groups of patients were studied. Both groups

underwent cardiac catheterization, contrast ventriculo
graphy, and coronary arteriography because of known
or suspected coronary artery disease or valvular heart
disease.

Both groups of patients had first-pass radionuclide
angiography performed immediately prior to cardiac
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in this study, first-pass r@honucIk1eangiography (FPRNA)was performed using a digital
single-crystal gamma camera. Twenty-nine men and six women (ages 43-80, mean 61 yr)
underwent FPRNAin the supine position Immediately prior to cardiac catheteriZatiOn.Total
counts/sec in the whole field-of-viewin the r@it ventiicular phase were 150,352 Â±
26,006. Back@'ounduncorrected counts in the representative cycle were 7,651 Â±2,527 at
end-dlastolie and 4,904 Â±2,314 at end-SyStOILe.A linear correlation between FPRNAleft
ventricular (LV)ejection fraction and contrast LVejection fraction gave an r 0.95 with an
s.e.e. of 0.05. Analyses of mIre-and Interobserver varlabilftygave r = 0.99 and 0.98 and
an s.e.e. of 0.02 and 0.03, respectively. Spearman-Rank correlation coefficients between
FPRNAand contrast angiographic wail-motion scores were >0.8 for all walls, while
sensitIvIty/specIficitywere 0.86/0.90, 0.76/1.00, 0.76/1.00 for anterior, apical, and
interior wall-motion abnormaiitlas, respectively. We conclude that satisfactory counting
statistics for FPRNAcan be obtained with a digitalgamma camera, and that accurate and
reproducible measurements of global and regional left ventricular function can be obtained
with this technique.
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FIGURE 1
Typical examples of time-activity curves from an LV ROl and background ROl in patient with normal (A) and depressed
(B)LVfunction.Cursors represent (left to right)background frame for normalization,beginningof LVphase and end of
LVphasefor analysis

catheterization. All patients were studied in the supine
position in the holding area of the catheterization
laboratory after premedication.

The radionuclide results from Group A patients were
analyzed both prospectively and retrospectively to es
tablish in an ongoing fashion: (a) necessary hardware
modifications; (b) appropriate acquisition parameters;
and (c) software for data processing. That processled to
several different computer programs for first-pass data
processing, all of which were modified according to the
results of the contrast ventriculography. The data from
Group A are not presented in this report. Once final
ized, the hardware and software modifications and the
standardized approach of data acquisition were pro
spectively applied to Group B patients. The results of
the prospective study form the basis of this report.

Group A was composed of 28 men and seven women
ranging in age from 46 to 78 yr (mean 61). Within
Group A, 30 patients had coronary artery disease, two
had valvular heart disease and three had no demonstra
ble heart disease. Their ejection fractions ranged from
0.24to0.82.

Group B initially included 40 patients, five of whom
were subsequently excluded because of rapid atrial
fibrillation (2), technically inadequate radionuclide an
giograms (2), and a technically inadequate contrast
ventriculogram (1). The remaining 35 patients in
Group B included 29 men and six women ranging in age
from 43 to 80 yr (mean 61). Thirty-one Group B pa
tients had coronary artery disease, three had valvular
heart disease and one had no demonstrable heart dis
ease. All patients were in sinus rhythm at the time of
study.

GammaCamera Hardware
All FPRNA was performed with a fully digital, small

field-of-view (7@/8in. diam) portable single-crystal
gamma camera*. Initially, the commercially provided

1-in.-thick, low-energy, ultra-high sensitivity collima
tor (sensitivity 11.0 X 10@, resolution full width at half
maximum (FWHM) 19.4 mm at 3 in.) was used.

During the course of the Group A study a new collima
tor was designed by one of the investigators (R.P.G.).
That collimator is 11/2in. thick. It has a row and column
orientation of the holes. The hole diameter is 6.32 mm,
the center-to-center spacing is 6.9 mm, and the thick
ness is 41.6 mm. It is designed such that with appropri
ate software modifications and camera calibrations
each collimator hole is aligned with an individual pixel.
All Group B patients were studied with the latter colli
mator. Nonuniformity corrections and calibration were
performed automatically by the computer according to
locally derived isotope maps and tables.

Radionudide Acquisition Protocol
All patients were studied in the supine position. For

most patients, a 1â€˜/4-in.,20-gauge Teflon catheter was
placed in an external jugular vein while in some pa
tients, because of inadequate neck veins, a 13/4-in.,18-
gauge Teflon catheter was placed in an antecubital
vein.

Twenty-five to thirty millicuries technetium-99m
diethylenetriaminepentaacetic acid ([99mTc]DTPA) in
less than 1 ml saline were loaded into an extension
tubing attached to the catheter and the isotope bolus
was flushed in with 20 ml ofsaline. The gamma camera
detector was positioned in a 20Â°â€”30Â°right anterior
oblique projection. One millicurie of [99mTc]DTPA
was injected for proper positioning. Acquisition was
started just prior to the radionuclide injection. Counts
were accumulated for 30 sec in frame mode using a
frame time of 0.03 sec and a 32 X 32 X 8 matrix (0.68
cm/pixel). The energy window was 119â€”161keY
(Â±15%).Data were acquired directly onto the hard disk
and subsequently transferred to floppy disk for storage
and processing.
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FIGURE3
Lungbackgroundmethod (D0and D1).A:Summed backgroundframe (left)and end-diastolicframe of LVrepresentative cy
cle (right).B:LVframe in A is subtracted from backgroundframe to create a mask of LVand backgroundregions. C: That
mask is appliedto summed backgroundframe(Ieft)and to end-diastolicLVframe, and counts inbackground(â€œlungâ€•)region
are determined ineach image. Ratioof backgroundcounts inthe two images gives backgroundwashout factor. D:Summed
backgroundframe in A is then multipliedby washout factor to give Image InDthat is then used to correct all frames of the
representative cycle

Radionucide Data Processing the ECG to identify end-diastole, the original 0.03-sec
Data processing was performed using the computer frames within the LY phase were cyclically added to

and software of the gamma camera. The individual create a crude uncorrected representative cycle. A nine
0.03-sec frames were grouped into 0.5-sec frames for an point spatially smoothed end-diastolic frame from that
initial visual identification of the left ventricular (LY) representative cycle was used to manually draw an LY
phase of the study. Then, using the digitized R wave of region ofinterest (ROI). The latter was used to create a
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FIGURE2
Beatediting. A:Inthis time-activitycurve the computer chosen end-systolicframe of thirdbeat results insystolic time Inter
valthat is obviouslylongerthan others despite constant heart rate. B:Byreference to individualframe images and their cor
responding counts shown below, computer chosen (AUTO. ES)end-systolic frame Is replaced with manually chosen (MAN.
ES)one.C:Correctedtime-activitycurve
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FIGURE4

histogram of the entire 30 sec of the study. From that
histogram, the beginning and end of the LY phase were
again identified and a frame prior to the LV phase was
chosen for subsequent background correction (Fig. 1).
The end-diastolic (ED) and end-systolic (ES) frames
from the LY phase were automatically identified by the
computer according to sequential peak and rough
counts. The program also provided automatic beat re
jection based on R-R interval criteria and manual beat
editing. The latter allowed changes in the selection of
ED and ES frames based on frame counts, frame im
ages, and the time-activity curve as well as determina
tion of the total number of beats accepted or rejected
(Fig. 2).

For background correction, a summed background
frame was created from a number offrames equal to the
number of beats in the representative cycle starting
with the previously identified pre-LY phase frame (see
above). The ED frame of the representative cycle was
subtracted from the summed background frame leav
ing a background mask. The count ratio between the
background frame and the ED frame (counting only
masked areas) was used to calculate the background
washout factor which was then used to normalize the
background frame (Fig. 3).

To create the final representative cycle, the end
diastolic frames of the accepted beats were summed as
were the end-systolic frames. The frames during systole

and diastole were aligned according to the average
systolic and diastolic intervals (Fig. 4). By adding or
condensing frames (average of two neighboring
frames) the final aligned representative cycle always
had the correct ED and ES while intermediate frames
may have been slightly modified. The normalized back
ground frame corrected by the washout factor was then
subtracted from each frame of the representative cycle.
After background correction and application ofa mcdi
an filter, a Fourier phase analysis of the aligned repre
sentative cycle was performed. The previously drawn
LY ROI was then applied to the ED image of the
corrected representative cycle and to the phase image.
At this point the operator had to adjust the LV ROl, if
necessary, to conform to the borders ofthe phase image.
If the LV ROI was adjusted, the entire beat selection
process was repeated using the new ROI. The ejection
fraction EF was calculated from the final background
corrected representative cycle where LVEF (ED
counts â€”ES counts)/ED counts.

Contrast Angiography
Left heart catheterization and coronary arteriogra

phy were performed using standard techniques. Con
trast ventriculography was performed at 30 frames/sec
in the 30Â°right anterior oblique projection using 30-50
ml ofdiatrizoate meglumine. Selective coronary arteri
ography was performed in multiple views. Left ventric
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Beat alignment. A:Three representative beats are displayeddiagrammaticallywithconsecutive systolic (5) and diastolic
(D) framesnumbered.Beat 2 hasshortersystolicintervalthanBeats1 and3 whileBeat3 has longerdiastolicinterval
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Patient
no.SexAge (yr)LVEFRadionuclideContrastangiographyUncorrectedCorrected1M610.440.760.752M580.370.660.683M620.470.650.684M650.450.710.685M510.390.820.756F730.280.450.497M430.420.710.718F680.530.740.849F660.530.710.7210M610.230.330.3611M710.330.420.5212M800.160.240.2213M710.230.450.2614M600.390.680.7015F730.320.560.5816M730.430.680.6817M700.190.240.2418M570.350.680.6619M530.350.650.7320M450.390.760.7221M530.410.590.6222M560.260.380.4423M490.320.460.5224M740.420.690.7425M460.420.710.7026M550.510.730.7727M690.250.440.3828M520.380.570.5429M580.360.690.6630M620.340.600.6531M590.440.690.6832F590.360.550.5033F550.430.700.7534M710.290.390.3335M650.100.140.18

TABLE I
Radionuclideand Contrast LVEFin 35 Patients

Anterior

6

4

Inferior
Apex

9

ular volumes and ejection fractions were calculated
using the Kennedy modification of the single-plane
area-length method of Sandier et al (7). Only sinus
beats were selected.

Analysis of Regional Wall Motion
Both radionuclide and contrast cineventriculograms

were analyzed using a semiquantitative ten-point scor
ing system that described both the severity and extent
of a wall motion abnormality. In that system, 0
normal wall motion and 9 = dyskinesia of an entire
wall. Three walls were so scored from the RAO projec
tion, the anterior, apical and inferior walls (Fig. 5). The
FPRNA cineventriculograms were interpreted blindly
and independently by two ofthe authors. Each observer
independently recorded scores for all segments. The
final score used for comparison with the contrast ventri
cuiographic scores was taken as the average of the
scores of the two observers. The same two authors
scored the contrast ventriculograms by consensus
without knowledge of the FPRNA results.

Statistical Methods
Paired observations were analyzed using a Students

t-test and a least squares fit for determination of a
regression equation. A Spearman rank correlation was
used to compare the contrast angiographic wall-motion
scores to those from FPRNA. Significance of
differences was determined at the p < 0.05 level.

RESULTS

RadionuclideCounting Statistics
A 25-30 mCi bolus (FWHM 0.8 Â±0.3 sec in the

superior vena cava) resulted in an average whole field
of-view count rate of 150,352 Â±26,006 cps (range
70,000â€”189,000)during the right ventricular phase
and 124,628 Â± 26,527 cps (range 53,000â€”175,000)

during the left ventricular phase. Within the LY ROI,
peak background-uncorrected counts at ED averaged

FIGURE5
Regionalwall motion scoring. Twoexamples of end
diastolic (solid)and end-systolic (broken)perimeters and
accompanying scores. 0 Normal; 1â€”3 Hypokinesla;
4â€”6Akinesia;7â€”9= Dyskinesia

45,529 Â±10,776 cps (range 21,000â€”73,000). An aver
age of 6.5 (range 4â€”9)beats comprised the representa
tive cycle. Background uncorrected ED and ES frame
counts in the representative cycle were 7,651 Â±2,527
and 4,904 Â±2,314, respectively. The ratio of back
ground counts to uncorrected ED counts was 0.42 Â±
0.09. Background corrected ED and ES counts in the
representative cycle were 4,523 Â±1,951 and 2,127 Â±
1,898, respectively.

Ejection Fraction Results
The individual uncorrected and background correct

ed radionuclide ejection fractions and the contrast ejec
tion fractions are listed in Table 1. The mean contrast
left ventricular ejection fraction (LVEF) was 0.59 Â±
0.18 (range 0.18-0.84) and the mean background cor
rected FPRNA LVEF was 0.58 Â±0.17 (range
0.14-0.82). A paired t-analysis showed no significant
difference between the contrast and radionuclide ejec
tion fractions. Correlation and linear regression ana
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FIGURE6
Linear regressions between contrast LVEF and FPRNA LVEF without (A) and with (B) background correction. A: y
0.51x + 0.06; r 0.91; s.e.e. 0.04. B:y 0.90x + 0.05; r 0.95; s.e.e. 0.05
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FIGURE7
Interobserver (A) and Intraobserver (B)variability of FPRNA LVEFdeterminations. A: y 0.99x + 0.01; r 0.98; s.e.e.
= 0.03. B: y = 0.98x + 0.01; r 0.99; s.e.e. 0.02

lyses yielded an r of 0.95 with a slope of 0.9 (Fig. 6).
Intraobserver and interobserver variations in the deter
mination ofthe radionuclide LVEF are shown in Fig. 7.
Excellent correlations were obtained with r values of
0.99 and 0.98 and standard errors of the estimate of
0.02 and 0.03 for the intra- and interobserver
differences, respectively.

Wall-Motion Analysis
Examples of contrast and FPRNA ventriculograms

are shown in Fig. 8. A total of 105 segments were

graded on both the contrast and radionuclide ventricu
lograms. There were 48/105 (46%) unequivocally ab
normal (wall-motion score 1.0) segments and 57/105
(54%) normal segments on the contrast ventriculo
grams. The radionuclide scores correctly identified 38
of the 48 abnormal segments (79%) and were normal in
55 ofthe 57 normal segments (96%). As seen in Table 2,
the radionuclide sensitivity for anterior wall motion
abnormalities was higher than the sensitivities for api
cal and inferior wall-motion abnormalities although the
differences were not significant. A Spearman rank cor
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Sensitivity and SpecifTABLEicity of R2NAWallMotionAnalysisItemAnteriorApexInferiorTotalSensitivity12/14

(86%)13/17(76%)13/17(76%)38/48(79%)Specificity19/21

(90%)18/18(100%)18/18(100%)55/57(96%)Spearman

rank
correlation coefficient

Linear correlation0.81 0.860.82 0.820.86 0.77â€” â€”

Contrast andTABLE
3

RadionuclldeWall-MotionAbnormalities
bySeverityRNA

wall
motionContrast

ventriculographicwallmotionAnterior
Apex Inferior

Akln/ Akin/ Akin/
Dysk Hypo Dysk Hypo DyskHypoAkin/Dysk3

0 4 0 40Hypo1

8 2 7 54Normal0

2 0 4 0 4

ED ES

FIGURE8
Examples of contrast and FPRNAventriculograms. Normal
LV (top). Large anteroapical LV aneurysm (middle). LV
with inferobasai akinesla on contrast study was
Interpreted as hypokineticon FPRNAstudy (bottom)

relation between the radionuclide and contrast wall
motion scores gave coefficients of 0.81, 0.82 and 0.86
for the anterior, apical, and inferior walls, respectively.
In Table 3, the sensitivities are related to both the
severity and location of the wall motion abnormality. It
can be seen that the RNA was always abnormal when
the contrast study showed akinesia or dyskinesia. How
ever, when the contrast study showed hypokinesia, the
RNA was normal 34% of the time. Only 20% of hypo
kinetic anterior segments were missed compared to 36%

CATH

RNA

CATH

RNA

CATH

RNA

of hypokinetic apical segments and 50% of hypokinetic
inferior segments.

DISCUSSION

Cardiac blood-pool imaging can be performed using
either the first-pass or gated equilibrium technique.
Both techniques provide accurate and reproducible
measurements of global and regional ventricular func
tion at rest and during exercise (8â€”10).However, each
technique has its own particular advantages and disad
vantages. Ideally, the technique of choice should de
pend on the clinical questions at hand and the appropri
ateness of each method for a given individual.
Unfortunately, the choice of techniques is more often
determined by the equipment available rather than the
relative merits of the two techniques in a given patient.
The first-pass technique has traditionally been per
formed with a multicrystal gamma camera while the
majority of laboratories have general-purpose single
crystal gamma cameras. Although the latter can be
used to perform so called gated first-pass studies (11),
to date, only the multicrystal gamma camera reliably
provided the count rates necessary for first-pass imag
ing. A single-crystal gamma camera that could perform
general nuclear medicine studies and the entire gamut
of cardiovascular nuclear studies including high count
rate first-pass studies would be of obvious benefit.

Counting Statistics
In this study, we report the counting statistics and

clinical accuracy obtainable during first-pass radionu
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Regional Wall Motion
The semiquantitative wall-motion scoring system

used in this study proved sensitive (79%) and highly
specific (96%) for the detection of wall-motion abnor
malities seen on contrast ventriculography. Spearman
rank correlation coefficients between FPRNA and con
trast wall-motion scores were >0.8 for the three walls
analyzed. There was, however, a consistent underesti
mation by FPRNA. The sensitivity for individual walls
was 86% for the anterior wall and 76% for the inferior
wall and apex (p = N.S., x2). Although akinetic or
dyskinetic segments on contrast ventriculography were
all designated as abnormal on FPRNA, underestima
tion of severity did occur, primarily of the inferior wall.
Of the hypokinetic walls on the contrast studies, 34%
were incorrectly classified as normal on the FPRNA
study, with the inferior wall again showing the most
frequent underestimation. Previous investigators have
noted lower sensitivities for inferior wall-motion abnor
malities using FPRNA (13,15). The latter has been
attributed to oversubtraction of background (RY
counts present during the LY phase) and to interfer
ence by the mitral valve apparatus and papillary muscle
(13,15). The descending aorta may also contribute to
that problem.

Clinical Implications
The results of this study should be of interest to

laboratories performing cardiac imaging. The data
show that adequate statistics for accurate, reproducible
measurements of left ventricular ejection fraction and
analysis of regional wall motion using the first-pass
technique can be obtained with a single-crystal camera.
As such, any nuclear laboratory can perform either
first-pass or equilibrium blood-pool imaging with one
camera and the choice of techniques can depend on
which one is clinically most appropriate for a given
patient. Furthermore, the same camera can be used for
other cardiac imaging such as thallium-201 perfusion
and [99mTc]pyrophosphate infarct imaging. It is impor
tant to recognize that the results obtained in this study
are dependent upon the use of the collimator and the
data processing techniques described in this study (all
of which are now available commercially) and may not
be reproduced without them. It is also important to
recognize that our results required 25â€”30mCi boluses
and would therefore limit the number of acquisitions.
In the future, further hardware/software modifications
and short-lived radionuclides such as gold-195m may
provide higher count rates with lower radiation doses.

FOOTNOTE

* Apex 215, Elscint,Inc.,Boston,MA.

clide angiography using a digital single-crystal gamma
camera. With a small field-of-view (77/8-in.diam) cam
era and a 25â€”30mCi bolus we achieved count rates of
150,352 Â± 26,006 cps during the right ventricular
phase of the study. The highest count rate was 189,000
cps. As a result, the end-diastolic and end-systolic
counts during the left ventricular phase were adequate
for quantitative analysis of left ventricular function.
Those statistics compare favorably with those obtained
with a multicrystal gamma camera despite use of the
RAO view which results in lower count rates than those
seen in the anterior view, a narrower energy window,
and the lack of deadtime correction that is typically
used in the multicrystal gamma camera software (12).

The high count rates seen in this study are due to
several hardware and software modifications not pre
sent on previous generations of single-crystal cameras.
High quantum efficiency (>30%) photomultiplier
tubes enhance the ability to rapidly determine the x,y
coordinates of the scintillation events. A fast hardware
array processor is integrated with the front end to
reduce count losses sustained in transferring the signals
from camera to computer. A shortened integration cir
cuit time, and fast spatial and energy corrections also
minimize count losses. Finally, our own collimator
modification and its link to the acquisition software
improve spatial resolution and increase the counting
efficiency by 10%.

Ejection Fraction Measurements
The correlation coefficient between the radionuclide

and contrast LVEF was 0.95 while the slope of the
regression equation was 0.9 and the s.e.e. 0.05. These
results are similar to those obtained with a multicrystal
camera (10,13,14). An excellent correlation was also
seen between the background uncorrected radionuclide
data and the contrast LVEF. The latter is testimony to
the inherent accuracy of the software used to create the
representative cycle. We believe that the ability to in
teract with the computer for both beat selection and
beat editing and the alignment of beats according to the
true end-diastoles and end-systoles are particularly im
portant in maintaining data integrity. The alignment
process preserves the true end-diastolic counts and end
systolic counts ofeach beat while allowing intermediate
frame counts to vary according to a nearest-neighbor
averaging technique (Fig. 3).

Interobserver and intraobserver variability were
minimal in this study with correlation coefficients of
0.98 and 0.99, respectively. In large part, the lack of
variability was due to the use of the phase image to
guide the operator in determining the final LY ROl. In
10%of the cases the phase image was not used because
of regional akinesis or inadequate statistics. In those
cases, the LV ROI was determined manually from the
end-diastolic and end-systolic images.
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