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The performance of two large Anger cameras at high counting rates was
compared, and the principles for measuring the relevant parameters, espe-
cially deadtime loss and coincidence artifacts, are discussed.

The results demonstrate the importance of the following factors: modern
pulse-shaping circuitry with short paralysable deadtime, an anti-pileup
circuit, and uniform energy information within the field of view, which
requires separate summing matrices for energy and position.

Elaborate testing of the specifications should be carried out before pur-

chase of a gamma camera.
J Nucl Med 19: 545-552, 1978

The performance of most—if not all—gamma
cameras on the market is satisfactory for static imag-
ing at low count rates. CT scanning, however, will
reduce the need for such static studies, with bone
scintigraphy as one of the few possible exceptions. In
the future the main load will lie on dynamic func-
tional studies. Many such procedures—in particu-
lar radiospirometry, radiocardiography and regional
cerebral blood flow—demand such high count rates
that the capabilities of the cameras become critical,
and differences between their performances become
evident (/—4). Currently, therefore, the performance
at high count rates must be an essential criterion for
the choice of a gamma camera.

The main objective of this study, accordingly, is
to devise relevant methods of testing such perform-
ance in modern gamma cameras. The principles de-
veloped were applied to the testing of two large cam-
eras: a) the LFOV of G. D. Searle (the ‘“Searle
camera”) and b) the Maxicamera of General Elec-
tric (the “G.E. camera”).

MATERIALS AND METHODS

The testing was concerned mainly with demon-
strating the effects of deadtime loss and the coinci-
dence phenomenon. We also studied the resolution
and the geometrical distortion using a strong source
in a scattering medium. Furthermore, we have in-
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vestigated the position of the window in relation to
the energy spectrum at various locations within the
field of view, as well as the maximum window ranges.

Both cameras were interfaced with a computer sys-
tem for flood-field calculations. The output count
rates were taken from the scaler/timers of the two
cameras. The Searle camera was tested only in short,
unblank, high-countrate mode. Initially both cam-
eras had been tested for gain shift* with increasing
amounts of Tc-99m activity evenly mixed in a water
flood field 12 cm thick to ensure that the pulse load
to all 37 PM tubes would be equal under most clini-
cal situations. In these conditions both cameras
showed only a minimal gain shift between 100 and
100,000 cps output as measured with a 30% window.

The following methods were then used to deter-
mine the wanted parameters:

1. The deadtime loss for Tc-99m in a scattering
medium was determined by measuring the physical
decay of the nuclide in a water flood field, 12 cm
thick, over a period of 72 hr. The window was 30%
and set before the study at a count rate of about
100 cps. The fraction of the spectrum within the
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FIG. 1. (a) Coincidence errors in G.E. camera between two Tc-
99m point sources, with 10 ¢cm of water to provide a scattering
medium, (b) Tc-99m flood-field image from G.E. camera with distor-
tion due to coincidences. There is an accumulation of pilevp arti-
facts at the center. (c) Peripheral zone shows no pilevp artifacts,
even at high count rates.

window averaged 41% for the total field of view.
The output count rate in the window decreased dur-
ing the measurement from about 100,000 cps to
about 100 cps.

2. The coincidences in the two cameras were
measured as a function of input count rate to a 30%
window. The window was initially set over the 141-
keV peak to give the maximal count rate from a
low-activity Tc-99m flood field of 50 X 50 X 12 cm
filled with water as a scatter medium to mimic a
clinical situation with respect to Compton scatter and
coincidences. For the Searle camera the measure-
ment was repeated with the window set at a high
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count rate (about 95 kcps output through the win-
dow from a high-activity flood field). With increasing
amounts of Tc-99m, a series of flood fields were re-
corded with an increasing percentage of coincidences.
To separate the coincidences in the window from
the peak and the scatter counts in the same window
we took advantage of the fact that the coincidences
between two sources in the field of view are pro-
jected on a line between them (Fig. 1). Conse-
quently, in a homogenous flood field—which may be
considered as consisting of concentric cylinders—
coincidences will concentrate in the center and de-
crease toward the periphery (Fig. 4 shows an exam-
ple). Although the input ratio between Compton
scatter and the total number of counts from a flood
field will be highest at the center, it will not change
as a function of the count rate.

Therefore, the coincidence artifacts in the window
from each high-activity flood field was determined
as the difference between this image and an image
of a field of low intensity, where there are very few
coincidences. The latter flood field must contain the
same number of counts in the peripheral zone as in
the same peripheral, coincidence-free zone of the
high-intensity flood field (Fig. 2).

Naturally, the ratio of Compton scatter over total
counts anywhere in the field of view is nearly inde-
pendent of the sensitivity of the parallel-hole colli-
mator, a fact easily demonstrated experimentally.
Thus, the different sensitivities of the three collima-
tors used in the study do not influence the theoreti-
cal calculations.

3. The resolution of an Anger camera cannot be
defined at high count rates by FWHM and MTF
values because of the additional degradation due to
coincidences. Therefore, we used a string phantom
of 1.2-mm Teflon® tubing (0.7-mm lumen), filled
with about 250 mCi Tc-99m and placed 10 cm from
the collimator surface in a water bath 20 cm deep.
The window was 30%. Each recording contained 10
million counts to minimize the influence of random
regional variation. In these cases also, the fraction
of the spectrum within the window was 41%.

With the General Electric “low-energy, high-
resolution” parallel-hole (LEHR) collimator, the
recording was performed with about 100,000 cps

HIGH COUNTRATE

FIG. 2. Quantitative calculation of
pileup distortion with a high-activity flood
field. Pulses distorted by pileup are sepa-
rated from (Compton) scatter and nonscatter
pulses by subtraction of a low-activity flood
field. Both flood fields contain same num-
ber of counts in coincidence-free peripheral
zone (see text).
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at the window output. The sensitivity of the colli-
mator was determined with a Co-50 phantom, that
yielded a count rate of 3,200 cps from a 30% win-
dow placed over the 122-keV peak.

The Searle “low-energy all-purpose” parallel-hole
(LEAP) collimator was similarly found to have a
sensitivity corresponding to 4,000 cps. The Searle
“high-resolution parallel-hole” (HRPH) collimator
was tested at 68,000 cps output and was found to
have a sensitivity corresponding to a 2,800 cps out-
put with the Co-57 phantom.

4. Additional measurements of Tc-99m spectra
in air and water, at low and high count rates, were
performed with the Searle camera using a 5% rela-
tive window and converting the count rate obtained
to that from a fixed window. The measurements in
air were done with the Tc-99m in only 0.4 ml water
placed at the focus of a converging collimator. The
measurements in water were performed with the
Tc-99m water flood field 12 cm thick.

All the spectra were recorded with slightly in-
creased high voltage to the PM tubes to extend the
low end of the spectrum from the normal lower limit
of 50 keV down to 18 keV. This was necessary to
obtain a reliable estimate of the dual-coincidence
spectrum in water.

The anti-pileup circuit in the Searle camera has
an opening time of about 100-200 nsec, which re-
sults in minimal phase shift between the coinciding
pulses. Thus, it is valid to equate the keV value of a
pileup pulse with the sum of the keV values of the
coincident pulses. The probability of two pulses
coinciding is proportional to the product of proba-
bilities of each of the individual pulses. The prob-
ability of a dual coincidence with a given keV value,
E, will thus be the sum of the probabilities of all dual
coincidences with this sum energy—i.e., the integral
from O to E of f(X) multiplied by f(E — X)), where
f(X) and f(E — X) are the probabilities obtained
from the low-count-rate spectra of pulses with ener-
gies of X and E — X, respectively. Accordingly, the
theoretical dual-coincidence spectra were calculated
from the low-count-rate spectra in air and water by
means of a convolution integral as illustrated in Fig.
7b and e (8,9).

5. The window setting of the Searle camera was
the same anywhere in the field of view, due to the
separate summing matrices for the energy and posi-
tion pulses from the preamplifiers. There is no such
separation in the G.E. camera, so for this camera
a quantitative estimate of the various peak settings
in the field of view was performed in the following
manner. With a Tc-99m flood field of low intensity
(to avoid coincidences), the common high-voltage
control of the PM tubes was adjusted to yield maxi-
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mum output count rate with a 5% window. With
equidistant changes in high voltage—S5 steps up and
5 steps down—a total of 11 flood fields were re-
corded from 122 keV (checked with a Co-57 source)
to 159 keV (checked with an I-123 source). After
correction for recording time and decay of the Tc-
99m source during the period of measurement, the
regional differences between the individual flood
fields were used to calculate the keV values of the
regional window centerlines in the field of view.

RESULTS

Deadtime loss and coincidences. Figure 3 shows
the output count rate as a function of input count
rate in the G.E. camera (a) and in the Searle cam-
era with the window set at low (b) and high (c)
count rates. Both cameras have almost the same total
output curves, but they contain highly different cal-
culated numbers of coincidences. Consequently, the
true output curves, obtained by subtracting the coin-
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FIG. 3. (a) Output and coincidence count rates in G.E. cam-
era's 30% window as functions of input count rate from a 12-cm-
high water-filled Tc-99m flood field. Window was calibrated ot low
count rate; fraction of integral input count rate in window — 41%.
(b) Output and coincidence count rates in Searle camera. Measur-
ing conditions as in (a). (c) As in (b), except that the window was
calibrated at maximum output count rate. Note consequent increase
in coincidence count rate.
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cidences from the total counts, are significantly dif-
ferent for the two cameras. For the G.E., maximum
true output was S1 kcps plus 33 kcps from coinci-
dences at an input countrate of 135 kcps. The cor-
responding figures for the Searle camera were 86
kcps as a maximum true output, with an addition of
10,000 coincidence cps at an input of 220 kcps. A
true output of 51 kcps is obtained with the Searle
camera with only 1,000 coincidence cps at an input
countrate of 70 kcps (Fig. 3b). Figure 3c shows
about 80% increase in coincidences due to the set-
ting of the window at a high count rate. Figure 4
illustrates the image distortion in the G.E. camera
due to pileup. In contrast, Fig. 5 shows the bene-
ficial effect of the Searle anti-pileup circuit.

Resolution. Figure 6 shows how the coincidences
at high count rates degrade the resolution. The tube
phantom was placed in the middle of a 20-cm-deep
water bath, 10 cm from the collimator surface. At a
total output of about 100 kcps in the window, the
G.E. camera had a resolution of 14 mm, with ob-
vious spatial distortion at the periphery. The Searle
camera, with a LEAP collimator, had a resolution
of 12 mm and no detectable spatial distortion. The
best resolution (11 mm) was obtained with the
Searle HRPH collimator at a total window output
of 70 kcps.

digital digital

GE Maxi 10 K'cps

| GE Maxi 100 Keps

FIG. 4. Effects of low- and high-activity ficod flelds on G.E.
camera in analog, digital (64 X 64), and X-Z display. Recording
conditions: 12-cm-high water-filled Tc-99m flood fleld; window —
30%, which accepts 41% of input spectrum,
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Searle LFOV 99 Kcps

FIG. 5. Effects of low- and high-activity ficod fields on Searle
camera, under same conditions as in Fig. 4. Note minimal distor-
tion in high count-rate ficod field.

Spectral anmalysis. The spectra determined with
the Searle camera in air and water at low and high
count rates are shown in Fig. 7a, c, d, and f, together
with spectra of dual coincidences (Fig. 7b and e)
as calculated by convolution of the low-count-rate
spectra (Fig. 7a and d). The Compton scatter in
water at low count rate is taken as the difference
between the spectra obtained in water (Fig. 7d) and
air (Fig. 7a). the coincidences above and within the
window are estimated by comparing the spectra of
Fig. 7f with Fig. 7d and e. A 30% window, set sym-
metrically over 141 keV, is inserted in Figs. 7d, e,
and f in order to show the distribution of Compton
scatter and coincidences within the window.

Energy uniformity. Figure 8 shows that when a
G.E. camera with a 30% window is adjusted to
maximum output count rate from a Tc-99m flood
field, the midline of the window corresponds to
122 keV in the center of the field and moves up to
159 keV at the periphery.

Table 1 summarizes the most important features
of the two cameras. Measured and advertised data
are compared.

DISCUSSION
There is an abundant literature on the deadtime
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GE Maxi LEHR -collimator

Input=180Kcps Resolution=14

:

Output =68Kcps + 2Keps Pile-up|

FIG. 6. Resolution of the two cameras at high count rates,
measured with a string phantom with 250 mCi T¢c-99m placed 10
cm from collimator surface in a 20-cm-deep water bath to provide
scatter. Internal diameter of tube — 0.7 mm; line separations from
left to right: 18, 14, 10, 8, 9, 12, 16, and 20 mm. All count rates
refer to 30% window calibated at low count rate, accepting 41%
of integral input counts.

problems in gamma cameras, and the pileup artifacts
have also been known for several years (10). From
a technical point of view it has been possible for at
least 10 yr to meet the demands that high input flexes
impose on gamma cameras by using principles estab-
lished in nuclear spectroscopy (11).

Deadtime loss and pileup measurements. Although
Compton scatter is independent of count rate and
will only cause decrease in contrast and resolution,
this is not so with coincidences. Their number will
increase rapidly with the count rate. Furthermore,
in the clinical situation both their amount and posi-
tion are unpredictable and cannot be corrected for,
since in the field of view they become displaced in
relation to the coincident scintillations. Their num-
ber also depends on the varying regional spectral dis-
tortion due to Compton scatter.

From the flood field, the G.E. camera had a maxi-
mal true output of 51 kcps in a 30% window, cor-
responding to an integral output of 125 kcps. If the
mean coincidence error in the window must not ex-
ceed an arbitrary value of 5%, the camera tested will
not be satisfactory with an output of more than 25
keps (Fig. 3a).

The Searle camera, on the other hand, had a maxi-
mal true output of 86 kcps in the 30% window, cor-
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responding to an integral output of 212 kcps. This
is only an approximation, because in the Searle cam-
era the deadtime after pulses within the window is
somewhat longer than after pulses outside the win-
dow. The correct value is close to 200 kcps. The
camera performs adequately with a maximum of 5%
coincidences in the window at an output of 70 kcps
(Fig. 3b) in the measurement situation chosen to
imitate a “worst case” clinical situation with respect
to Compton scatter and coincidences. The reason
why Murphy et al. (4) obtained somewhat different
results is that they performed their measurements in
airt, thus providing almost no scatter and generating
only negligible probability for coincidences in the
window. This can be seen in Fig. 7b and c.

Note that the procedure used to separate nonscat-
tered pulses and Compton scatter from the pileup
artifacts is necessary for a valid comparison of the
cameras. A simple registration of the total number
of counts in the area showing pileup artifacts between
two or more sources would also include Compton
scatter, blurring the result. One of the cameras (the
G.E.) did not have a separate summing matrix. This
necessitates detuning of the PM tubes, which causes
different window settings (Fig. 8) and therefore the
amounts of admixed Compton scatter within the
field of view are different for the two cameras. This
not only makes a comparison impossible, but also
generates artifacts by flood-field correction on the
G.E. camera (12).

Spectrum analysis. The calculated dual-coincidence
spectra were in excellent agreement with the spectra
measured at higher count rates (Fig. 7). Figure 7f
demonstrates that an optimal setting of the window
involves a risky voyage between the scatter at the
lower level and the coincidences at the upper level.
Success depends on an identical spectral window set-
ting anywhere within the field of view. This requires
electronic separation of the energy and position
pulses from the preamplifiers that follow the PM
tubes, which is the case in the Searle camera but not
in the G.E. Maxicamera (Fig. 8).

Figure 7, e and f, illustrates an important phe-
nomenon: with the coincidences placed around and
above the upper level of the window, and with their
rapid increase in number with increasing count rate,
a window set for maximal output in a high-count-
rate calibration will necessarily be set higher in the
spectrum than if the setting had been performed at a
low count rate. This phenomenon, of course, has
nothing to do with gain shift. Therefore, automatic
or manual window setting for maximum output count
rate during dynamic investigations with changing
count rates should be avoided, since this would result
in a marked increase in coincidence errors at high
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count rates. This is verified by the experiment of
Fig. 3c, which shows an extra coincidence measure-
ment with the Searle camera, the window being set
for maximal output at a high count rate. Comparison
with Fig. 3b shows that the coincidence error at the

FIG. 8. Variations of effective window position within feld of
view of G.E. camera (see text). Window settings vary from about
160 keV at periphery to about 120 keV at center, with a mean
value of 141 keV for the whole field of view, Each grey-shade step
corresponds to an energy interval of 5 keV.
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coincid are negligible.

same input count rate has now increased 80% . Con-
sequently, the window calibration must be performed
at low count rates, and a still lower setting may be
necessary, tolerating a higher scatter contribution.
In a previous work (/3) we have shown that when
the nuclide is Xe-133—as will typically be the case
in radiospirometry and cerebral blood-flow measure-
ments—this Compton scatter in the window may
easily be cut in half by a 1-mm brass filter between
the collimator and the Nal crystal. At the same time
a filter of this type for Xe-133 in water will cause a
marked reduction in the number of coincidences in
the window.

The lack of an anti-pileup circuit in the G.E.
camera tested (and in other cameras as well) does
give rise to a noticeable increase of coincidences.
Their indicated energy will be less than the sum of
the pulses from the coinciding scintillations. This is
due to the greater phase shift between the electronic
pulses that coincide, which allows the peak of one
pulse to coincide with the tail of another. The total
coincidence spectrum, therefore, will be shifted
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TABLE 1.

COMPARISON OF SEARLE LFOV AND GENERAL ELECTRIC MAXICAMERA (1976)

Maximum true

Maximum truve output count rate

integral output within a 30% Resolution in Number of
count rate in window - mm at a dis- windows/wide  Uniform energy
keps additional tance of 10 ¢cm Visible range window information
advertised/ coincidences in advertised/ geometric from 50 to within field of
measured keps measured distortion 600 keV view
G.E. maxicamera 200/125 51433 10/14 yes 1/no no
Searie LFOV 200/200 86+ 10 1n/mn no 3/yes yes
(5141) 12/12

downwards, and the extra coincidences within the
window will be more evenly distributed from the
lower to the upper level. This, of course, is the rea-
son why the pseudo-gain-shift described earlier can-
not be observed in the G.E. camera in spite of the
far greater number of coincidences. This construction
does not permit a reduction of coincidences by a
lower window setting.

Maximum useful output count rate. Even after
subtraction of coincidences, the maximal output
count rate provides no reliable guide to the useful
count rate in a given clinical study. At maximum
output count rate, small variations in photon flux
will cause no change in the output. Thus, there is a
“no-response region.” For a system with a simple
paralyzable deadtime, it can be shown that even at
a deadtime loss of 27%, a 1% change in the input
count rate will change the output countrate by no
more than 0.5%. The corresponding figures at 50%
deadtime loss are 1% and 0.15%, respectively. Even
if these reduced changes are still recorded as statis-
tically significant for the whole field of view, this
will be difficult or even impossible regionally, where
the counting statistics are worse due to the fewer
counts and the hypergeometric uncertainty of dis-
tribution of counts in the field of view (/3). A maxi-
mal loss of differential sensitivity of 50% to changes
in the input countrate (= changes in activity), cor-
responding to a paralyzable deadtime loss of about
27%, represents another reasonable upper limit for
the suitability of an Anger camera for quantitative
clinical studies. In the described recording situa-
tion—30% window and a 12-cm-thick flood field—
this corresponds to a maximum output of 36 kcps
for the G.E. camera and 55 kcps for the Searle. To
comply with the arbitrary requirement of an average
maximum of 5% coincidences in the field of view,
the G.E. camera will have an upper limit of 25 kcps
and the Searle camera one of 55 kcps.

Resolution measurements. The resolution measure-
ments under “worst case” conditions (Fig. 6) illus-
trate the importance of an anti-pileup circuit and
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modern pulse handling. Even at a higher input count
rate and with a more sensitive collimator, the reso-
lution is 2 mm better in the Searle camera than in
the G.E. The best resolution is obtained with the
Searle camera and a high-resolution collimator. Be-
cause of the lower input countrate, compared with
the LEAP collimator, the pileup artifacts are
markedly reduced, whereas at the same time the
output count rate is only slightly decreased, due to
the smaller deadtime losses. In spite of the lower
input count rate, the output count rate remains
higher than with the G.E. camera. Note that there
is no visible geometrical distortion in the Searle im-
ages of Fig. 6, b and c, whereas this is present in
the periphery of the G.E. image (Fig. 7a), possibly
as a result of the absence of a light guide in the G.E.
camera.

FOOTNOTES

* Gain shift is changing gain of the PM tubes with in-
creasing count rate, mainly due to heating of the last dynodes
and poor stabilization in their voltage supply.

+ Personal communication.
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