
We recently described a simple method for measuring
LV volume from gated equilibrium radionucide angiog
raphy data (12) that does not require consideration of
chamber size or attenuation. In this study, we will show
that the same approach (namely, the constant of eccentric
ity count method) can be successfully applied to first-pass
data using either a multicrystal or a single-crystal gamma
camera. A discussion of the theory, along with validation
from empirical data, is presented in the Appendix.

MATERIALS AND METhODS

Patients
Fifty randomly selected patients (41â€”77yr), who were referred

for cardiac catheterizationduring a 12 mo period for clinical
reasons(i.e.,chestpain, shortnessof breath, etc.),underwentrest
FPRNA prior to contrast left ventnculography. Their clinical
characteristicsare listed in Table 1. To determine whether the
camera system would affect results, 25 patients were studied using
a multicrystal camera and 25 patients were studied using a single
crystal camera.

Gamma Camera Hardware
MulticrystalCamera. A camera with a 14 x 21 array of crystals

and a 6 x 9 inch field-of-view (System Seventy-Seven, Baird
Corporation)equipped with a 1.5 inch thick parallel-holecolli
mator was used. The matrix size was 14 x 21 pixels, with a
center-to-center pixel spacing of 1.11 cm. The energy window
was 140% Â±30% keV.

Single-crystal Camera. A fully digital, small field-of-view (lug
inch diameter) portable camera (APEX 215, Elscint, Inc.)
equipped with a high-sensitivity, medium-resolution, parallel
hole collimator was used. The matrix size was 32 x 32 pixels,
with a center-to-center pixel spacing of 0.635 cm. The energy

windowwas 140%Â±15%keV.

First-PassRadionuclideAngiography
Data Acquisition. All patients were studied at rest in the supine

position.A 1.25inch, 20-gaugeteflon catheter was placedin an
externaljugular vein in 13 patients. The remaining 37 patients
had a 1.75 inch, 18-gaugeteflon catheter placed in an antecubital
vein.The gammacameradetectorwasplacedovereachpatient's
chest in a 20Â°to 30Â°right anterior oblique (RAO) projection after
which 1 mCi of 99mTcDTPA was injected in order to determine
proper positioning.Then, a 25 mCi bolusof@mTc@DTPAin less
than 1 ml of saline was loaded into an extensiontube attached

Most count-based radionuclide methods for calculating left
ventricular volume rely on measurement of radioactivity in a
peripheral blood sample and a measurement of ventricle to
collimatordistance.We have developeda method which
requiresneithera bloodsamplenora distancemeasurement
and which is applicableto first-pass radionuclideangiography.
Theparametersusedto calculatevolumearethe areaof
pixel, the total counts in the left ventricle and the maximum
pixelcount.Theequationwas usedto calculatethe volumes
in 50 patientswho had both restingfirst-passradionuclide
angiography (25 pabents with a single crystal and 25 patients
with a multicrystal camera) and contrast ventnculography on
the same day. Correlation coefficients for end-diastolic and
end-systolicvolumesshowedr ranging0.93â€”0.98andstand
end error of estimate ranging 23-35 ml for end-diastolic
volume (14%â€”17% of mean end-diastolic volume) and 16â€”23
ml for end-systolic volume (18%â€”21% of mean end-systolic
volume). Imageprocessing software for extracting the needed
values is generally available on most commercial nuclear
medicine imaging systems and the additional time for the
calculations is short. Atthough the theory is based on mumpie
assumptions, the volume calculation appears to be reasona
bly accurate and dinicaily applicable.
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inst-pass radionuclide angiography (FPRNA) is used to
noninvasively evaluate left ventricular (LV) function. A
good correlation between the results of FPRNA and con
trast ventriculography has been demonstrated for the
measurement of LVEF (1â€”6).Absolute LV volume has
been measured from FPRNA studies using geometric
methods (7â€”9),count-based methods (10,11), and a
method that combines geometric and count-based tech
niques (9). Inherent problems with these methods include
assumptions about chamber shape in geometric ap
proaches, and the need to correct for attenuation in count
based methods.
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Nmax is the maximum pixel count, 3.5 is the intercept of the
best fit at 0 volume.

A constant, k = Tc/V may now be used in order to find the
volume ofthe left ventricle at end-diastole, EDV, as follows:

EDV =

where EDC equals total counts/sec at end-diastole.
NS Finally,strokevolume(SV)is calculatedfrom thedefinition
NS@ LVEF as SV = EDV x LVEF. End-systolic volume (ESV) is

@ determined from the formula ESV = EDV â€”SV.
Single-crystal Gamma Camera. We previously described a

method to calculate LVEF from FPRNA data using a single
crystal camera (13). Now, using the constant ofeccentricity count
method,end-diastolicvolumecan alsobe calculated.

Briefly,individual0.03secframesare groupedto form0.5 sec
frames in order to visualize the entire LV phase of the study.
Then, using the digitized R wave of the electrocardiogram to
identify end-diastole, the original 0.03 sec frames within the LV

phase are cyclically added to create a crude, uncorrected repre
sentativecycle.A nine-point,spatially-smoothedED frame from
that representative cycle is used to manually draw an LV ROl.
The latter is usedto createa time-activitycurve for the entire 30
sec study. From that time-activity curve, the beginning and end
ofthe LV phase are again identified and a frame prior to the LV
phase is chosen for subsequent background correction.

The ED and ES frames from the LV phase are automatically
identified by the computer according to sequential peak and
trough counts. The programalso providesautomatic beat rejec
tion based on R-R interval criteria and manual beat editing. The
latter allows changes in the selection of ED and ES frames based
on frame counts, frame images, and the time-activity curve, as
well as allowing changes in the determination ofthe total number
ofbeats acceptedor rejected.

A summed background frame is created from a number of
frames equal to the number of beats in the representative cycle
starting with the previously identified pre-LV phase frame. The
ED frame of the representative cycle is subtracted from the
summed background frame leaving a background mask. The
count ratio between the background frame and the ED frame
(counting only masked areas) is used to calculate the background
washout factor, which is then used to â€œnormalizeâ€•the background
frame (13).

In order to create the final representative cycle, the ED and
ES framesof the acceptedbeats are summed. Systolicand dia
stolic frames are aligned according to the average systolic and
diastolic intervals as described before (13). By adding or con
densing frames (an average of two neighboring frames), the final
aligned representative cycle always has the correct ED and ES
frames, whereas intermediate frames may be slightly modified.

The normalized background frame, corrected by the washout
factor, is then subtracted from each frame of the representative
cycle. After background correction and application of a median
filter, a Fourier phase analysis of the aligned representative cycle
is performed. The previously drawn LV ROl is then applied to
the ED image ofthe corrected representative cycle and to the LV
phase image. At this point, the operator adjusts the LV RO!, if

necessary, to conform to the borders of the phase image. If the
LV ROl is adjusted, the entire beat selection process is repeated
using the new ROl. LVEF is calculated from the final background
corrected representative cycle as:

Numberofpatients
Mean age (y)
Males/Females
Heartrate(bpm)
Diagnosis
CAD
VHD
IDC
Normal

61.260.7NS22/318/7NS68Â±1670Â±13NS2120232002

CAD= coronaryarterydisease,VHD= valvularheartdiseaseand
IDC= idiopathicdilatedcardiomyopathy.

to a catheter. The radionuclide bolus was flushed through this
catheter with 20 ml of normal saline.

Acquisition was startedjust prior to injecting the radionuclide.
Counts were accumulated in frame mode for 30 sec using a frame
time of 0.03 sec. Data were acquired onto a hard disk and,
subsequently, transferred to a floppy disk or magnetic tape for
storage and later processing. The two interpreters of the study
results (one interpreter for multicrystal and the other for the
single crystal camera) were unaware of the contrast ventriculo
graphicresults.

Data Processing:Multicrystal Gamma Camera. Each frame of
raw data for the entire study was temporally smoothed. The data
were then replayed in 1.5 sec intervals as a series of 12 images,
each being the sum of 50 individual 30-msec frames. The LV
phase was identified to select a region of interest (ROI) over the
left ventricle. A time-activity curve was generated by displaying
the counts per 30 msec or 60 msec frame within the LV ROl.
Pen-ventricular ROl (i.e., a 2-cm wide ring) was chosen to
completely surround and be contiguous with the fixed LV ROl,
thus incorporating the proximal aorta and the atrium. The aver
age counts per pixel in the ring-shaped background ROl during
end-diastole was used to represent the average background per

- EDC- ESC

LVEF - EDC - BKG@

pixel over the LV ROl.
After correcting for background, the computer searched the

LV time-activity curve and reported the following data: end
diastolic (ED) and end-systolic (ES) frame numbers for every
valid beat, the number of beats used, the heart rate, the total
duration ofthe LV phase in seconds, and the first and last frames
ofthe LV phase. LVEF was then calculated using raw ED counts
(EDC), raw ES counts(ESC), and the contiguous-ring background
counts (BKG) as follows:

At this point, LV end-diastolic volume could be calculated
using the constant of eccentricity count method algorithm de
scribedin detail in the Addendum.The total counts ofthe entire
LV phase were summed into one frame. The sum ofall LV phase
activity was used to get larger total number of counts (leading to
greater precision of measurement) than could be obtained from
using only diastolic counts, and generated an â€œaverageâ€•LV
volume for the entire cardiac cycle.

V = 1.8 (Tc/Nmax â€”3â€¢5)I.5,where V is the average volume,
1.8 is a calculated constant, Tc is the total counts in the LV-Roi,
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LVEFâ€”ED countsâ€” ES counts
â€” ED counts

On the ED frame of the representativecycle (which is not
correctedfor backgroundradiation activity),a ring background
ROl (1-inpixelwide)is placedaround the LV ROl. The average
counts per pixel in the former ROI are then subtracted from the
latter. Total counts in the left ventricle in the ED frame are
calculated. The background-corrected representative cycle is then
summed and total LV counts and the maximal pixel count in
the LV ROl are measured. The end-diastolic volume is then
calculated using the same six equations that were used to calculate
volume from data obtained with a multiciystal camera. Likewise,
stroke volumeand end-systolicvolume can be calculatedusing
this EDV and the previously calculated LVEF.

Contrast Ventriculography
Left heart catheterization and coronary arteriography were

performedusinga standardJudkinsor Sonestechnique.Contrast
ventriculography was performed at 30 frames/sec in the 30Â°RAO
and left anterior oblique (LAO) projections using 30â€”50ml of
diatrizoate meglumin (Renografin 76@). LV volumes and EF
were calculatedusing the biplane area-lengthmethod described
by Kennedy et al. (14). Only sinus beats were selected.Three
experiencedinterpreterswereunawareof the FPRNAresults.

Statistical Methods
Pairedobservationswereanalyzedusinga Student's t-test and

a leastsquaresfit fordeterminationofa regressionequation.The
significanceofdifferencewasdeterminedat the p < 0.05 level.

RESULTS

All 50 patients had good quality contrast ventriculo
graphic and radionuclide angiographic studies. The pa
tients were divided into two groups: 25 patients who had
FPRNA using a multicrystal camera and 25 patients who
were studied using a single-crystal camera.

ContrastVentriculography
The average heart rate was 69 Â±15 bpm with no

significant difference between the two groups of patients.
Coronary arteriography revealed severe coronary artery
disease ( 70% diameter narrowing in one or more vessels)
in 41 of the 50 patients. Of the remaining patients, five
had valvular heart disease (mitral valve prolapse in two,
rheumatic mitral valve disease in one, and aortic valve
disease in two), two patients had idiopathic dilated cardi
omyopathy and two patients had no signs of heart disease.

Radionuclide Angiography Counting Statistics

MulticrystalCamera.A 25 Â±2 mCi tracerbolusresulted
in 184,163 Â±37,31 1cps during the right ventricular phase.
An average of 7 beats (range 4â€”12beats) were included in
the representative cycle. The average heart rate during the
study was 70 Â±13 (p = ns compared with heart rate during
contrast ventriculography).

Single-crystalCamera. The same averageamount of
tracer resulted in 140,015 Â±23,812 cps during the right
ventricular phase. An average of 6 beats (range 5â€”8beats)

comprised the representative cycle. The average heart rate
during the study was 68 Â±16 (p = ns compared with the
mean heart rate during contrast ventriculography).

Ejection Fraction
The contrast LVEF ranged from 11% to 87%, whereas

LVEF obtained by FPRNA ranged from 15% to 87%
(Table 2).

Multicrystal Camera. For the 25 patients who had their
FPRNA study done using a multicrystal camera, the mean
contrast LVEF was 53% Â±23%, whereas the FPRNA
LVEF was 54% Â±23% (p = ns). Comparing contrast
LVEF with FPRNA LVEF, linear regressionanalysis
yielded a correlation coefficient ofO.98 and a s.e.e. of 5%.

Single-crystalCamera. For the 25 patients undergoing
FPRNA using a single-crystal camera, the mean contrast
LVEFwas 55% Â±21%, whereasthe mean FPRNA LVEF
was 54% Â±18% (p = ns). Linear regression analysis
revealed a correlation coefficient of 0.94 and a s.e.e. of
7%.

Volumes
Contrast ventnculographic EDV and ESV ranged from

94â€”453ml and from 12â€”353ml, respectively. The FPRNA
EDV and ESV ranged from 65â€”469ml and from 12-365
ml, respectively.

Multicrystal Camera. The mean contrast values for
EDV and ESV in these 25 patients were 162 Â±57 ml and
87 Â±67 ml, respectively, whereas calculations using the
FPRNA data revealed a mean EDV and ESV of 150Â±62
ml and 81 Â±68 ml, respectively (p = ns). The correlation
coefficient for EDV was 0.93, with a s.e.e. of 23 cc (which
was 14% of the average EDV). For ESV, the correlation
coefficient was 0.98, with a SEE of 16 cc (which was 18%
of the mean ESV) (Fig. 1).

Single-crystal Camera. The mean contrast ventriculo
graphic EDV and ESV were 2 10 Â±92 ml and 110 Â±97
ml, respectively. The corresponding FPRNA calculations
revealed a mean EDV and ESV of 202 Â±88 ml and 104
Â±87 ml, respectively(p = ns). For EDV, the correlation
coefficient was 0.93, with a s.e.e. of 35 cc (17% of the
mean EDV). For ESV, the correlation coefficient was 0.97,
with a SEE of 23 cc (2 1% of the mean ESV) (Fig. 2).

DISCUSSION

Radionuclide angiographic blood-pool studies are well
suited to the measurement of LV volumes. Several inves
tigators have reported their findings with these techniques
compared with contrast ventriculography. Two general
approaches have been used: count-based (nongeometric)
and combined geometric and count-based methods. Geo
metric techniques require accurate spatial resolution of
the left ventricle. This is best accomplished in the RAO
projection where the left ventricular long axis can be
measured. In contrast, a count-based method is less de
pendent on geometric models or on precise spatial reso
lution, and does not require that studies be done in the
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TABLE2
Left Ventricular Volume Measurements

Single-crystalcamera Mumcrystalcamera

LVEF(%) EDV(ml) ESV(ml) Pa@t LVEF(%) EDV(ml) ESV(ml)

Patientno. RNA CV RNA CV ANA CV no. RNA CV RNA CV RNA CV

1 74 69 127 171 33 53 26 77 71 98 112 28 32
2 77 92 135 151 31 12 27 84 80 84 96 14 19
3 22 22 469 453 365 353 28 65 62 144 131 50 49
4 74 84 144 135 37 21 29 23 17 233 211 181 175
5 50 51 164 176 82 86 30 15 11 321 300 273 267
6 63 65 146 129 53 45 31 29 32 283 258 201 174
7 68 65 174 176 55 61 32 30 29 206 215 145 152
8 41 49 222 202 131 103 33 37 38 176 236 111 146
9 19 25 346 412 280 311 34 65 55 110 129 39 58
10 58 62 65 94 27 36 35 60 55 156 180 62 81
11 64 58 94 120 34 50 36 87 87 115 124 14 17
12 71 77 141 183 40 43 37 76 74 100 98 24 28
13 68 60 146 108 46 44 38 59 56 159 160 65 71
14 63 60 158 165 58 66 39 81 74 113 122 22 32
15 42 37 279 256 161 161 40 87 87 95 119 12 16
16 20 16 289 364 231 306 41 77 76 72 118 16 28
17 50 52 155 122 77 59 42 68 67 96 96 31 32
18 68 78 141 147 45 32 43 68 68 151 181 49 58
19 25 17 279 251 209 209 44 41 39 196 212 115 129
20 39 34 273 305 166 202 45 34 35 160 203 106 132
21 60 65 198 211 78 74 46 34 39 129 109 85 67
22 68 63 261 175 83 64 47 14 21 199 233 171 184
23 52 45 207 208 99 114 48 39 30 139 157 86 110
24 55 54 235 249 105 116 49 63 71 105 130 39 38
25 62 84 213 218 81 35 50 38 45 134 134 82 74

MeanÂ±s.d. 54Â±18 55Â±21 202Â±88 210Â±92 104Â±87 110Â±97 54Â±23 53Â±23 150Â±62 162Â±57 81 Â±68 87 Â±67
s.e.e. 7 35 23 5 23 16
p ns ns ns ns ns ns
r 0.94 0.93 0.97 0.98 0.93 0.98

CV = contrastventriculography,EDV= end-diastolicvolume,ESV= end-systolicvolume,LVEF= left ventricularejectionfractionand
RNA= first-passradionuclldeangiography.

RAO projection. A count-based method is also well suited studies, but with some changes made to suit the first-pass
for serial studies, which allow the evaluation ofthe effects approach. This latter method is based on two important
of interventions. However, when using a count-based principles:
method, factors such as background activity, tissue atten
uation, and self-attenuation of activity within the blood 1 Average LV volume is calculated using all the frames
pool must either produce negligible effects or have a con- in the LV phase which increases the counting statistics
stant predictable effect in order for radionucide volumes and creates a more spherical LV shape and, conse
to correlate closely with contrast ventriculographic vol- quenfly, less eccentricity.

umes. 2. Two constants have been added. The first constant
Previous count based volume measurements have used depends upon the average LV volume, which is based

assumed attenuation coefficients and either measured or@ the summed LV phase (as noted above), and the

estimated distances between the center of the LV and the other originates from the characteristics of the gamma
collimator (10,15). Furthermore, blood sampling has been camera (i.e. the pixel size).
used to establish the counts/volume relationship (11).

Previously, count-based methods were used primarily This method is fast and easy to use. Software for extract
with the gated technique because it provided higher count- ing the needed values exist on most commercial gamma
ing statistics and better resolution than could be achieved cameras and provide the end result (i.e., end-diastolic
with the first-pass approach. We also recently presented a volume) within seconds. The necessary variables include
count-based method for gated blood-pool studies (12,16). total counts and maximal pixel counts in the LV ROl, the
This current study presents a count-based method for first- parameters of the ring background ROl around the left
pass studies based on the same principles as those for gated ventricle, background-corrected ED counts, the number
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FIGURE 1. Multicrystalgamma camera. Linearregressions
betweenleft ventricularvolumesby contrastangiography(CA)
andradionuclideangiography(RNA)atend-diastole(A)andend
systole(B).

of beats used during acquisition, the frame time and the
pixel size.

End-systolic volume should not be calculated directly
by this method because the background-corrected counts
in end-systole are sometimes too low. This appears to be
the problem only in patients with very small ESV. There
fore, the best way to calculate this volume is from the
values of EDV and EF (which was assessed prior to the

EDV calculation) using a method that was previously
described (13,17). This method gave good results for both
the multicrystal and the single-crystal gamma cameras.
Correlation coefficients for EDV and ESV were between
0.93 and 0.98, and the s.e.e. ranged from 23 to 35 cc for
EDV (l4%-17% ofmean EDV) and from 16 to 23 cc for
ESV (18%-21% of mean ESV). These results compare
favorably with the results of other investigators (8â€”10).

Clinical Implications
Lately, new isonitrile agents were introduced to the

cardionuclear field for assessment of both LV function
and myocardial perfusion. With these tracers the LV func
tion can be evaluated by first-pass RNA. Subsequently,
the interest in first-pass studies has increased. The methods
for assessment of LVEF and regional motion is well estab

FIGURE 2. Single-crystalgammacamera.Linearregressions
betweenleft ventricularvolumesby contrastangiography(CA)
andradionuclideangiography(RNA)atend-diastole(A)andend
systole(B).

lished. The proposed method of volume calculation com
plements the assessment of LV function in our institution
and seems to correlate well in clinical studies. Although
the theory is based on multiple assumptions, the method
does not require distance measurement, complicated man
ual attenuation correction or blood samples. The volume
measurement is easy to obtain with an image processing
software that is available on most commercially used
nuclear medicine systems. It adds only a short time to the
processing time.

APPENDIX

COUNT-BASEDMETHOD THEORY AND EMPIRICAL
VALIDATION

In this addendum,wewillsupportour theorythat LVvolume
can be calculated using count data alone obtained from first-pass

radionuclide angiography. It will also be shown that by using data
from the sum of the LV phase, higher counts can be obtained
(which improves the accuracy of the calculation) and a more
spherical shape of the ventricle is produced (which reduces the
effect of eccentricity). Furthermore, it will be shown that the
average volume of a pulsating ellipsoidal chamber conforms to

exactly the same algorithm as a resting chamber. Finally, we
introduce a method to calculate the distance between the colli
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mator face and the mid-plane of the left ventricle to account for
differences in this distance in patient studies.

be written as:

V = 0.75A3a Eq. A5

Then, by combining Equations A4 and A5, the volume of a
spherecan, also,be expressedas a functionof R, namely:

V = 1.38S312R312 Eq. A6

Using Equation A6, the volume of a sphere can be obtained
directly from count data alone since V is simply a function of the
measuredquantities of R (whichis the ratio of@ and 5,
which is known for the specific gamma camera system used.

Hypothesis:The Volumeof an EllipsoidCan Be
Determined Using Only Count Data

Eq. Al Because the left ventricle approximates the shape of an ellip
soid rather than a sphere, Equation A5 needs to be modified for
the volume of an ellipsoid of revolution, V@,whose cross-section

is an ellipse with an eccentricity, e, where e = a :2 â€˜and where

a is the long-axis and b is the short-axis of the ellipsoid. After
solving for e, the volume formula of V = 0.75A3â€•2can be

Eq. A2 expressed for an ellipsoid as:

Ve 0.75(1 â€”e2)@â€•A3â€•@. Eq. A7

Again,by substituting3/2 SR for A in Equation A7, V, can be
expressedas a functionof R as follows:

V@= 1.38(1 â€”e@)@1'S3@R312. Eq.A8

Equations Al and A8, used to calculate the volume of an
ellipsoid of revolution, are the same as Equations A5 and A6
used to calculate the volume ofa sphere where the eccentricity is
equal to 0. Equation Al is used extensivelyin invasiveangiog
raphy to calculate LV from a measurement of the ventricular
silhouette area, A, and the length of the long-axis,L. Indeed,
Equation Al is identical to the classical formula, V = 0.85 A2/L,
in the Dodge-SandIer approach (18), since it can be shown that
0.75 (1 â€”e2r = 0.85 A/L. Due to the high spatial resolution of
contrast angiography, the area can be determined very accurately
by planimetry, but this is not the case with radionuclide angiog
raphy. Equation A7 also expressesthe important mathematical
fact that the determination of the volumes of ellipsoids of revo

A4 lutionhavingthesameeccentricityandisa functiononlyof the
Eq. cross-sectional area, A. It will be shown that these conditions are

matched closely by the left ventricle at end-diastole in the RAO
view.

Equation A8, which uses the values of S and R to calculate A,

constitutes the theoretical basis for the constant eccentricity count
method for determiningvolumesusingonly count data obtained
from first-pass radionuclide angiography studies. Instead of using
planimetry, which is severely limited by spatial resolution in
radionuclide angiography, this nongeometric technique uses the
study's high-count resolution to determine R of total counts to
the maximum pixel count, which is proportional to A. Contrast
ventriculographicstudies done in 30 patients have shown that
the mean eccentricityof the left ventricleis 0.77 Â±0.07 at end
diastole and that the mean eccentricity ofthe average LV volume
throughout the cardiac cycle is 0.61 Â±0.1. When the eccentricity
value at end-diastole is applied to Equation A8, we find that the
volume formula for the left ventricle can be expressed as:

Ve 1.38(1 â€”0.772)@'S3â€•2R3@ E@.A9

DEVELOPMENTOF ThE EQUATIONSFOR A
COUNT-BASEDMEThOD TO CALCULATELV
VOLUME

absenceof attenuation:

T@= kV,

N@ = kaS,

where k is the same proportionality constant in counts/ml as in
Equation Al as proven by in vitro experiment with balloons
filled with uniform concentration of @â€œTc.The experiment
showed linear correlation between observed counts and the true
volume ofballoons in the range of 34â€”394m, thus verifying that
intra-volume scatter in the balloons completely compensated for
attenuation losses in this range of volumes. The unknown quan
tity, k, can thus be eliminated by dividing Equation Al by
Equation A2 to form the ratio, R:

R T@ kV V
Nma,@ IcaS aS

A3 shows that R can be written as follows:

R =@@ or A = 3/2 SR.

Hypothesis:The Volumeof a Sphere CanBe
Determined Using Only Count Data

If a sphericalballoon is filled with a radioactivetracer, the
total counts (Ta)observedwith the gamma camera will be pro
portional to the volume ofthe sphere (V) in ml, such that in the

wherek is the proportionalityconstant in counts/ml.
In addition, the maximum pixelcount (N,,,@)willbe propor

tional to the product of the volume elements, a (which is the
balloondiameterin cm) timesS(whichis the cross-sectionalarea
ofthe pixel in cm2) such that:

Eq. A3

Byusingthe equationsto calculatethe volumeofa sphereand

the cross-sectional area of a sphere, X in @.quationA3 can also

be wntten as@ A. Therefore, substituting@ A for â€”in Equation

Equation A4 indicates that the cross-sectional area ofa sphere,
A, is directly proportional to the count-based ratio, R. In this
equation, S is the area of a square whose sides are the center
spacing between crystals in a multicrystalcamera or between
pixels in a single-crystal or Anger camera. S is a fixed function of
the collimator design or pixel matrix and can be determined
experimentallyfor each collimatorand camera system(see Hy
pothesisC). Thus, Equation A4 is essentiallynongeometricbe
cause the area is obtained directly from counts and from the
value ofthe center-to-center spacing between pixels ofthe gamma
camera.

The count method becomes analogous to classical methods for
LV volumesby substituting3/2 SR for A in all formulas.The
volumeof a spherecan, thus, be expressedin terms of the cross
sectional area ofthe sphere, A, as follows.

By again using the equations to calculate the volume of a
sphereand the cross-sectionalarea of a sphere,volumecan also
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BALLOON EXPERIMENT COUNT
METHOD VS VACTUAL
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which equals
BALLOONEXPERIMENT

LONGAXIS SAMPLINGOF ELLIPSOIDALBALLOONS
1.5 INCH COLLIMATOR, 5% MASK, f=3In

Ve I .38(0.8)S3â€•2R3â€•2.

Therefore, LV volume obtained from end-diastolic count data in
the RAO view would overestimate the volume by 20% if the
shapeofa sphereis assumed.

Hypothesis:The Valueof S Is a FixedInstrumentation
Constant That Can Be Determined for Any Gamma
Camera System

It is important to establish that the quantity, 5, is a fixed
instrumentation constant and not itself a function of volume.

This can be achieved most accurately by an experimental verifi
cation of Equation A6, which allows the calculation of spherical
volume from count data alone. The hypothesis is discussed in
detail in previous papers (12,16).

EMPIRICAL DETERMINATIONOF THE
NONGEOMETRICCONSTANT ECCENTRICITY
VOLUME ALGORIThM

Because the shape of the left ventricle is best approximated by

an ellipsoid of revolution, we used a set ofellipsoidal balloons to
evaluate our theory ofconstant eccentricity. This shape is difficult
to achieve because even thick-walled balloons become more
spherical as the volume is increased. which causes the eccentricity
to decrease. Consequently, a set of four ellipsoidal balloons was
used in order to cover the desired range of eccentricity and
volume. The average eccentricity of the balloons was 0.6.

The count measurementsof the four balloons were used to
determine the basic count-to-volume algorithm pertinent to the
multicrystal camera's 1.5-inch thick collimator configuration.
Each balloon was oriented with its major axis parallel to the face
ofthe collimator to simulate the RAO view used in radionuclide
and contrast left ventricular angiography. The mid-plane of the
balloon was maintained at a 3-inch distance from the collimator
face. The results of plotting the actual volume, Va@@uap,versus the
ratio, R, of Tc/Nmax,are shown in Figure 1. A least-squares best
fit to the data is shown as a solid line in Figure Al.

The equation for the solid line is as follows:

= l.8(R3 â€” 35)1.5

-J

@1

I-

>

FIGURE Al. Plotof actualvolumein mlversusthe ratio,R3,
of total observed counts to maximumpixelcounts measured at
3 inchesfromthe 1.5-inchcollimator.Thesolidcirclesareob
serveddata.Thesolidlineisa bestleastsquaresfit to thedata.

measure the balloon's volume at each filling step in order to
simulate an average volume for a volume that continuously
changes, such as in the cardiac cycle. The balloons were then
pulsed continuously and volumes were measured with each pul
sation. There was a minimal volume increaseof 100ml over 4
to 7 equal filling steps, with equal time intervals between steps.

The averagevolume,V, wascalculatedas the mean ofthe actual
volumes of all the filling steps during one pulsation, and the
corresponding ratio, R, for each pulsation was obtained from the
sum of the frames of data of all the filling steps. The average
volume,@ plotted versus R3 is shown in Figure A3. The
regression analysis is identical to that obtained in Figure Al for
the resting balloons.

FIGUREA2. Solidcirclesareballoonvolumescalculatedfrom
EquationAl0 versus actual volumes in ml. Solid line is linear
leastsquaresbestfit to the data.Thesedatashowsexcellent
agreementbetweenthecountmethodandactualvolume.

Eq. AlO

where Vcaic@Sthe volume calculated from the least-squares fit and
R3 Tc/Nmax,measured at 3 inches from the collimator. The
constant, 3.5, is the intercept ofthe best fit curve at zero volume,
reflecting the fact that a point source with negligible volume still
yields an R value greater than one, which is due primarily to
finite spatial resolution for very small volumes.

Figure A2 shows the plot of calculated volume, (V@k),using
Equation A 10versus actual measured volume, Va,@@uai.The regres
sion and correlation coefficients are 1.03 and 0.998, respectively.
The s.e.c.is 5.9 ml, whichrepresentsthe lowerlimit of error for
this constant eccentricity count method. The results in Figure A
clearly verify that accurate volumes can be obtained from count
data for ellipsoids of revolution.

DETERMINATIONOF THE AVERAGE VOLUME OF
A PULSATILEBALLOON

In order to determine whether measurements made with bal
Ions can approximate the beating heart, we also calculated the
volume of pulsatile balloons. The balloons were kept stationary
during each step of the filling phase. This allowed us to carefully
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TOTAL COUNTS
MAXCOUNTS â€˜3



f was evaluated by balloon measurements placed between 1 and
7 inches in 1-inch steps from the face of the collimator. Three
balloons with volumes of 100, 150 and 230 ml were measured at
eachofthese sevendistances.The ratio, R3/R@,whichis the value
of R at 3 inches to the value of R at f inches, was plotted against
distance, f, in Figure A4. The solid line in this figure is the least
squaresbest fit to the data. The equation for the regressionline
is as follows:

R3 (1.07 â€”0.024f)R@,

PULSATINGBALLOONEXPERIMENT
LONGAXIS SAMPLINGOF ELLIPSOIDALBALLOONS

I .5 INCH COLLIMATOR, 5% MASK, f = 3m
40C

300

@ 200.

:@ @oo-

10 20 30 @u

TOTALCOUNTS R
MAXCOUNTSâ€3̃

Eq. All

where R3 is the ratio, Tc/Nmax,at a 3-inch distance from the
collimator face (which is needed to calculate volume using Equa
tion AlO),f is the distancein inchesfrom the collimator faceto
the mid-plane of the balloons, and R@is the ratio of@
observedat an fdistance. EquationAl 1showsthat iffis known,
the equivalent value of R at 3 inches, R3, can be calculated. The
distance between the collimator and the mid-plane of the left
ventricle in an RAO view is typically in the range of5 to 7 inches.
Using Equation Al 1, these distances result in R3/R@values of
0.95 forR3/R5and0.90 forR3/R7.Therefore,ifa 5-inchdistance
betweenthe collimatorand the mid-planeof the left ventricleis
assumed, a maximum error of 5% in R3 can occur.

However,as noted, in order to calculateR3we need to know
the distance, f, from the chest to the mid-ventricle. A technique
to estimate this distance in an RAO view is available from
unpublished data, developed by Nickel, Schad, and coworkers,
using data obtained from computerized tomographic scans and
contrast ventriculography. Using the weight and height of the
patient, they developed a relationship for distance as follows:

f= 7.8

FIGUREA3. Thesolidcirclesarea plotoftheactualaverage
volumeof pulsatingballoonsversusthe R valueobtainedby
summingthe total counts and maximumpixel counts from each
volumestepduringthe pulsation.The solidlineis a plotof
Equation Al 0 developed from StatiOnary balloon measurements
showingthatEquationAl0 isvalidforpulsatilevolumes.

The solid line in Figure A3, which represents the best fit, is the
identical curve ofEquation AlO. This experiment shows that the
sum ofthe entire cardiac cycle can be used as a reference volume
in LV volume studies rather than using only the short counting
intervalat the time of end-diastole.Therefore,highercounts, at
a factor of about 30, become availableto accuratelydetermine
the ratio,R, forcalculatingthe averagevolumeofthe leftventricle
using Equation AlO in first-pass radionucide angiography stud
ies.The averageLV volumeis obtained from summingthe data
ofthe entire cardiac cycle (the LV phase).

In additionto providinghighercounts,an averageleftventric
ular volume obtained from all frames in the LV phase from a
study performed in the RAO view takes on a more spherical
shape,i.e., it hasan eccentricityapproachingzero,than the more
ellipsoidal shapes projected by end-diastolic or end-systolic vol
umes. The eccentricityof the averageLV volume can be deter
mined from RAO silhouettes drawn at equal time intervals
throughout the entire cardiac cycle.As indicated earlier, meas
urementsmade in 30 patientswhoalsounderwentRAOcontrast
ventriculography, yielded an eccentricity of 0.61 Â±0. 1 for the
averageLV volume.Hence,balloonswith an eccentricityof 0.6
are a proper match for the determination of LV volume in the
RAO view.Thus, Equation AlO can be used to determine the
averagevolume of the LV phase, and LV eccentricitydoes not
need to be considered in this calculation. Once V is determined
in ml, the proportionality constant, k, in counts/ml can be
obtained using Equation Al; i.e., k =@ End-diastolic
volume can then be obtained by applying Equation Al to the
background-corrected total counts observed at end-diastole; i.e.,
EDV = T@/k.

EFFECT OF DISTANCE FROM THE COLLIMATOR
Total counts, T@,and the maximum pixel count, Nmax,are

both functions of the distance, f, between the mid-plane of a
balloon and the faceof the collimator.The dependenceof R on

Eq. Al2

where fis the chest to mid-ventricle distance in inches, W is body
weight in kg and H is height in cm. Verification ofEquation A12
was obtained in our catheterization laboratory in 28 patients.
Using biplane contrast ventriculography, the average measured
chest to mid-plane distance in these patients was 5.1 Â±0.75
inches.UsingEquation Al2, the averagedistancewas 5.1 Â±0.4
inches.

FIGURE A4. Variationof the ratio A versusdistance,f, in
inches from the 1.5-inch collimator. The data shown as solid
circleswereobtainedwith threeballoonsof 100, 150 and230
ml. The value of A at a 3 inch distance is normalized to unity.
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T@R@=
1'@max

f = 7.8

R3 (1.07 â€”0.024f)Rf

Vc@Jc 1.8(R3 â€”35)1.5

T@
T@= kV, which equals k =

EDV = @.
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The serialapplicationof Equations A3, Al2, Al 1, AlO and
A1 constitutesthe nongeometricconstant of eccentricitycount
methodalgorithmfor determiningleftventricularvolumesfrom
count data obtainedin the RAOviewin a first-passradionucide
angiographystudy.

After solving for k, end-diastolic volume (EDV) can be calculated
from the background-corrected counts in end-diastole (EDC),
againusingEquationAl as:

Stroke volume (SV) is then calculated using this value for EDV
and the calculatedvalue for ejection fraction (LVEF)as SV =
EDV x LVEF.End-systolicvolume (ESV)is then calculatedas
ESV= EDV- SV.
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