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The assumptions necessary to perform ECG-gated cardiac studies are seeming
ly not valid for patients in atrial fibrillation (AF). To evaluate the effect of AF on
equilibrium gated scintigraphy, beat-by-beat measurements of left-ventricular
function were made on seven subjects in AF (mean heart rate 64 bpm), using a
high-efficiency nonimaging detector. The parameters evaluated were ejection
fraction (EF), time to end-systole (TES), peak rates of ejection and filling
(PER.PFR), and their times of occurrence (TPERJPFR). By averaging together
single-beat values of EF, PER, etc., it was possible to determine the true mean val
ues of these parameters. The single-beat mean values were compared with the
corresponding parameters calculated from one ECG-gated time-activity curve
(TAC) obtained by superimposing all the single-beat TACs irrespective of their
length. For this population with slow heart rates, we find that the values for EF,
etc., produced from ECG-gated time-activity curves, are very similar to those ob
tained from the single-beat data. Thus use of ECG gating at low heart rates may
allow reliable estimation of average cardiac function even in subjects with AF.
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Atrial fibrillation (AF) causes wide variations in
cardiac cycle length, and consequently in some param
eters describing left-ventricular function (1-4). It has
long been known that subjects in AF possess end-dia-
stolic volumes (EDV), end-systolic volumes (ESV), and
ejection fractions (EF) that vary greatly from cycle to
cycle as a function of the length of the preceding cycle.
Cycles preceded by cycles of long duration have large
EDVs and large EFs, and conversely for cycles preceded
by cycles of short length. The mechanisms underlying
these observations are fairly well understood and are
primarily related to the increased or decreased time
available for filling when a cycle is preceded by a long
or short cycle.

Many institutions have avoided applying the tech
niques of equilibrium ECG gating to subjects in AF. The
basic assumptions upon which ECG gating is based are
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presumably violated by the wide fluctuations in cycle
length exhibited by subjects in AF. The purpose of this
study is to investigate how A F affects the measurement
of left-ventricular (LV) function by gated equilibrium
scintigraphy.

METHODS

Seven subjects in AF were studied. They had a variety
of cardiac diseases: four mitral-valve disease, one coro
nary-artery disease, one aortic rÃ©gurgitation, one
asymmetric septal hypertrophy. The mean heart rate was
64 bpm. Five subjects were receiving digoxin, one
quinidine, and one no medication. An ECG-gated
equilibrium cardiac study, in modified LAO orientation,
was performed on each subject at rest, using a procedure
described elsewhere (5-7). At the conclusion of this
study, with the gamma camera still in place, a lead an-
nulus (7.6 cm i.d.) was positioned over the LV. The visual
information provided by the computerized gamma
camera was used to exclude the atria and right ventricle
from the inner circle formed by the annulus. When the

226 THE JOURNAL OF NUCLEAR MEDICINE



CLINICAL SCIENCES
DIAGNOSTIC NUCLEAR MEDICINE

annulus was properly located over the LV, its position
was traced on the subject's chest with a pen. The gamma

camera was then raised, and a nonimaging, single-crystal
detector, with a very-high-efficiency, parallel-hole col-
limator (7.6 cm diameter) was placed over the LV
(mLAO). The correct placement of this device was as
sured because the collimator face of the nonimaging
detector was made to coincide exactly with the pen
markings on the subject's chest.

The nonimaging detector recorded from the LV a
count rate that was typically in excess of 105events/sec.

Fast electronics minimized deadtime corrections. Such
high count rates were essential in order to construct
statistically reliable time-activity curves (TACs), with
10-msec resolution, for each of the 600 single beats that
comprised a study. The data for each subject, then,
consisted of 600 single-beat TACs, and a gated
gamma-camera equilibrium study.

Backgroundcorrection. For each subject a histogram
was constructed showing number of beats for each beat
duration (R wave to R wave); this resulted in the very
wide histogram typical of AF. For the sole purpose of
determining a proper single-beat background, the gated
gamma-camera data were analyzed, using only beats
whose lengths lay in the middle third of the R-R histo
gram, regardless of the length of the previous beat. An
EF was calculated from the gated camera data of each
subject. The camera EF was determined using a single
fixed region of interest. For background a crescent-
shaped ring was used, approximately % cm removed
from the ED profile, along the LV free wall. A single
value of background was used to correct each of the
single-beat TACs for a given subject. This background
value was calculated by first adding together all those
single-beat TACs whose lengths lay in the same beat-
length range (the middle third of the R-to-R distribu
tion) as was used for the gamma-camera study (re
gardless of the length of the preceding beat). The re
sulting summed single-beat TAC was then compared
with the gamma-camera TAC. A background value for
the summed single-beat TAC was chosen so as to give
an EF identical to that obtained from the camera's TAC.

This background value was then applied separately to
each of the 600 single-beat TACs obtained from the
subject under study.

Parametersof ventricularfunction.The value of each
of the eight parameters used to described LV func
tionâ€”EDV, ESV, EF, time to end-systole (TES), peak
ejection rate (PER), peak filling rate (PFR), and the
times of occurrence of the latter two quantities (TPER,
TPFR)â€”were calculated separately for each of the 600
TACs from each subject. The variance in each of these
parameters due to counting statistics was also calculated
for every single-beat TAC. A single-beat average for
each parameter in a given subject was calculated by
computing the weighted mean ofthat parameter over all

600 single-beat values. The weighting factor used was
the reciprocal of the variance. Thus:

Pi
(P)s =

where: (P)s = single-beat mean of parameter P, PÂ¡=
value of parameter P for ith beat, a? = variance (com

puted from counting statistics alone) of parameter PÂ¡.
In the discussion that follows (P)s will be referred to
simply as the single-beat value of parameter P. This
value represents the true mean value of a parameter.

One ECG-gated TAC was created for each subject by
adding together all the single-beat TACs, irrespective
of beat length. Each of the eight parameters of LV
function mentioned above was calculated from this sin
gle, gated TAC. Henceforth the value of a parameter so
calculated will be referred to simply as the gated value.
Parameters calculated from this gated TAC represent
the true means of those parameters only if each TAC
making up the gated TAC is identical in shape and
timing.
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FIG. 1. Ratio of ECG-gated value to single-beat value for various

parameters of ventricular function in each of seven subjects. Dashed
line indicates unity ratio â€”gated value equaling true (single-beat)

value of a parameter. Error bars indicate one s.d. as determined from
counting statistics.
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TABLE 1. ABSOLUTE VALUES OF VARIOUS PARAMETERS DESCRIBING VENTRICULAR FUNCTION
AS CALCULATED FROM AN ECG-GATED TAC OR FROM AN AVERAGE OF ALL THE SINGLE BEAT

TACs COMPRISING ASTUDY*Single

beat value

Gated value

Random counting deviations

Observed deviationsES1203

1206

20

32â€¢

ES is the relative end systolic volume counts

in end-diastolic volumes per second.TESEFPERTPER361.5

0.43 2.07 185

365.0 0.42 1.98 187

8.3 0.05 0.56 91

24.0 0.07 0.6451The

timing quantities TES, TPER, and TPFR are allPFRTPFR1.93

495

1.86 491

0.87 68

1.1143in

msec. PER and PFR are

RESULTS

The ratio of the gated value of a parameter to its sin
gle-beat value is shown in Fig. 1 for each subject. This
ratio provides a relative indication as to how accurately
the parameter's gated value reproduces the true mean

for that parameter as determined from the single-beat
measurements. The error bars shown represent one
standard deviation calculated from random counting
errors alone. The error bars do not reflect the observed
beat-to-beat fluctuations. The average absolute values
of each parameter are given in Table 1.The first row of
this table shows the single-beat value of each parameter,
averaged over all the subjects studied. The gated value
of each parameter, averaged over all subjects, is listed
in the second row. The third row contains the standard
deviation of each parameter (averaged over all subjects)
based on counting statistics alone. In the fourth row are
the observed fluctuations of the single-beat values about
the mean (averaged over all subjects), expressed as one
standard deviation. Comparison of Row 4 with Row 3
will indicate (with two exceptions) the increased pa
rameter variability due to beat-to-beat fluctuations, over
the inherent variability resulting from random counting
errors.

Figure 2 illustrates the dependence of each parameter
on the length of the previous beat, for one typical subject.
To produce this figure, all the single-beat parameters
obtained from TACs preceded by a beat of a specified
length (Â±50 msec) were averaged together.

DISCUSSION

The agreement between gated and single-beat pa
rameters shown in Fig. 1 was unexpected. It was pre
sumed that the extremely wide fluctuations in beat
length would cause the gated TACs to be grossly dis
torted, resulting in a similar distortion in the parameter
values derived from the gated TACs. This latter distor
tion did not occur. Instead, Figs. 1A and B show only a
3% maximum underestimate in gated EF, and a 5% un
derestimate in gated time to systole. The gated against
single-beat differences were larger for parameters of

maximum filling and emptying. Even here, however, the
disagreement was not much more than might be ex
pected from subjects not in AF (8). The times to peak
ejection varied from at most 27% too high to 9% too low,
whereas the values of peak ejection rate were at most 6%
underestimated. Similarly, the filling parameters from
the gated TACs ( Figs, l E and F) were as much as 21%
low (PFR) or 4% low (TPFR). Again, this is not more
than might be obtained from subjects not in AF.

Figure 2 allows the reader some insight into why atrial
fibrillation does not cause a more drastic alteration in
the gated parameters of LV function. The relationships
between relative volumes (ES and ED) and the length
of the preceding beat, shown in Figs. 2A and B, were as
expected. Similar data have been reported by others,
using invasive techniques and grouping together data
from many subjects (I-4). With the beat-by-beat ra-
dionuclide technique, these data are produced from a
single subject. For the typical subject (No. 6) shown in
Fig. 2, the EDV first increases rapidly, then flattens, as
a function of previous beat length. This is as expected,
and mirrors the shape of the LV volume curve in late
diastole. The rapidly rising portion of Fig. 2A is due to
beats terminated during the latter part of active filling.
The nearly flat portion occurs when the preceding beat
is terminated during diastasis. Only minor changes in
ESV are observed with preceding beat length (Fig. 2B),
with ESV dropping slightly for long preceding beat
lengths (and thus large EDVs), as might be predicted
from Starling's law.

The behavior of EF, shown in Fig. 2C, reflects the
change in EDV as a function of preceding beat length.
With such a strong dependence on preceding beat length
(the EF more than doubles) why does gating still work?
The answer lies in Fig. 2D. Time to end-systole increases
measurably as a function of preceding beat length. This
would tend to reduce the gated EF, since curves are
added together whose minima occur at different loca
tions. Ignoring the 550-msec point of Fig. 2D (there was
only a single beat as short as 550 msec for this subject),
TES varied by about 50 msec. It has been shown previ
ously (9,10) that sampling frequencies (i.e., framing

228 THE JOURNAL OF NUCLEAR MEDICINE



CLINICAL SCIENCES
DIAGNOSTIC NUCLEAR MEDICINE

rates) as coarse as 50 msec will cause no significant re
duction in EF. More directly, Brash et al. (//) have
simulated LV volume curves with sinusoidal functions.
When they gated (i.e., added together) curves with
varying lengths (and similarly varying TESs), they found
that a 7-10% coefficient of variation in cycle length re
duced EF by only 2-2.5%. This simulation is in accord
with the data of Figs, l B and 2D. As shown in Table 1,
the observed deviations in TES about the mean were 24
msec out of 360 msec, or about a 7% coefficient of vari
ation.

No similar simulation data exist for the ejection or
filling-rate parameters. However, it seems reasonable
to hypothesize that again it is the fluctuation in timing
of PER and PFR that will cause underestimation of
those quantities, rather than fluctuations in the quan

tities themselves. Figure 2F illustrates the typical vari
ation of TPER with length of preceding beat. The first
point (at 550 msec) is omitted because its error is as large
as the ordinate axis shown. The remaining data are
suggestive of a decline in TPER as preceding beat length
increases; that is, earlier emptying for larger EDVs and
larger EFs. The maximum change in TPER was
smallâ€”only 35 msec for this subject. On average, the
seven subjects in Table 1exhibited a deviation of 50 msec
about the mean TPER. Some portion of this 50-msec
deviation was due simply to random error, the remaining
portion was due to true deviations in function. The ob
served 50-msec deviation was less than would be ex
pected solely on the basis of counting errors (90 msec),
because occasionally the filling portion of the curve was
nearly linear, causing a great statistical uncertainty in

FIG. 2. Parameters of LV performance in
a typical subject, as a function of length of
preceding cardiac cycle. EDV and ESV are
in units of relative counts. PER and PFR are
in units of end-diastolic volumes/sec. Error

bars indicate one s.d. as determined from
counting statistics.
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the time of occurrence of the peak slope. In these cases,
however, the computer algorithm for finding TPER did
not randomly select a time, but rather used a fixed pro
cedure, thereby reducing the observed deviations.

It is expected that fluctuations in TPER would reduce
PER in a gated study. It is not known what the magni
tude of this reduction might be. From the EF data of
Table 1, it was seen that a 24-msec fluctuation in TES
produced only a 2.5% reduction in EF. This was pre
sumably because of the relatively broad minimum of the
LV volume curve. A plot of ejection rate against time
(i.e., the first derivative of the LV TAC) would exhibit
a shape similar to the bottom of the LV curve itself. One
might, however, expect the ejection-rate curve to be
sharper at its (negative) minimum. If so, fluctuations in
TPER would have a more pronounced effect on PER
than those in TES had on EF. The observed 5%reduction
in PER (Table 1) is indeed a greater reduction. Due to
the high random fluctuations in TPER (91 msec average
from Table 1), it is unclear how large the true fluctua
tions (due to AF) in TPER were. They may have been
considerably less than the 51-msec value listed in Table
1.

The gated values of PFR are also close (about 4% on
the average) to the single-beat values, but individual
subjects were underestimated by as much as 21%. Two
factors must be considered in trying to understand how
AF affects PFR. First, the observed fluctuations in time
(TPFR) are slightly smaller than for TPER (Table 1).
From Fig. 2H, TPFR increases with increasing previous
beat length. Note, however, that TPFR is measured from
the R wave, not from TES. By inspection of Fig. 2D, it
is seen that all the increase in TPFR is due to an increase
in TES. Secondly, AF affects a given cardiac cycle in two
additional ways: by influencing EDV through the length
of the preceding cycle, and by shortening or prolonging
the current cycle. The changes in EDV should have their
major physiologic effect during systole; filling should not
be affected as much, since ESV and the timing of the
current cycle remain nearly unchanged. The shortening
or lengthening of the current cycle, on the other hand,
should not produce any physiologic effect on that par
ticular cycle, since the myocardium does not "know" in

advance whether the current cycle will be terminated
prematurely or allowed to continue. Thus the length of
a cardiac cycle in itself, should not influence systolic or
diastolic behavior during that cycle. Obviously, a beat
terminated during filling (or emptying) will not com
pletely fill (or empty). Before termination, however, the
contraction and relaxation (if any) will proceed nor
mally. Furthermore, if a cycle is terminated before
TPFR, there will be a distortion of the gated results when
the TAC from that cycle is added to those of all the other
cycles. In the present study, less than 2% of all the
subjects' cardiac cycles were shorter than their respective

mean single-beat TPFR, and no single subject had more

than 3%of his cycles shorter than TPFR for that subject.
The mean TPFR for all subjects was 495 msec, com
pared with the mean R-R interval of 940 msec. At R-R
intervals of this length, most of the variations in cycle
length occur during the diastasis period, accounting for
the good agreement between the gated and single-beat
calculations. The R-R interval of the subjects studied is,
however, quite representative of that found in AF pa
tients whose rates are being controlled by the usual
medications. At higher heart rates, and with equally wide
fluctuations of cycle length, the gated measurements of
diastolic events may deviate considerably from the true
mean as determined from the single-beat measurements.
Further work is necessary to determine whether this is
so.

CONCLUSION

These data suggest that at low heart rates, only a small
underestimate is made by using gated equilibrium
techniques to measure average values of EF, PER, etc.
in subjects with AF. This surprising conclusion is due in
part to the fortuitous way in which the timing of the
cardiac cycle varies with preceding beat length. Further
studies are necessary to determine the validity of this
conclusion at high heart rates.

It must be emphasized that although ECG gating
seems to allow estimation of the true average cardiac
behavior, it is unknown whether this average behavior
is diagnostically significant in subjects in AF. It is pos
sible that more detailed single-beat data are needed (e.g.,
Fig. 2) to evaluate patients in AF.
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October 8-11,1981 Hilton Hotel San Francisco, California

ANNOUNCEMENT AND CALL FOR ABSTRACTS FOR SCIENTIFIC PROGRAM

The Scientific Program Committee welcomes the submission of abstracts or original contributions in Nuclear Med
icine from members and nonmembers of the Society of Nuclear Medicine for the 6th Annual Western Regional Meet
ing. Physicians, scientists, and technologistsâ€”members and nonmembersâ€”areinvited to participate. The program
will be structured to permit the presentation of papers from all areas of interest in the specialty of Nuclear Medicine.
Abstracts submitted by technologists are encouraged and will be presented at the Scientific Program. Abstracts for
the Scientific Program will be published and will beavailable to all registrants at the meeting.

GUIDELINES FOR SUBMITTING ABSTRACTS

The abstracts will be printed from camera-ready copy provided by the authors. Therefore, only abstracts prepared on
the official abstract form will be considered. These abstract forms will be available from the Western Regional Chapter
office (listed below) after March 1,1981.Abstract forms will besent to membersof the Northern California, Pacific North
west, Southern California, and Hawaii Chapters in a regular mailing in early May, 1981.All other requests will be sent
on an individual basis.

All participants will be required to register and pay the appropriate fee. Pleasesend theoriginal abstract form, support
ing data, and 7 copies to:

Justine J. Parker, Administrator
6th Western Regional Meeting

P.O. Box 40279
San Francisco, CA 94140

Deadline for abstract submission: Postmark by midnight, July 3,1981

The 6th Annual Western Regional Meeting will have commercial exhibits and all interested companies are invited.
Please contact the Western Regional SNM office (address above) or phone: (415)647-1668 or 647-0722.

NUCLEAR CARDIOLOGY 1981
March 21-25,1981 Innlsbrook Tarpon Springs, Rorida

Waterbury Hospital Health Center in conjunction with Yale University School of Medicine will present a general review
course in Nuclear Cardiology, March 21-25, 1981 at Innisbrook, Tarpon Springs, Florida. The course will include
general techniques and clinical applications utilizing a format of lectures and workshop presentations. Registration is
open to physicians in all fields of medicine interested in noninvasive cardiovascular diagnosis.

The Program Directors are Gerald R. Berg and Robert Toffler. Course Directors are Paul Hoffer, Barry LZaret, and
Alexander Gottschalk. The faculty will also consist of H. William Strauss, Franz J. Th Wackers. Harvey J. Berger,
Lawrence S. Cohen, and Glenn Hamilton.

The fee is $300 ($150 for residents) and 19hours of category I credit may be obtained.

For further information, contact: Gerald R. Berg, M.D., Department of Radiology, Waterbury Hospital Health Center,
64 Robbins St.. Waterbury, CT 06720. Tel: (203) 573-7124.
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