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Usinga methodfor determinationof absolutevolumes,Includingcorrectingfor
attenuation,we have exploredthe ability of the methodto determinestroke vol
ume in humansby radionuclldetechniques.Thermodilutioncardiac outputdeter
minationsandmultlgatedequilibrIumblood-poolscintigraphyInthe LAOview were
performedsimultaneouslyin twentypatientsIn whichno evidenceof Intracardiac
shuntsor valvulardiseasewas present The correlationwas goodbetweenthe at
tenuated radionuclideand thermodilutlonstroke volume (r 0.80, s.ee of estl
mate = 12 ml; SVId 2.31 X SVr + 18 ml). When correctionfor attenuationwas
made, the correlationimproved(r 0.96, s.e.e. 6 ml) and approachedthe line
of identity(SVtd 0.99 X SVr+ 1.2 ml) The correlationwas alsogoodbetween
radlonuclidecardiacoutput,correctedfor attenuation,andthe thermodilutioncar
diac output(r = 0.89, s.e.e. 0.36 1/mm;COtd 0.86 X CO + 067 I/mm). Thus
our methodof correctionfor attenuatIonIn the determinationof absoluteleft-yen
tricularvolumeshas been shownto providea reliable, noninvasivemeansof cal
culatingstrokevolumeandcardiacoutputIn humans,withoutthe useofgeometric
assumptionsor regressionequations.
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Multigated equilibrium blood-pool scintigraphy has
provided a noninvasive means of assessing cardiac
function (1 ,2). Methods to calculate left-ventricular
ejection fraction accurately (3,4) and to assess left
ventricular wall motion qualitatively (5) and quantita
tively (6) using ECG-synchronized blood-pool images

have been developed. More recently, techniques have
been developed to calculate left-ventricular volume in
dices from gated blood-pool scintigraphy (7â€”9).The
geometrical analysis of spatial measurements obtained
from contrast ventriculography, using a prolate-ellipsoid
model, have also shown good correlations between actual
and calculated volumes (/0â€”12). However, the calcu
lation of volumes from the left-ventricular silhouette
using geometric models requires assumptions that may
not be valid, especially during systole (13,14). The use
of a regression equation to correct the volume index
derived from scintigraphy to the volume that would be
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obtained using the geometric model for contrast yen
tniculography is the essence of the most recently devel
oped techniques.

The effects of attenuation are not accounted for in the
most recently presented techniques. Of the l40-keV
photons of Tc-99m, less than a third can penetrate 10 cm
of water, although 85% can penetrate 2 cm. It seems,

therefore, that correction for at least the self-attenuating

effects of the left ventricle should be made. Links et al.
have described a technique for calculating absolute

left-ventricular volumes using a count attenuation
method (18).

The purpose of this study was to assess the utility of
nongeometnic methods, both with and without correction
for attenuation, for the determination of stroke volume
and cardiac output.

METHODS

Twenty patients were studied, each within the hour
following routine cardiac catheterization. None of them
had clinical or angiographic evidence ofvalvular disease
or a cardiac shunt. Simultaneous measurements of car
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diac output with the thermodilution technique (15,16)
and ECG-synchronized equilibrium blood-pool scm
tigraphy were made on each patient.

Under fluoroscopic monitoring, the tip of a catheter*
was advanced to the proximal portion of the right or left
pulmonary artery. At approximately one-minute inter
vals, bolus injections of sterile saline solution (10 ml at

0Â°C)were introduced into the right atrium through the
proximal lumen, and the resultant change in temperature
at the thermistor was recorded. Cardiac output was
calculated with an analog cardiac-output computer.t
Four or five thermodilution determinations of cardiac
output were recorded throughout the acquisition of the
scintigraphic data. Stroke volume was calculated by

dividing the cardiac output by the heart rate. For the
thermodilution values, the heart rate during the dilution
process was used. For the radionuclide values, the av
erage heart rate over the 5-mm acquisition was used. The
average of the thermodilution cardiac output values was
used for the correlation with the cardiac output derived
from the radionuclide data.

Following in vivo RBC labeling with 20-25 mCi of
Tc-99m (17), patients were imaged supine in the left
anterior oblique view that gave the best separation of the

left ventricle from other chambers of the heart.
Twenty-four ECG-synchronized images were acquired
in 64- by 64-byte mode (zoom factor = 1.3) for five
minutes using a mobile gamma camera equipped with
a low-energy all-purpose parallel-hole collimator, in
terfaced with a commercial system for computer-con
trolled acquisition, processing, and display. A 20%
window centered on the photopeak of the Tc-99m spec
trum was used for all images. Halfway through the data

acquisition, a 12â€”14 ml sample of blood was withdrawn
from a peripheral vein. After completion of this view and
without moving the patient or the camera, a small
(â€œpointâ€•)source of Co-57 was placed on the patient's

chest in the middle of the left ventricle as perceived on
the persistence scope of the camera. The camera was
then placed in the anterior position and a 200,000-count
image was stored in 128- and 128-byte mode (no zoom);
the Co-57 marker was then removed and the imaging
continued until 800,000 counts were acquired. Following
acquisition of the anterior static view, two 5-mi aliquots
were pipetted from the blood sample to petni dishes and

imaged on the camera system for 10 mm at a distance
of 5 cm from the collimator.

For each frame in the cardiac cycle, activity within the
region of the left ventricle was determined using a sec
ond-denivative edge-detection algorithm. For back
ground correction we used a region six pixels wide and
displaced three pixels parallel to the infero-lateral edge
of the end-systolic region of interest. A background
corrected left-ventricular time-activity curve was gen

erated from these regions of interest. From the static
anterior view, the distance from the center of gravity of

the left ventricle to the chest-wall marker was deter
mined using a computer program. This program calcu
lates the center of gravity of the counts from the left
ventricle within an observer-placed ellipse. The observer
then moves a cursor from this point to the center of the
image of the Co-57 point source. This distance is then
converted from pixels to centimeters through multipli
cation by the calibration value determined previously (5
pixels/cm for our instrument) from an orthogonal hole
phantom. Theattenuating distance (d) is then calculated
by dividing by the sine of the angle of the LAO view
(18).

The count rate from the blood sample was obtained
by averaging the duplicate aliquots, dividing the total
counts by the acquisition time (10 mm) and back-con
recting for radioactive decay from the time the sample
was withdrawn during the gated acquisition to the time

it was counted. Left-ventricular volumes were then de
termined by substitution of the values from the time
activity curve into the following formula:

Va= LVcps
eAt X aliquot cps/ml

where:
LV numerator is background-corrected counts/sec

from the region of the left ventricle. Aliquot is the

background-corrected counts/sec from the region of the

aliquot image and averaged over two aliquots. A is the
time decay constant, per hour, for Tc-99m 0.693/6.02.
t is the time in hours between imaging the left ventricle

and counting the aliquots. Va is the attenuated volume
(ml).

(1)
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FIG. 1. Relationbetweenthermodilutionandscintigraphicstroke
volumes. Attenuation-corrected values (â€˜)closely approach identity
line (s.e.e. = 6 ml) and are significantly different (P <0.05) from
attenuatedvalues (+).
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The attenuation-corrected volume was calculated
by:

Vc Va X @pd

where:
IL is the linear attenuation coefficient (0. 15/cm), d is

the attenuating distance in centimeters between the
collimator face and the center of the left ventricle, Vc is
the attenuation-corrected volume.

The value of 0. 15/cm is the linear attenuation coef
ficient for Tc-99m in water and is chosen here to repre
sent an average value for blood, bone, muscle and lung
tissue (18).

RESULTS

The values for stroke volume (Table 1), determined
by dividing the thermodilution cardiac output by the
heart rate, ranged from 40 to 116 ml with a mean value
of 71 :1:20 (s.d.) ml (20). The values of attenuated stroke
volume from radionuclide techniques ranged from 13 to
36 with a mean value of 23 Â±7 ml. The values of stroke
volume corrected for attenuation ranged from 38 to 106
with a mean of 70 Â±19 ml. There was a significant dif
ference (P <0.05) between the thermodilution and at
tenuated radionuclide stroke volume.

The correlation coefficient (Fig. 1) between the

thermodilution and attenuated radionuclide stroke vol
ume was r = 0.80 with a standard error of the estimate

(2) equaltol2ml.

Thermal SV = 2.31 X radionuclideSV + 18
When correction for attenuation was made, the corre
lation between thermodilution and radionuclide stroke
volume improved to r 0.96 with a standard error of the
estimate equal to 6 ml.

Thermal SV = 0.999 X radionuclideSV + 1.2 ml.
The values for the thermodilution cardiac output

(Table 1) ranged from 3.49 to 6.06 1/mm (mean 4.72
Â±0.75).Thevaluesofcardiacoutputdeterminedfrom
gated blood-pool scintigraphy using attenuated volumes
ranged from 0.96 to 2.30 1/mm (mean = 1.56 Â±0.41).
When the left-ventricular volumes were corrected for
attenuation, the values of cardiac output ranged from
3.50 to 6.10 1/mm (mean = 4.70 Â±0.77). There was a
significant difference (P <0.05) between the thermo
dilution and attenuated radionuclide cardiac output.

The correlation coefficient (Fig. 2) between the at
tenuated cardiac output and the thermodilution cardiac
output was r = 0.86 with a standard error of the estimate
equal to 0.40 1/mm.

Thermal CO = 1.57 X radionuclide CO + 2.30 1/
min

When correction for attenuation was made, the cor

TABLE1. ThERMODILUTIONANDRADIONUCLIDEDATA

(I/mm)
1 5.65
2 6.06
3 4.76
4 5.20
5 5.11
6 4.28
7 5.67
8 3.49
9 3.64
10 4.03
11 4.05
12 5.66
13 5.40
14 5.13
15 4.67
16 4.11
17 4.03
18 4.17

19 4.88
20 4.30

(ml)
81
95
59
85
76
40
86
55
59
59
55
88
72
93
67
45
44
60
90

116

(I/mm)
2.17
2.16
1.46
1.42
1.69
1.50
2.11
1.01
1.05
1.43

0.96
2.30
2.03
1.65
1.47
1.37
1.47
1.63
1.27
1.08

(ml)
31
34
18
23
25
14

32
15
17
20

13
36
27
28
21
15
16
24
24
27

(I/mm)
5.25
6.10
4.15
5.66
4.59
4.08
5.61
3.50
3.60
4.03
4.82
6.01
5.20
5.11
4.62
4.89
3.88
4.06

4.65
4.26

(ml)
75
96
50
92
68
38
85
52
57
57
66
94
70
88
66
53
43
59

87
106

Mean

s.d.

4.72

0.75
71
20

1.56
0.41

23

7
4.70

0.77
70
19
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done in order to evaluate the noninvasive determination
of absolute left-ventricular stroke volumes and cardiac
output by radionuclide techniques without the use of
regression equations.

Others (7,8,18,19) have shown that indices of left
ventricular volume, determined by radionuclide tech
niques that ignore or assume fixed attenuation effects,
correlate well with the volumes obtained by the appli
cation of the Sandler and Dodge geometric technique to
contrast ventriculography. Using this information, ra
dionuclide volume indices are converted to geometric
volumes by previously derived regression equations. In
this study, we chose to compare the attenuated and at
tenuation-corrected stroke volumes with the thermodi
lution stroke volume, the last being independent of
geometric assumptions. We were able to confirm a good

correlation between attenuated radionuclide and then
modilution cardiac output and stroke volume. We found
a somewhat better correlation with the corrected values
than with the attenuated values for cardiac output and
stroke volume.

The better correlation for stroke volume than for
cardiac output deserves explanation. In the case of car
diac output, the heart rate used for the thermodilution
cardiac output is an instantaneous one whereas the heart
rate used for the radionuclide value is an average over
all the beats in the five-minute study. These discrepancies
tend to disappear when the cardiac output is divided by
the respective heart rates to yield stroke volume.

The primary sources of error in the radionuclide
technique are the determination of the attenuation dis
tance and the assumption that a single coefficient of
attenuation is necessary and sufficient. The types of
tissue through which the photons must pass from the left
ventricle to the collimator include: blood and soft tissue,
whose densities are close to that of water; lung tissue,
whose density is less than that of water; and bone, whose
density is greater than that of water. On average these

densities would approximate that of water, so that s

0. 15/cm for water was chosen as a compromise value.
Theoretically, the ratio of self-attenuating medium to
extra-ventricular attenuating medium may be an im
portant consideration in using a single correction for

attenuation. The ability to determine the cepter of

gravity in the left ventricle is sometimes compromised
by right-ventricular activity. In our in vivo studies, the
measurement of the distance from the center of gravity
of left-ventricular activity to the chest-wall marker was
probably the major source of error in the calculation of
absolute left-ventricular volumes. In patients with hy
perdynamic ventricles, it may be necessary to use dif
ferent attenuating distances to correct the end-diastolic
and the end-systolic volumes.

We note that thermodilution and attenuated radio
nuclide cardiac output are correlated well enough (r
0.86) to permit the use of a regression equation to de
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FIG. 2. Relationbetween thermOdilUtiOnand scmnt1@aphmccardiac
outputs. Correctmonfor attenuation effects brings these values (-)
close to line of identity,andstandarderror of estimateis small (0.36
I/mm).

relation coefficient between the thermodilution and ra
dionuclide cardiac output was r = 0.89 with a standard
error of the estimate equal to 0.36 1/mm.

Thermal CO 0.859 X radionuclide CO + 0.67 1/
miii.

ERROR ANALYSIS

In our study, a one pixel (2 mm) error in the mea
surement of the attenuating distance produces a 3%
change in the calculated volume. Hence, an error of 4 to
5 pixels (â€˜@-â€˜1cm) would result in a I 3 to 16% change in
the calculated volume. A one-minute inaccuracy in the
estimation of the time from withdrawal to counting of
the blood sample results in a change ofO.2% in the cal
culated volume. Therefore, a 30-mm error in this time
interval would be necessary to change the calculated

volume by 6%. The validity of this technique depends on
the accuracy with which one knows the volume of the
aliquot of blood. An error of 0.1 ml in the volume of the
aliquot results in a 5% change in the calculated volume.
In order to reduce the effect of errors in the pipetting
process, we averaged determinations of counts per ml
over two duplicate aliquots.

DISCUSSION

The acceptance of any new test or method in clinical
medicine depends on the simplicity of its measurements
and on its sensitivity compared with established methods
and tests. Radionuclide techniques provide an opportu
nity to measure noninvasively some of the important
parameters of cardiac function that are often measured
through cardiac catheterization. Our present study was

+ ATTINUATED (8 â€”0.86)

. ATTENUATION CO88ECTED
(I â€”0.8@)
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exercise in patients with coronary artery disease. N EngJ Med
296:839â€”844,1977

5. ZARET BL, STRAUSS HW, HURLEY PJ, NATARAJAN TK,
PITT B: A noninvasive scintiphotographic method for de
tecting regional ventricular dysfunction in man. N Eng J Med
284:1165â€”1170,1971

6. BuRow RD. WILSON MF, ALLEN EW, et al: Regionalleft
ventricular time activity curves from multiple gated equilib
rium scintigraphy: Correlation with contrast angiography.
JNuclMed22:P61, 1981(abst)

7. SLUTSKYR, KARLINERJ,RIcci D, etal:Leftventricular
volumes by gated equilibrium radionuclide angiography: A
new method. Circulation 60:556-564, 1979

8. DEHMERGJ,LEWISSE,HILLISLD,etal:Nongeometric
determination of left ventricular volumes from equilibrium
blood pool scans. Am J Cardiol 45:293-300, 1980

9. BOURGUIGNONMH, SCHINDELDECKERJG,BuRow RD.
et al: Quantitation of left ventricular volume by equilibrium
radioventriculography. Am J Cardiol 45:397, 1980 (abst)

10. SANDLER H, DODGE HT: Use ofsingle plane angiocardio
grams for the calculation of left ventricular volume in man.
Am Heart J 75:325-334, 1968

II. GREEN DO, CARLISLE MB,GRANTG, BUNNELL IL: Es
timation of left ventricular volume by one plane cineangiog
raphy. Circulation 35:61-69, 1967

12. KENNEDY JW, TRENHOLME SE, KASSER IS: Left yen
tricular volume and mass from single plane cineangiocardi
ograms: A comparison of anteroposterior and right anterior
oblique methods. Am Heart J 80:343-352, 1970

13. Ross J, SONNENBLICK EH, COVELL JW, et al: The ar
chitecture of the heart in systole and diastole. Circ Res 21:
409-421,1967

14. DODGEHT,SANDLERH, BAXLEYWA,Ctal:Usefulness
and limitations of radiographic methods for determining left
ventricular volume. Am J Cardiol 18:10-20, 1966

15. GANZ W, DoNoSo R, MARCUS H5, et al: A technique for
measurement of cardiac output by thermodilution in man. Am
J Cardiol27:392-396,1971

16. BRANTHWAITE MA, BRADLEY RD: Measurement of car
diac output by thermodilution in man. J Appl Physiol 24:
434-437, 1968

17. PAVEL DG, ZIMMER AM, PATTERSON VN: In vivo Ia
belling of red blood cells with 99m-Tc: A new approach to
blood pool visualization. J Nucl Med I8:305â€”308,1977

18. LINKS JA, BECKER LC, SCHINDELDECKER JO, et al:
Measurement of absolute left ventricular volume from gated
blood pool studies. Circulation 65:82-91, 1982.

19. DEHMER GJ, FIRTH BJ, LEWIS SE, et al: Direct measure
ment of cardiac output by gated equilibrium blood-pool
scintigraphy: Validation of scintigraphic volume measure
ments by a non-geometric technique. Am I Cardiol 47:
1061-1069,1981

20. DUNCANAJ:QualityControlandIndustrialStatistics;
Richard D. Irwin, Inc., Howewood, Illinois. 1959 P640-668

termine cardiac output with a standard error of estimate
equal to 0.40 1/mm without accounting for attenuating
medium. However, the patient population as well as the
range of cardiac outputs should be increased substan
tially beyond those used in this study to provide a sta
tistically valid estimate of true cardiac output by re
gression techniques. We were reluctant to use regression
equations to establish a relationship between volumes
derived from geometric assumptions for the contrast
ventniculographic studies and volumes derived from the
radionuclide studies, because changes in system sensi
tivity, methods of left-ventricular edge detection and
background correction, changes in tracer labeling
techniques, and other unanticipated factors would re

quire the derivation of new regression equations. The
technique described in this report has built-in calibra
tions that alleviate concern for changes in these fac
tons.

FOOTNOTES

* Edwards Labortories #7 Swan Ganz -93A-302-7F.

t KMA Inc., Model 3500 Cardiac Output Computer.
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