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Analog dynamic studies of the cerebral circulation
performed with the scintillation camera and intrave-
nously injected **=Tc-pertechnetate provide infor-
mation on the vascularity of cerebral lesions and on
the occlusion of major blood vessels (7). However,
a large proportion of patients with clinical occlusive
cerebrovascular disease have normal analog dynamic
studies (2—4) suggesting that the technique is a
relatively insensitive one. Limited success has been
reported (5) for digital cerebral circulation studies.

Attempts in this laboratory to improve the sensi-
tivity of cerebral dynamic studies by digital analysis
have previously proved largely unsuccessful. Factors
mitigating against success include (A) electronic
noise in the data, (B) detector nonuniformity amount-
ing to a *=10% variation in sensitivity from region
to region of the gamma camera detector, (C) inac-
curacy and nonreproducibility of regions of interest
selected “by eyeball” from the CRT display of a
data terminal or multiparameter analyzer, and (D)
inequality of region-of-interest area due to observer
error, asymmetry of the patient’s head, or rotation of
the patient’s head under the detector.

This paper describes an empirical, completely au-
tomated, off-line computer analysis that has been
designed to overcome all these possible sources of
error.

METHOD

Recording. The patient is positioned supine with
the orbitomeatal plane normal to the collimator sur-
face and with the detector of the camera (Nuclear-
Chicago Pho/Gamma III) above the patient’s face.
Approximately 12 mCi of **=Tc as pertechnetate in
0.5 ml saline are injected into the antecubital vein
using a modified Oldendorf bolus-injection tech-
nique in which a tourniquet is used instead of a
sphygmomanometer cuff. Standard premedication
with KCIO, is used as with the conventional brain
scan.

The dynamic study is recorded digitally using dual
analog-to-digital converters, a 1,600-channel multi-
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parameter analyzer, and a seven-track magnetic-tape
recorder (36 in./sec, 800 bpi) (6). It is simultane-
ously recorded in analog form on 35-mm film. Digital
data are accumulated over a 40 X 40 element matrix
for 1.8-sec intervals and serially dumped (in 0.35
sec) onto magnetic tape allowing 28 data blocks to
be recorded over the 1 min of recording time.

Data from a uniform disk source of **»Tc are re-
corded on the tape prior to the first patient study of
the day for subsequent correction of detector non-
uniformity. Dynamic studies of 12-15 patients are
recorded each day, and the tape is taken for analysis
to the nearby University of Adelaidle CDC 6400
computer at the end of the recording session.

Computer analysis. The computer carries out the
following operations:

1. Filtering. Electronic noise is recorded as an
abnormally high or low count. These counts are fil-
tered out of all matrices in the following way.

The value of each matrix element (N) is com-
pared with its four neighbors (a;,, i = 1-4). If it
differs from all four neighbors by more than four
standard deviations of the mean of the four neigh-
bors, it is replaced by the mean.

Consider N and its 4 neighbors:

a,
a, N a,.
a;
If fori = 1—4,
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2. Smoothing. To reduce statistical count varia-
tions, smoothing is performed using weighted spatial
averaging (7). For the uniform disk source data,
each element in the 40 X 40 matrix is replaced with
a 13-element weighted spatial average in the follow-
ing way.

The matrix
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is centered successively on each element of the
flooded crystal data. (The numbers in each position
of the smoothing matrix represent the weighting fac-
tors.) This matrix was empirically found to produce
an isocount contour display of flooded crystal data
consistent with that expected from the photomulti-
plier tube array in the detector.

3. Nonuniformity correction (8). Correction fac-
tors are determined for each of the 1,600 matrix
elements using the uniform disk source data.
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where C.F. is the correction factor for each of the
1,600 matrix elements, m the average count over all
1,600 matrix elements of uniform disk source data,
and a, the value of individual matrix elements of uni-
form disk source data.

4. Region-of-interest selection. The data blocks
from each patient study are read in, filtered, cor-
rected for detector nonuniformity, and written on a
“scratch file”. At the same time a cumulative sum of
corresponding matrix elements in all 28 data blocks
of each study is formed and retained in central mem-
ory. This forms the best available “image” of the
head blood pool. This summed “image” is filtered
and lightly smoothed with a five-element weighted
spatial average.

)
e
)

is centered successively on each element of the
summed head blood pool matrix. (The numbers in
each position of the smoothing matrix represent the
weighting factors.)

To determine the regions corresponding to the

0, o 0. 0,0, 0.0, 0,0,0,

FIG. 1. Cumulative digital image of
head smoothed, filtered, and normalized
to maximum of 99 for printout by com-
puter line printer. A, vertex; B, superior
sagittal sinus; C, nasopharynx and major
blood vessels; D, neck; E and F, step func-
tions x; and x, defining the calvarium;
G, right hemicranium; H, left hemicranium.
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FIG. 2. Computer plot of: A, whole-row sums vs y coordi-
nates. B, whole-column sums vs x coordinate. Plots A and B dis-
criminate anatomical structures poorly. C, part-row sums vs y
coordinates; superior sagittal sinus and lateral borders of head
become apparent.

two hemicrania, the following series of operations

puting sums only up to the 75% boundary,
the irrelevant activity in the nasopharynx is
excluded and the SSS is more clearly seen on
the profile (Fig. 2A,C). Experience has
shown that the SSS is either four or five rows
wide. The decision between four and five is
made by applying the following statistical test.

The five greatest part-row sums are ordered
in descending order of magnitude S, through
S;. The mean of the second- and third-highest
sums [(S: + S3)/2 = M., ;] and the difference
between the fourth and fifth (S, — S; = d,.;)
are evaluated. If d, ; = 3(M., — S,)* only
four rows are included because it is considered
improbable that S; belongs to the same group
as S, — S,. Otherwise five rows are included.

is carried out on the cumulative digital “image” of c. Delineation of lateral boundaries of the head.
the patient’s head (Fig. 1): These are determined from the transverse pro-
a. Exclusion of nasopharynx. An arbitrary bound- file (Fig. 3) derived in the preceding section
ary is drawn between the brain and the naso- by finding the first part-row sum at the right
pharynx by summing columns and taking the boundary of the head greater than 20% of the
boundary at 75% of the maximum column maximum part-row sum in the profile and then
sum (Fig. 2B). matching this with its closest part-row sum
b. Preliminary delineation of lateral boundaries counterpart at the left boundary of the head.
of the superior sagittal sinus (SSS). Row sums d. Refining of lateral boundaries of the superior
are computed up to the 75% boundary. When sagittal sinus. In the presence of abnormal
plotted against the y coordinate, these part-row blood pools due to tumors or infarcts in one
sums form a transverse profile of the head or the other hemisphere, the peak correspond-
(Fig. 3) from which the lateral boundaries of ing to the SSS may be spuriously broadened
the SSS (A and B in Fig. 3) and of the head (Fig. 4). This eventuality is allowed for by the
(C and D in Fig. 3) can be selected. By com- next portion of the program which replots a
g . E
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FIG. 5. Comput plot of longitudinal
profile of patient with abnormal blood
pool peak, A; adjacent to superior sagit-
tal sinus peak, B; resulting in minimum, C. 0

COMPUTER ANALYSIS OF CEREBRAL CIRCULATION DYNAMIC STUDIES

longitudinal profile similar to that in Fig. 2B
except on this occasion it is plotted from
sums of only those part-columns between the
two lateral boundaries of the SSS initially
determined in the above. The longitudinal
profile from the patient with a left hemi-
sphere tumor whose transverse profile was
shown in Fig. 4 is seen in Fig. 5. The
tumor blood pool is seen as a secondary peak
(A in Fig. 5) to the right of (caudal to) the
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SSS peak. The first minimum (C in Fig. 5)
after the first peak (B in Fig. S) is found, and
a new boundary is drawn at this minimum to
replace the original 75% boundary. Part-row
sums are then recomputed up to this new
boundary and from these a transverse profile
is plotted which clearly delineates the SSS with
no interference from either the nasopharynx or
abnormalities in the hemispheres. The statisti-
cal test described above in Paragraph b is then
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FIG. 6. Computer plot of part-column sums. A, vertex; B, su-
perior sagittal sinus peak; C, depression corresponding fo inter-
hemispheric space; D, nasopharynx and major blood vessels.

reapplied to determine finally the lateral
boundaries of the SSS.

e. Refining of boundary between brain and naso-
pharynx. A last longitudinal profile (Fig. 6)
is generated from part-column sums obtained
by summing columns only between the final
lateral boundaries of the SSS determined in
Paragraph d. By summing in this narrow mid-
line strip, the boundary between brain and
nasopharynx can be sensitively determined as
the first significant rise (D in Fig. 6) after
the trough (C in Fig. 6) caudal to the SSS
peak (B in Fig. 6). This is again determined
statistically as follows.

The minimum sum between the first sig-
nificant (SSS) peak and the maximum (naso-
pharynx) peak is found. The five next low-
est adjacent sums are found and the mean
of these six values calculated (M,). The
boundary between brain and nasopharynx is
defined as the first part-column sum less than
M, + 4(Me)* (i.e., the first significant rise
above the minimum). The boundary is reeval-
uated using M, 4 3(M,)* if this boundary is
more than 23 columns from the top of the
head as determined below in Paragraph f.

f. Defining the peripheral boundaries of the head.
The top of the head (A in Fig. 6) is defined
from the longitudinal profile generated in e
as the first part-column sum greater than 10%
of the maximum part-column sum. The broad
arc of the calvarium is defined as a step func-
tion between the two lateral boundaries of the
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head as determined in c by scanning each
row and finding the first element in the row
greater than 10% of the maximum element in
the head.

g. Region-of-interest borders. The left and right
regions of interest are now specified by the
appropriate lateral boundary of the SSS as
determined in d, the boundary between
brain and nasopharynx as determined in e,
the lateral boundary of the head as determined
in c, and the curve of the calvarium and the
top of the head as determined in f.

Region-of-interest normalization.  Anatomical
asymmetry of the head or rotation of the patient’s
head can result in the area of one region of interest
being greater than the other. Differences of up to
25% are occasionally obtained from these causes.
These effects can introduce spurious asymmetries in
perfusion curves generated by spatial integration over
such regions, and it is therefore necessary to normal-
ize integrated counts registered in the two regions by
the factors (Ar + AL)/2Ar for the right region of
interest (Ag) and (Agr + Ap)/2A, for the left re-
gion of interest (AL).

Compiling and plotting of histograms, The two re-
gions of interest determined as above for a given
patient are superimposed on each of the 28 1.8-sec
frames of that patient’s dynamic study, which are
now read off the “scratch file”. Counts are integrated
over each region of interest and the sums normalized
as discussed in “Region-of-interest normalization”
(see above). This is done for all 28 frames and the
resulting count sums are plotted on the same set of
axes (Fig. 7) using a “Quickplot” routine (9) which
produces a simulated graphic output on a line printer.

To improve the sensitivity of the “Quickplot”
graph, the L:R ratio is evaluated at each data point
and (after being suitably scaled to obtain a ‘“nor-
mal” distribution of ratios about a mean of 1.00)
is printed directly under the relevant data point on
the plot.*

Computer printout. The uniform disk source data
and the summed (blood pool) head data are each
printed out as a 40 X 40 matrix of numbers en-
abling the counts recorded in each element to be
checked. In addition, the data of Figs. 2B and 3-6
are printed out as well as the coordinates of the two
chosen regions of interest, area-normalization fac-
tors, and patient-identification data. By printing out
all these data a quick check can be made of any

* We_have su uently adopted an alternative procedu{e
of printing the difference between L and R expressed in
standard deviations.

JOURNAL OF NUCLEAR MEDICINE



COMPUTER ANALYSIS OF CEREBRAL CIRCULATION DYNAMIC STUDIES

D — -
v —
Lo e ———— 8
L] 1
’ —_ el —— [
1 v
— y 8 i
L] [
1 - i T T
1] ]
1=t e - ————— e e = - —_ Lol
L] lJ
-t ~+
L] L 1]
1 olt, L
' [T - M
] LU "e ]
i A AL L
[ ] Lo O
12=s ot 1) -
L L e L
¢ : ] N1l — ]
: : ; i :
~ -2 " e :
T vels [ ] (YR s
] ] 1] Vee ]
' [4) 3 C— e e '
] " "o .
—— Sas L AR i=
. L] e 1
3 ot [S 7. .Aha R ]
] 1] "w ohoolitRelLIe L0 .
—_— - asR __aabeaheshesie
: : RioRIIe oOR [ ILIILTIM RISREIRSY & T :
—— e - s - T . A A
1] ot . L
1 1 L} ]
] 1 . )
(L) ] .8 i
: : H H
O " " s
1 S L 1]
1] " L .
] ' [ [
H J H H
FIG. 7. Computer plot of normal cere- T .. 1 N
bral circulation histogram with complete sheolt . . M M
analysis. R and L, total counts/1.8 sec l 1o » B @ kot
for right and left hemicrania, respectively. anls _
(Ratios are printed direcly under each R4 AATIOS 1072 1400 1004 1008 1a8 1010 97 090 0% 100 101 1e0d o9k 00D 000
data point.) 200 81 o9 1480 1407 o98 1a04 89 93 10 1,00 95 (%0 .02 0,00
stage of the program to ensure meaningful results. RESULTS

The computer analysis is regularly available within
2 hr of completion of the recording session. Average
central and peripheral processing times are 25 and 37
sec/patient, respectively, resulting in a processing
cost of approximately $2.80 Australian (U.S. $3.10)
for each study.

Figure 7 is a normal cerebral circulation histogram
produced by the described technique from a patient
without clinical evidence of occlusive cerebrovascular
disease. In the ascending phase of the histogram,
there is a variation in ratios from 0.92 to 1.04 and
in the descending phase from 0.98 to 1.10. (The
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of patient with left internal carotid oc-
clusion, There is marked delay and de-
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ratios under the first four time points are statistically
invalid.) These variations are considered to be within
normal limits. The values of the ratios must be con-
sistently outside the range (0.90 through 1.10) for
each phase before the histogram is considered ab-
normal.

The digital analysis is able to compensate for poor
alignment of the patient’s head under the detector.
In the case of the histogram shown in Fig. 7, the
patient’s head was incorrectly aligned, the sagittal
plane being at a slight angle to the vertical. Figure 8,

an example of the misleading results that can be ob-
tained with unrefined programs, is the same data
analyzed by a computer program which did not nor-
malize data to the average region-of-interest area,
resulting in a grossly abnormal plot. (This particular
program also did not filter out false counts due to
noise signals and a noise spike is seen at the 50-sec
time point.)

Figure 9 is an example of the grossly abnormal
digital dynamic study of a patient with a left internal
carotid occlusion who presented with a right hemi-
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plegia. The curve for the left hemicranium is
markedly delayed and decreased with respect to the
right. Figure 10 is a more subtle abnormality in a
patient with a history of transient ischemic attacks
of the left side of the body who had no clinical signs
at the time of the investigation. There is a slight but
definite delay in the curve for the right hemicranium
with respect to the left which is not seen in the simul-
taneously recorded analog study (Fig. 11).

DISCUSSION

The use of this automated analysis of cerebral

dynamic radionuclide data has several advantages:

1. Tt involves no commitment in time or effort

by staff other than that involved in taking the

tape to the computer (in our case a 5-min

walk). The method thus lends itself to heavy-

workload situations and is in fact part of the

routine service in our laboratory where up to

15 patients are studied in this way every
morning.

2. It avoids the extremely tedious task of man-
ually selecting regions of interest in a large
number of patients.

3. It selects regions of interest according to sta-
tistical criteria resulting in absolutely repro-
ducible region-of-interest coordinates, a result
which is difficult to achieve by manual selec-
tion. Further, it does this without sacrificing
individualization of region-of-interest selection,
as it allows all operations to be tailored to
each patient’s anatomical characteristics as
well as taking into account the presence of
abnormal blood pools.

4. It facilitates the implementation of correction
and normalization procedures such as non-
uniformity correction and region-of-interest
normalization as well as various filtering and
smoothing operations all of which proceed
without human intervention.

Although the computer is designed to make allow-
ances for abnormal vascular pools, gross lesions
which show radionuclide concentration greater than
that in the SSS may still cause the analysis to be
aborted. It would be possible to modify the program
to take even this eventuality into account but in
practice the situation is always very obvious on the
analog display. The main function of the digital
analysis is to aid in the detection of minor abnor-
malities where the analog study is marginally abnor-
mal or even normal (Figs. 10 and 11).

By limiting the analysis to a comparison of the
two curves, the conclusions are independent of (A)
the fact that an unknown fraction of the dose enters
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FIG. 11. Analog study recorded at same time as digital study
of Fig. 10. Sequence of exposures is from top left to right, then
bottom left to right. Each exposure was 4 sec. No asymmetry of
hemispheric perfusion is discernible.

the cerebral circulation and (B) the fact that the
shape of the bolus varies from study to study, and
relatively independent of (c) the fact that the dead-
time of the data-acquisition system is not zero and
results in a variable percentage deadtime loss with
varying counting rate.

This last problem is not nearly as significant in
cerebral dynamic perfusion studies where counting
rates are low as in cardiac dynamic perfusion studies
where counting rates are high.

Considerable effort has been expended in attempt-
ing to assess the significance of various parameters
of the perfusion curves: time from injection to peak,
95% rise time, transit time, timing of the peak for
one region of interest compared with that for the
other, maximum amplitude of the peak for one
region of interest compared with that for the other,
and finally, comparison of the slope of the ascending
(arterial) phase of the curve for one region of inter-
est compared with that of the other. Several of these
parameters correlated with injected dose and with
age in a population analysis (3,4), but in individual
patients the presence of cerebrovascular disease cor-
related only with the last parameter—the comparison
of the slopes of the ascending phase of the curve.
Furthermore, this was the only reproducible param-
eter specifically related to cerebrovascular disease
when studies were repeated in the same patient. In
general, relative measurements between the left and
right curves were highly reproducible when studies
were repeated in the same patient, but as anticipated,
absolute measurements of time and amplitude were
not, due to the variability of the intravenous bolus.
Difference in peak amplitudes, difference in transit
times, and difference in height of the curves from the
peak onwards correlated more closely with the pres-
ence of abnormal vascular pools such as in subdural
hematoma, AV malformation, or vascular tumor.
The “railroad pattern” in which the two curves
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ascend together but are separated in the descending
portion of the curves is particularly commonly seen
in subdural hematoma. The clinical results of this
program will be presented in more detail in a sub-
sequent communication.

One problem which has not yet been overcome is
the fact that the selected regions of interest include
both internal and external carotid territory. The pro-
gramming of regions of interest which exclude the
calvarium to minimize the external carotid contribu-
tion is now being undertaken.

SUMMARY

This paper describes an empirical technique for
automated off-line computer analysis of dynamic
radionuclide studies of the cerebral circulation using
a scintillation camera and associated digital data-
acquisition equipment. The computer program carries
out the following functions: (A) filtering and smooth-
ing; (B) correction for nonuniform sensitivity of the
gamma camera detector; (C) automatic selection of
regions of interest corresponding to the cerebral
hemispheres and avoiding the SSS, nasopharynx, and
vascular structures at the base of the skull and neck
(but including the calvarium with its external carotid
blood supply); (D) normalization of data to the
average region-of-interest area to correct for head
asymmetry or rotation; and (E) plotting of histo-
grams of total corrected counts/normalized region of
interest/unit time, together with printout of L:R
ratio at each data point.

The use of an automated analysis is ideally suited
to high workload situations and the accuracy and
speed of analysis are far greater than with the un-
sophisticated manual methods previously used. Indi-
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vidualized region-of-interest selection for each pa-
tient is preserved and at the same time the use of
statistical criteria as a basis for region-of-interest
selection results in absolutely reproducible regions of
interest in a given patient. The program is an iterative
one and can avoid abnormal blood pools in locating
anatomical vascular landmarks during region-of-
interest selection. The results of digital analysis using
this technique have proved more sensitive in the de-
tection of unilateral occlusive cerebrovascular disease
than simultaneously recorded analog data.
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