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Several parameters which reflect changes in re-
gional cerebral circulation may be measured. In-
cluded among these are blood flow per unit volume
of tissue, circulation time, and oxygen metabolism.
Studies of extracranial measurement of regional cere-
bral blood flow (rCBF) have dealt primarily with
the use of diffusible radionuclide-labeled tracers to
measure blood flow per unit volume of tissue (1,2,3,
and references therein). In order to determine what
information could be gained about cerebral circula-
tion from the use of nondiffusible tracers, intracarotid.
injection of %°™Tc-sodium pertechnetate was used
with a system for regional extracranial monitoring of
radioactivity. Comparison studies were also made
with the nondiffusible tracer %!I-sodium iodohip-
purate. The present studies indicate that, at least
during the first intracranial circulation following
intracarotid injection, the pertechnetate compound
also acts as a nondiffusible tracer.

The present report describes an evaluation of
measurements made in normal subjects in terms of
simple clinical indices of regional cerebral circula-
tion. A more extensive analysis of the measurements
in terms of a simple model of regional cerebral cir-
culation is described in the following report (4).

METHODS

Detection equipment. The initial specifications for
a regional external detector were that the maximum
response come from a volume within one cerebral
hemisphere and that the response be statistically
significant. A tapered collimator was found to be
the simplest and most effective design (5,6). A
conical aperture in lead of 7.5 cm in length tapering
from a diameter of 2.5 cm at the scintillation crystal

to 1.25 cm at the collimator face provided the de-

sired collimation for a single detector. The sensitive
region defined by the collimator approximates a
conical volume coaxial with the collimator axis,

532

with a diameter of 1.25 cm at the collimator face

‘and 5 cm at a depth of 7.5 cm (approximately mid-

line of the head).

Preliminary investigations conducted with two
such collimators were found to yield satisfactory
results (7). A multi-collimator system consisting of
six single conical openings in a lead block was used
for the present investigation. The openings are ar-
ranged in two rows, each of three openings. Figure 1
illustrates the geometrical arrangement of one of the
rows. The central axes of the outer collimators are
aligned at an angle of 6 deg to the axis of the center
collimator. This design brings the observed tissue
volumes close together while allowing more shielding
between collimators. The design also reduces the
variation in volume of extracranial tissues viewed by
adjacent detectors.

" Received May 7, 1970; revision accepted Feb. 1, 1971.
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FIG. 1. Cross section of bank of three collimated detectors and
isoresponse plot obtained with line source of ®™Tc in air. Responses
shown are relative to value of 100 on collimator axes at approxi-
mately 8 cm from collimator face,
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FIG. 2. Cross sections of conical volumes of cerebral tissve
defined by six-unit collimated detector array positioned at left side
of head. Geometrical extent of volumes is shown by solid circles
at detector openings on scalp and dashed circles at sagittal plane.

An isoresponse plot of three of the regions deter-
mined with a ?°»Tc line source is shown in Fig. 1.
For both 13T and **™Tc, approximately 80% of the
response of a detector comes from a volume which
is not viewed by adjacent detectors. Each collimated
detector views approximately 70—100 cm?® of tissue
in one cerebral hemisphere (5). Figure 2 shows the
relationship of the six openings to the side of the
head. The face of the lead block is flat and a note
is made of any distance between a collimator opening
and the scalp. This measurement is usually never
more than a few millimeters for one or two of the
openings and does not significantly alter the results.

Each detection unit consists of a 2.5 X 2.5-cm-
diam Nal(Tl) crystal mounted on a Dumont
6467 photomultiplier and encased in a steel tube
together with pulse-shaping electronics. A similarly
constructed seventh detector with a 0.3-cm-diam
X 0.6-cm-deep cylindrical aperture in lead is used
for detection of the tracer bolus over the injection
site in the neck.

Pulses from the seven detectors are recorded and
stored by a portable seven-channel magnetic tape
recording unit (8). The recording system is inter-
faced to a Digital Equipment Corporation PDP-7
computer for display and analysis of the data (9).
For analysis, recorded counts are typically accumu-
lated in 0.1-sec intervals and smoothed with a five-
interval running average for display.

Selection of radionuclide. The nuclide *°™Tc is
advantageous for this type of study for a number of
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reasons. In addition to its ready availability in the
pertechnetate form, the nuclide emits only gamma
rays with an energy of 0.14 MeV. Gamma radiation
of this energy is detected with a high intrinsic effi-
ciency in Nal(Tl). As a consequence of the low
radiation dose to the patient, repeated studies may
be done. The energy is also such that gamma-ray
absorption in bone, which rapidly increases with
energy below about 0.1 MeV, is not a serious prob-
lem. However, the energy is low enough to allow
adequate shielding between the regional detectors.

Clinical measurements. Biological data were ob-
tained with strict adherence to the requirements of
the committee on human investigations at the Massa-
chusetts General Hospital. All studies were done
at least 15 min after the time carotid angiography
was performed as a necessary diagnostic procedure
in the evaluation of the patient. Studies have been
limited to adults with a presumptive diagnosis of
cerebral vascular disease, cerebral trauma, or intra-
cranial neoplasm. Thus the normal studies are se-
lected from those patients who, on the basis of sub-
sequent clinical and laboratory findings, prove not
to have significant intracranial pathology.

Before the injection, the six-unit detection system
is placed against the side of the head, and its posi-
tion is carefully adjusted with respect to external
landmarks. The seventh detector is then placed over
the neck distal to the point of injection. Position of
the detectors in relation to the lateral carotid angio-
gram is illustrated in Fig. 2. For cerebral angiogré-
phy the needle is usually placed in the common
carotid artery although selective internal carotid
injection is used at times. A 500-pCi quantity of
9mTc-pertechnetate or 250 xCi of 3'I-iodohippurate
is diluted with saline to a 1-cc volume and is placed
in a flexible tube with a total volume of 2 cc. This
tube is connected to the angiogram needle. The bolus
is then injected by a 5-cc volume of saline with a
rapid (1.0-sec) manual injection. Following the test,
a sample of arterial blood is taken and analyzed for
pCO:., pO., and hematocrit.

Data analysis. An example of a typical observed
activity* distribution obtained in a normal patient
from a single detector is shown in Fig. 3. Following
injection of the radionuclide-labeled tracer bolus at
time t = O, there is a short interval of time t, (ap-
pearance time) before the tracer bolus arrives in
a field of view of the detector. After onset of detected
activity, the curve rises rapidly in a time t, (buildup
time) to a maximum. The activity then decreases

* Throughout this text, the term “activity” means detected
counting rate expressed in counts per minute (cpm).
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FIG. 3. Typical activity distribution obtained in middie inferior
(MI) cerebral region of normal subject. Appearance time t., buildup
time t», and passage time t, are indicated, as well as mean time tm
and distribution mean (tm — ta).

more slowly, passing in some cases through a sec-
ondary maximum, and returns to a small flat back-
ground level. The total time of passage t, of the
activity from onset until return to flat background
is designated as the passage time.

With the use of a nondiffusible tracer, the peak
height of the activity distribution is quite sensitive to
the conditions of injection as well as to the location
of the monitored region with respect to the site of
injection (i.e., sensitive to the dispersion of the tracer
bolus before its entrance into the monitored volume).
Therefore the peak height divided by the area under
the distribution (10) is not considered a suitable
index of rCBF in the evaluation of the present meas-
urements.

The parameters of the regional activity distribution
which may serve as suitable clinical indices of circu-
lation are those which are independent of instru-
mental effects, such as the detection efficiency, and
of effects of the method, such as injection artifacts.
The most straightforward parameters are times deter-
mined directly from characteristic features of the
curve (t,, t,, t;). These times, however, will be de-
pendent to some extent on the dispersion of the
tracer bolus before entrance into the monitored vol-
ume as well as on the dispersion within the moni-
tored volume.

In addition to these direct determinations, the
time interval from injection to the centroid of the
activity distribution can be determined. This is done
by defining the mathematical moments of the activity
distribution. The first moment about t —= 0 is the
center of gravity (centroid) of the curve. The first
moment thus defined will be designated in this study
as the mean time t, of the region monitored but is
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not to be confused with the mean transit time as
defined by other investigators (10,11).

The mathematical definition of the moments is
expressed as

1 tat-tp

Hn = K te qobs(t)dt (1)

0

in which p, is the moment of order n about t = 0
(n = 1 designates the first moment, i.e., pu, tm),
Qobs(t) is the observed activity distribution as a func-
tion of time t, and A is the area under the activity

tatt
distribution, or the sum / ’ Qons(t)dt of all the
0

“counts recorded during passage of the bolus.

The area A measured under an activity distribu-
tion which is obtained with an external detector has
been shown to be proportional to the mean transit
time as customarily defined (1/0). The measured

. value of A also depends upon the total amount of

tracer entering the monitored regional volume as
well as upon the detection efficiency. Since these
factors may vary considerably in measurements
made from patient to patient and from region to
region in the same patient, we do not explicitly use
values of A as indices of regional cerebral circula-
tion in this study. However, the values of moments,
as defined in Eq. 1, are not affected by changes in
these factors (4).

The second moment, u,, is related to how the
activity is distributed around the center of gravity
of the measured distribution. The width (o) of the
distribution is given by the expression

o= (p2 — m?)V2
The skewness, T, = [u — (ta + t,)]/0, is a meas-
ure of deviation from symmetry about the center of
gravity (12).

An additional quantity considered as an index of
regional circulation is the mean time minus the ap-
pearance time (t, — t,). This time parameter, called
the distribution mean, may be a more appropriate
index of regional circulation than the mean time tg,
inasmuch as the time delay in arrival of the bolus at
the monitored region is taken into account.

Other quantities were considered which have been
shown to be sensitive in varying degrees to changes
in the shape of indicator dilution curves caused by
variations in flow, volume, and path length (13).
However, none of these quantities proved to be of
use in evaluating the present measurements.

RESULTS

Summary of normal studies. Seventeen patients
have been studied to determine normal values for
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the parameters being investigated. These cases were
selected from over 200 studies in patients who, after
a presumptive diagnosis of cerebral vascular disease,
cerebral trauma, or intracranial neoplasma had been
made, had normal angiograms and subsequent nor-
mal neurological examinations and tests. It is recog-
nized that this is not an ideal group for the deter-
mination of normal values, but it appears to be
entirely satisfactory as a basis for comparative
studies.

In Fig. 4 a normal family of activity distributions
recorded by the six detectors is displayed. The high
peak in the anterior inferior distribution is related
to the bolus in the carotid siphon and intracranial
portion of the internal carotid artery.

Table 1 records the mean values and standard
deviations of the various circulation time parameters
in six cerebral regions of 17 normal subjects of mean
age 43 years and range 20-63 years.

Several factors which are known to have some in-
fluence on cerebral blood flow were monitored. The
arterial pCO, ranged from 33 to 49 mmHg, with an
average of 41.9 mmHg and standard deviation of
+5.3 mmHg. There was no significant correlation
with the time parameters over this range of values.
The pO, ranged from 63 to 245 mmHg and, as would
be expected from previous studies (I4), this had no
significant effect on the time parameters. The hema-
tocrit, also within normal range, varied only slightly
over the group of patients, and again there was no
change in the time parameters related to the slight
changes in hematocrit. However, of the seven times
listed in Table 1, a definite dependence on age was
observed in some of them, as had been anticipated
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from previous studies. Figure 5 illustrates the gradual
increase with increasing age of several of the param-
eters obtained from measured activity distributions
in the middle inferior region of the cerebral hemi-
sphere. Similar dependence on age is observed in the
parameters obtained in other regions.

30
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FIG. 4. Activity distributions measured in three superior (S) and
inferior () regions [anterior (A), middle (M), and posterior (P)] of
right cerebral hemisphere of normal 52-year-old man with normal
circulation. Curves have been smoothed with 0.5-sec-wide running
average.

TABLE 1. MEAN VALUES AND STANDARD DEVIATIONS OF REGIONAL CEREBRAL CIRCULATION
TIME PARAMETERS IN 17 NORMAL HUMAN STUDIES
Cerebral region®
Mean of
Parameter Al Ml AS MS PS six regions

Appearance time 0.3 0.3 0.5 0.5 0.5 07 0.5

ta (sec) +0.2 +0.2 #+0.2 =+0.2 #+0.2 +0.2 +0.2
Buildup time 0.9 1.0 1.2 1.2 1.3 .13 1.1

ty (sec) +04 +03 +0.5 +0.5 +0.5 +04 +04
Passage time 9.5 9.8 9.5 9.3 97 9.1 9.5

ty (sec) +23 +25 +2.5 *+1.6 +28 +19 +2.2
Mean time 2.8 3.0 34 34 3.2 35 3.2

tm (sec) +04 +04 +0.5 +04 +03 +04 +04
Width 1.9 1.9 1.9 1.8 1.8 1.8 1.8

o (sec) +04 +04 +04 *+03 +04 +04 *0.4
Skewness 0.9 0.9 0.8 0.8 0.7 0.7 0.8

T (—) =+0.1 +0.1 #+0.2 =+0.2 =+0.2 +03 +0.2
Distribution mean 25 26 2.8 26 27 27 26

(tm — ta) (sec) +04 *04 +0.5 *+04 +0.3 +04 *+04

* The cerebral regions are defined in Fig. 4.
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FIG. 5. Regional circulation time parameters in middle inferior
cerebral region of normal subjects as function of age of subjects.
Linear regression lines (heavy lines) and standard deviations (light
lines) of values are also shown.

Comparison of °°~Tc-pertechnetate and %!I-iodo-
hippurate, Previous reports have indicated that the
pertechnetate ion may act as a nondiffusible tracer
(15). Our data show that this is true, at least during
the first intracranial passage of the bolus. In most
patients the level of activity returns to a small back-
ground level after the bolus leaves. Since Oldendorf
(11,16) has shown that 3!I-iodohippurate acts as
a nondiffusible compound, a comparison was made
between a group of seven normal studies made with
the 13'] compound and a group of ten normal stud-
ies made with the ®*"Tc compound. No significant
differences were found between the time parameters
determined in the two groups studied. Consequently,
the two groups have been combined in the present
paper.

External carotid artery flow. Investigations into
the contribution of activity in the scalp circulation to
the recorded activity distributions were made since
most of our injections were into the common carotid
artery. Measurements with electromagnetic flow me-
ters have shown that approximately 30% of blood
in the common carotid artery enters the external
carotid circulation (17). The design of the collima-
tor used in the present measurements minimizes the
scalp contribution from the field of view of a regional
detector. Figure 6 compares two curves from the
anterior inferior detector: one from a normal pa-
tient and the other from a patient with total occlusion
of the internal carotid artery and no angiographic
evidence of collateral circulation into the intracranial
portion of the internal carotid artery. It is obvious
that, even when the entire bolus enters the external
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carotid circulation, there is little influence on the
recorded activity distribution.

Examples of abnormal studies. While it is not the
purpose of this paper to discuss the findings in dis-
ease states, three selected examples of regional ab-
normalities noted in the study are used to illustrate
the type of information that can be gained.

Case 1, intracranial aneurysm. This 35-year-old
woman had suffered two subarachnoid hemorrhages.
She was unresponsive, with signs of left hemisphere
damage. Angiograms revealed a left middle cerebral
artery aneurysm with moderate spasm of the middle
cerebral artery and evidence of Sylvian fissure hema-
toma. Figure 7 records the graphic display of the
regional curves. A marked abnormality is apparent
in the posterior inferior region. The specific time
parameters recorded in Table 2 also indicate the
regional localization of the abnormality in circu-
lation.

Case 11, cerebral contusion. A 21-year-old man
injured in an automobile accident had difficulty with
memory, slight left hemiparesis, and cortical sensory
loss. Three days after the accident, angiography and
a circulation study were performed. Although the
angiogram was normal, a localized abnormality in
circulation in the posterior inferior region was noted
(Table 2).

Case 111, intracranial occlusive disease. This 62-
year-old man had the sudden onset of right hemi-
paresis and aphasia. Two days after onset, angiogra-
phy revealed no definite abnormality although some
observers thought that there was a possible slight
decrease in filling of ascending frontal-parietal
branches of the middle cerebral artery. Table 2
shows the localized abnormality in the anterior in-
ferior and, to a lesser extent, in the middle inferior
regions. These abnormalities are statistically sig-
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FIG. 6. Activity distributions measured in anterior inferior re-
gions of normal subject (dashed curve) and patient with total in-
ternal carotid occlusion (solid curve).
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FIG. 7. Activity distribution measured in five regions of left
cerebral hemisphere of 35-year-old woman with left middle cere-
bral aneurysm (Case | of abnormal studies).
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nificant when compared with normal values. In addi-
tion, the width of the curve (o) is relatively larger
in the middle inferior region, perhaps indicating lo-
calized increased resistance in this region.

The values of pCO;, pO., and hematocrit in these
three patients were within the range of the 17 nor-
mal subjects, as given above.

DISCUSSION

Measurement of cerebral blood flow by means of
either intravenous (11,16,18) or intracarotid injec-
tion (16,19-24) of nondiffusible radionuclide-labeled
compounds has been reported. For the most part,
these methods have involved measurement over most
or all of one cerebral hemisphere and have not
recorded regional changes. Oldendorf and Kitano
(11) have pointed out that, to obtain curves with
sufficient definition to see small regional abnormali-
ties of circulation time in an area of pathology, a
“very abrupt” input of tracer is needed and that this
can be achieved only by carotid injection.

Our studies indicate that ®*™Tc-pertechnetate acts
as a nondiffusible compound during the first intra-
cranial circulation following carotid injection. Stud-
ies of cerebral circulation following intravenous in-
jection of ®®™Tc-pertechnetate have been made using
a gamma camera (25-29), various types of collima-
tors (15,30), and an autofluoroscope (31). These

TABLE 2. REGIONAL CEREBRAL CIRCULATION TIME PARAMETERS IN THREE PATIENTS
WITH FOCAL ABNORMALITIES
Cerebral region
Parameter Pt* Al MI Pl AS MS PS
ta (sec) It 0.3 0.3 0.6 05" 03 t
R 0.5 0.6 0.9 0.7 07 1t
mit 0.3 04 0.4 0.4 05 0.6
to (sec) It 1.3 1.8 3.0% 1.5 29% +
IR 0.6 1.1 1.6¢ 0.7 0.4% t
mit 0.6 07% 1.8 1.3 1.4 1.9
tp (sec) It 10.1 1.5 10.4 10.6 10.1 t
IR 1241 1.0 11.8 97 10.9 t
mi 9.2 8.9 8.1 8.3 9.2 78
tm (sec) It 29 3.2 43% 33 3.5 t
"R 3.6 39 5.1% 33 4.0 t
mi 2.4% 3.2 33 27 3.1 3.3
o (sec) It 1.8 1.9 1.8 1.9 1.9 1t
IR 25 23 2.5 20 24 1t
mi 1.9 24 1.9 1.8 1.8 17
T (—) It 0.9 0.9 0.9 0.9 0.4 +
ne 1.0 1.0 1.0 1.1 1.2 t
mit 0.8 0.9 0.6 0.6 07 04
(tm — ta) (sec) It 2.6 29 3.7¢% 2.8 3.2 t
IR 3.1 33 4.2% 26 33 +
mt 2.1% 2.8 29 23 26 27
* Left (L) or right (R) hemisphere; see text for description of patients.
1 No measurement obtained.
% Valuves differ (>+2 s.d.) from normal values (Table 1).
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techniques have made possible the measurement of
circulation times or the display of sequential pictures
which record gross changes in circulation over the
cerebral hemisphere. It has not been possible to study
detailed regional changes with these techniques.

The effect of increasing age on prolonging circu-
lation times has been demonstrated in our studies.
This fact has also been seen in the studies done fol-
lowing intravenous injection of ?*=Tc-pertechnetate
(26) and '®I-iodohippurate (11,16).

The effect of angiography on cerebral blood flow
measurement has been studied by Potchen et al
(32) for the diffusible compound 133Xe. They found
that if the blood flow study was done after the an-
giographic procedure, cerebral blood flow values, as
determined from the peak height divided by the area
under the first 10 min of the distribution, increased
but returned to pre-angiographic values as early as
30 min after the injection of contrast substance.
There have been no similar studies with nondiffusi-
ble tracers of the effect of angiography on the cere-
bral circulation. Although in the present study, the
effect of angiography on the circulation time param-
eters was not explicitly investigated, a lapse of at least
15 min between injection of the contrast medium and
the flow study was allowed to permit diminution of
any possible effect due to the contrast medium.

Feindel and coworkers (20) have pointed out that,
while studies employing nondiffusible compounds
failed to measure absolute cerebral blood flow, stud-
ies using diffusible compounds may be insufficient
when there is arterio-venous shunting or pooling of
blood which may be associated with some intra-
cranial pathology. In many instances, measurement
of the timing and amount of blood passing through
the vascular bed may be more appropriate.

Lassen (33) first used diffusible compounds to
measure regional cerebral blood flow in man by ex-
ternal detection. Fieschi et al (21) have attempted
to compare in the same patient measurements made
by intracarotid injection of a nondiffusible and a
diffusible tracer. These investigators concluded that
there is a linear correlation between the circulation
time and regional cerebral blood flow per unit vol-
ume of tissue. The regional circulation time could
be used as an approximate index of regional cere-
bral blood flow when comparing normal values with
changes during disease. However, changes induced
in a given patient by pharmacological or physiologi-
cal stimuli would be underestimated by the circula-
tion time measurement because of changes in re-
gional blood pool volume.

A primary advantage to the use of a nondiffusible
indicator is that an independent measurement of re-
gional blood volume can be made easily (34,35),
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provided the rate of clearance of the indicator from
the total blood pool is negligibly small compared
with the rate at which equilibrium concentration is
reached. Since this criterion is not met with the use
of pertechnetate or iodohippurate compounds, the
use of a more ideal nondiffusible compound labeled
with a short-lived radionuclide would be preferable.

Of particular importance is the development of
techniques to measure all of the quantities relevant
to cerebral circulation, i.e., flow per unit volume of
tissue, circulation time, flow per unit blood volume,
blood volume, and oxygen metabolism, in the same
patient. This may soon be possible with the use of
a short-lived, cyclotron-produced nuclide such as
150 (36).

SUMMARY

A method for extracranial measurement of re-
gional cerebral circulation using a nondiffusible com-
pound has been investigated. The literature on the
use of **=Tc-pertechnetate and nondiffusible tracers
for measuring cerebral circulation is discussed. Our
studies showed that, during the first intracranial
passage following intracarotid injection, ?*=Tc-per-
technetate acted as a nondiffusible indicator. This
radionuclide was used with a specially designed sys-
tem of six regional detectors.

Significant circulation parameters measured with
this method are defined and normal values deter-
mined from clinical investigations in a series of 17
patients. No significant effect on these parameters
from external carotid circulation was demonstrated.
Changes in these values with age are documented.
Studies in patients with changes in cerebral circula-
tion due to different etiological factors are discussed.
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