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Assessment of the capacity of cerebral collateral
circulation using ultrasonic Doppler technique
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SYNOPSIS A new non-invasive method for the assessment of cerebral collateral circulation via the
circle of Willis using an ultrasonic directional Doppler flowmeter is described. The technique was
found useful in measuring the capacity of cerebral collateral circulation and would be applicable not
only in internal medicine but also in neurosurgery.

When one internal carotid or vertebral artery is
occluded the blood flow of the remaining cranial
arteries immediately increases because of inter-
arterial shunting through the circle of Willis
(Kristiansen and Krog, 1962; Symon et al.,
1963; Toole, 1966). This haemodynamicresponse
is considered as a certain circulatory reserve of
the brain. The efficiency and the adequacy of
emergent haemodynamic change are supposed
to be important factors in determining the oc-
curence of neurological deficit after occlusion of
one or more of the aortocranial arteries (Fisher,
1954 ; Kristiansen and Krog, 1962).

Methods such as electroencephalography
(EEG) (Toole and Bevilacqua, 1963; Meyer et
al., 1965), measurement of internal carotid
artery back pressure (ICA pressure) (Moore and
Hall, 1969), cerebral blood flow measurement
(CBF) (Jennett et al., 1966; Boysen, 1971), and
the combined measurement of EEG, ICA pres-
sure, and CBF (Trojaborg and Boysen, 1973;
Leech et al., 1974) have been applied to assess
the potential of collateral circulation among the
aortocranial arteries via the circle of Willis. The
present study was performed to evaluate a new
non-invasive technique, Doppler flowmetry, for
the assessment of the capacity of cerebral
collateral circulation.

(Accepted 12 March 1975.)

METHODS

BLOOD FLOW DETECTION BY DOPPLER FLOWMETER
Phasic bidirectional blood flow velocity was
measured using a model EUD-3B ultrasonic
Doppler blood flowmeter (Hitachi Medical Corpora-
tion, 1-1-14, Uchikanda, Chiyodaku, Tokyo, Japan),
which was connected to a Doppler probe (5 MHz,
5 mm in diameter). The block diagram of the
Doppler blood flowmeter is shown in Fig. 1. Model
EUD-3B involves two filters for separating the
received signals into those corresponding to the
toward-probe flow and away-from-probe flow,
respectively. The signals from 5000 to 5007 kHz
in transmitting frequency pass one of the two filters
and those from 4 993 to 5000 kHz pass the other
filter. Each filter has a steep frequency curve for
discrimination of toward-probe and away-from-
probe directions even with low-velocity blood flow.
In addition, EUD-3B uses a zero-crossing counter
composed of three circuits; Schmitt trigger, mono-
stable multivibrator, and filter. It gives a voltage
output proportional to the input frequency. The
output voltages from the Doppler flowmeter are
connected to d.c. amplifiers inserted in a polygraph
(ECP-1, Hitachi Medical Corporation) and to an
electric integrator which is employed to simplify the
measurement of the change of blood flow (Fig. 2).

The theoretical basis for using an electric inte-
grator is as follows. The Doppler flowmeter measures
the average velocity (in the sense of the average
across the vessel) in the line of the sound beam. The
average velocity (vel) across the tube is given by
dividing the volume flow (F) by the cross-sectional
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FIG. 1 Block diagram of the Doppler flowmeter.
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FIG. 2 Schematic layout of Doppler ultrasonic system employed in this study.

area (wr2). The volume flow through a vessel per unit
time (t) can be, therefore, expressed in accordance
with the following formula.

F = #r2- [t vel dt

If the calibre of the artery is constant in spite of
haemodynamic change, the blood flow change of
each artery can be obtained by contrasting the
integrated value of velocity signal during a certain
load with that before a load.

The integration of Doppler velocity signals was
made automatically every three seconds by the
electric integrator. The integrated value was ex-
pressed as a height of the ordinate as shown in Fig.
3. The Doppler flow profile and its integrated value,
together with electrocardiogram (ECG) and ear
plethysmogram, were simultaneously monitored on
an oscilloscope and recorded on an oscillographic
recorder (Fig. 2).

CAROTID COMPRESSION Digital carotid compression
was chosen to simulate an acute occlusion of the

carotid artery. To avoid a carotid sinus reflex, the
carotid compression was done as far below the caro-
tid sinus as possible.

When carotid compression was performed com-
pletely the wave of the ipsilateral ear plethysmogram
was altered to a low transmission plateau wave
(Fig. 3). The completeness of carotid compression,
therefore, was judged by monitoring the ear plethys-
mogram.

To check the effects of carotid compression on
systemic and clinical states, a graded carotid com-
pression was made before full carotid compression.
Clinical alternations were avoided by prompt termi-
nation of carotid compression when any clinical
signs of cerebral ischaemia appeared.

INTERNAL CAROTID FLOW DETECTION The subject
was in the supine position and the Doppler probe was
directed to the internal carotid artery. The probe was
positioned manually so as to procure maximum
audible audio-signals as heard from a loudspeaker.
The definition of the signal from the internal carotid
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FIG. 3 A polygraphic record monitoring electrocardiogram (ECG), ear plethysmogram, Doppler signal of
internal carotid artery, and its electrically integrated value. This showed that digital carotid compression of the
right carotid artery produced a remarkable increase in both Doppler signal and its integrated value and reduction
of wave amplitude of the right ear plethysmogram. R-R intervals of ECG did not change. Reproducibility of the

above haemodynamic response was also demonstrated.

artery was ascertained by a test compression of the
contralateral carotid artery, which resulted in conse-
quential increase in the flow velocity signal. The
signal from the external carotid artery was not
influenced. The common flow direction detected by
this technique was away-from-probe.

VERTEBRAL FLOW DETECTION The subject was placed
supine on a firm table. Thin pads were set under both
shoulders. The head was tilted back and toward the
side opposite to the examination. The vertebral
artery flow was detected by placing the probe at the
posterior-inferior margin of the mastoid process
with the beam directed medially in a moderately
superior direction. The signal of vertebral flow was
assured by ipsilateral carotid compression which
caused increase in velocity signals. The vertebral
artery was examined at the point just before it
entered the foramen magnum. The Doppler profiles
detected by this technique revealed an away-from-
probe flow in normal man.

GENERAL PROCEDURE After applying the Doppler
probe to one internal carotid artery, contralateral

carotid compression was performed for approxi-
mately 10 seconds and repeated two or three times.
Before, during, and after the carotid compression the
Doppler velocity profile and its integrated value
were recorded continuously. The same examination
was carried out on the opposite internal carotid
artery.

After satisfactory examination on both internal
carotid arteries, the Doppler probe was settled for the
detection of vertebral flow. Ipsilateral carotid com-
pression was followed by contralateral carotid
compression. The blood velocity profile and its
integrated value were recorded throughout the
manipulation.

The electrocardiogram (ECG) and the ear plethys-
mogram of the same side as the carotid compression
were usually monitored on an oscilloscope. The
systemic blood pressure was measured immediately
before, during and after carotid compression. The
subjects were observed closely during the entire
procedure.

PER CENT INCREASE IN BLOOD FLOW  Per cent increase
in blood flow through each aortocranial artery was
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calculated to assess the effect of one carotid artery
compression on the blood flow through the re-
maining arteries.

Fa—Fb

per cent increase = F—b~100

where: Fa = integrated value of blood velocity
during carotid compression

Fb = integrated value of blood velocity
before carotid compression

In practice, per cent increase in blood flow was
easily calculated on the oscillograph paper by
measuring the ordinate value which indicated the
integrated value of blood velocity.

In this study, the average value of per cent in-
creases of the left and the right carotid arteries was
employed as the per cent increase of carotid artery.
With regard to the vertebral artery, the average value
of per cent increases of both sides during ipsilateral
carotid compression was taken.

Clinical application

suBJECTS The per cent increase in blood flow during
carotid compression might be influenced by change
in the systemic blood pressure and heart rate.
Subjects who showed a considerable change in blood
pressure and heart rate when compared before and
during carotid compression were excluded from the
present study. Subjects with considerably different
per cent increases between the left and the right sides
were also omitted.

The changes in blood flow of aortocranial arteries
in 30 subjects were suitable for recording throughout
the period of digital carotid compression. There was
no complication attributable to carotid compression.
The subjects were classed into three groups. The
first group, represented as young healthy, consisted
of 10 young healthy subjects whose ages were 15 to
35 years, mean age 26.7 years (SD + 5.6). The second
10 subjects, represented as hypertension, had definite
hypertension (systolic blood pressure above 160
mmHg and/or diastolic pressure above 90 mmHg).
Their ages ranged from 34 to 65 years, mean age 50.3
years (SD+10.7). No subjects in this group had
clinical symptoms of cerebrovascular disease. The
third 10 subjects, represented as cerebrovascular
disease (CVD), had been suffering from cerebro-
vascular diseases. Ages of the CVD group varied
from 48 to 70 years, the mean being 61.7 years (SD +
6.6). None of the subjects was acutely ill at the time
of the study.

Average age of the young healthy group was
significantly younger than that of the hypertension
group and that of the CVD group with both P<
0.001. There was no significant difference in average
age between hypertension and CVD groups.

RESULTS

HAEMODYNAMIC RESPONSE EVOKED BY CAROTID
COMPRESSION When one carotid artery was
compressed there was commonly an increase in
blood flow through the remaining arteries. This
haemodynamic response was immediate and did
not change perceptibly over the usual period
(approximately 10 seconds) of the carotid com-
pression. After release of carotid compression
the blood flow through the remaining arteries
returned promptly to the previous level. Figure 3
shows an example of the record. The overall
results of the present study are summarized in
the Table.

Internal carotid artery The per cent increase in
blood flow through the opposite internal carotid
artery induced by digital compression of one
common carotid artery varied from subject to
subject from 4 to 58%(. The per cent increase in
internal carotid artery flow in young healthy,
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FIG. 4 Per cent increase in carotid flow during carotid
compression in three groups, showing each per cent
increase and the mean+ SD.
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TABLE

OVERALL RESULTS IN YOUNG HEALTHY, HYPERTENSION, AND CEREBROVASCULAR DISEASE GROUPS, SHOWING AGE, MEAN
ARTERIAL BLOOD PRESSURE, AND PER CENT INCREASE IN CAROTID AND VERTEBRAL BLOOD FLOW DURING CAROTID

COMPRESSION
Age Mean arterial Per cent increase in blood flow
r) blood pressure
(mmHg) Carotid Vertebral
(6]
Young healthy (N=10) 26.7+5.6 87.0+7.9 444+84 429+6.5
Hypertension (N=10) 50.3+10.7* 116.1+7.7* 259+7.6* 25.9+6.5*
CVD (N=10) 61.7+6.6* 107.3 £ 14.41 17.5+£6.3§ 17.8+5.01

CVD: cerebrovascular disease.
Values are mean + SD.

Significantly different from young healthy: * P <0.001; + P<0.01.
Significantly different from hypertension: 3 P<0.01; § P<0.05.

hypertension and CVD groups are shown in Fig.
4. The young healthy group showed a high value
of the per cent increase in internal carotid flow
which ranged from 30 to 58 per cent, the mean
value being 44.4%; (SD + 8.4). The hypertension
group showed 15 to 399 increase in carotid flow
and the mean value was 25.9%, (SD+7.6). In
the cases with CVD the carotid compression gave
rise to a low per cent increase which ranged from
4 to 259, the mean being 17.5% (SD +6.3).

Student’s ¢ test of paired differences applied to
the per cent increase in young healthy and hyper-
tension groups indicated a significant difference
(P <0.001). Between the per cent increase of
young healthy and CVD groups there was also a
significant difference (P<0.001). In the CVD
cases the per cent increase in carotid flow
showed a significantly lower value than that in
hypertension (P < 0.05).

Vertebral artery The per cent increase in blood
flow through a vertebral artery during carotid
compression varied from 9 to 539, as shown in
Fig. 5. The mean values of the per cent increases
in vertebral flow in young healthy, hypertension
and CVD groups were 42.9 (SD+6.5), 25.9
(SD +6.5), and 17.8 (SD + 5.0) per cent, respec-
tively. In each group the variation of the per cent
increase in vertebral flow showed the same trend
as those in carotid flow (Figs 4 and 5).

There was a statistical difference in the per cent
increase between young healthy and hypertension
groups (P <0.001). A significant difference in the
per cent increase in vertebral flow was also

noticed between young healthy and CVD groups
(P<0.001). The per cent increase in vertebral
flow was greater in the hypertension group than
in the CVD group, reaching the level of statistical
significance (P <0.01).
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FIG. 5 Per cent increase in vertebral flow during
carotid compression in three groups. To show each per
cent increase and the mean+ SD.
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MEAN ARTERIAL BLOOD PRESSURE AND PER CENT
INCREASE The average values of mean arterial
blood pressure (MABP) in young healthy,
hypertension, and CVD groups were 87.0 (SD +
7.9), 116.1 (SD+7.7) and 107.3 (SD+14.4)
mmHg, respectively. MABP was lower in the
young healthy group than both hypertension and
CVD groups (P<0.001 from hypertension;
P <0.01 from CVD). MABP of the hypertension
group was higher than that of the CVD group,
but this did not reach the level of statistical
significance.
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The relationship between the haemodynamic
response of aortocranial arteries produced by
carotid compression and MABP value was
investigated without relation to the above
individual groups. There was a linear correlation
between the per cent increase in carotid flow
provoked by carotid compression and the value
of MABP. As represented in Fig. 6, the higher
the MABP value, the lower the per cent increase
(P<0.01; r=-0.543). A significant linear
correlation was also obtained between the per
cent increase in vertebral flow and the value of
MABP (P<0.001; r=—0.863) (Fig. 7).

DISCUSSION

In order to accommodate the brain function to
various physiological and pathophysiological
challenges, interarterial shunts among four
aortocranial arteries through the circle of Willis
play an important role in cerebral collateral
circulation (Toole, 1966). The clinical and
pathological data of the cases with carotid
occlusion have indicated that the pathological
change in the brain depends on various factors
such as the patency of the opposite carotid
artery, the efficacy of collateral circulation and
the size of the component vessels of the circle of
Willis (Fisher, 1954).

Carotid artery ligation in the neck is an
accepted method of treating certain intracranial
aneurysms (Nishioka, 1966) and temporary
clamping of the carotid artery is an indispensable
technique in the operative treatment for carotid
occlusive disease (Bland er al., 1970). Carotid
ligation or temporary clamping carries a risk of
producing ischaemia of the ipsilateral hemisphere
(Nishioka, 1966; Bland et al., 1970). Some
methods have been applied for predicting the
likelihood of cerebral ischaemia after carotid
occlusion but a reliable method has been elusive.

Under electroencephalographic control, digi-
tal compression of a carotid artery in the neck
has been performed to assess the efficiency of the
cross-circulation (Toole and Bevilacqua, 1963;
Meyer et al., 1965). EEG recording can reveal
only indirect qualitative information regarding
cerebral collateral circulation.

Measurement of internal carotid artery back
pressure (ICA pressure) during temporary
occlusion of a carotid artery has been used to
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determine the degree and adequacy of cerebral
collateral circulation (Moore and Hall, 1969;
Trojaborg and Boysen, 1973). It has been
suggested that ICA pressure is of value in
predicting tolerance or intolerance for temporary
carotid occlusion (Moore and Hall, 1969). ICA
pressure, however, could be measured only
during carotid surgery.

Electromagnetic flowmetry has been used to
yield quantitative information about the blood
supply through the main arterial channels
(Kristiansen and Krog, 1962; Symon et al.,
1963; Nornes, 1973). In the monkey, Symon et
al. (1963) showed that occlusion of one carotid
artery produced an immediate increase in blood
flow through the remaining arteries, through the
opposite carotid artery of 42.5 + 10%; and through
each vertebral artery of 33.7+4.4%;. In the
human, Nornes (1973) found a flow increase
through the contralateral internal carotid
artery varying between 14 and 739, at trial
occlusion of the ipsilateral internal carotid
artery for treating intracranial aneurysms. It was
suggested that a contralateral flow increase in
excess of 40-50%, of control would indicate
sufficient collateral capacity and that low flow
increase (14-17%; of control) should be con-
sidered as a sign of poor collateral circulation.
Although electromagnetic flowmetry could clari-
fy quantitative data regarding cerebral haemo-
dynamics, it required a surgical approach.

By use of a radioactive isotope clearance
method, cerebral blood flow has been measured
for the purpose of examination of the effects of
carotid occlusion on cerebral circulation (Jennett
et al., 1966; Boysen, 1971). It was reported that
the mean value of regional cerebral blood flow
(rCBF) was decreased from 51 to 30 ml/100 g
brain/min, a reduction of 41%;, when the internal
carotid artery was clamped during carotid
endarterectomy (Boysen, 1971). The CBF
measurement could give the researcher infor-
mation regarding tissue perfusion flow, but could
not give direct knowledge related to the haemo-
dynamic responsibility of different aortocranial
arteries. Since rCBF measurement requires
carotid puncture and a radioisotope detector
system, it cannot be carried out easily and
repeatedly.

Combined measurement of EEG, ICA pressure
and CBF has been carried out to obtain more
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detailed information concerning the haemo-
dynamic changes during carotid occlusion and to
evaluate the reliability of the different methods
in the examination of cerebral collateral circu-
lation (Trojaborg and Boysen, 1973; Leech et al.,
1974). These reports have been based on obser-
vations in patients with cerebral aneurysm or
carotid occlusive disease undergoing carotid
surgery. There are, therefore, many stresses on
the subject in applying the combined method to
the field of internal medicine.

In this paper, a new method for assessing
cerebral collateral circulation through the circle
of Willis at the level of aortocranial arteries has
been demonstrated. Transcutaneous Doppler
technique is non-invasive, simple, and easy,
involves little risk, and permits repeated examin-
ation at any time during days and years. Data
obtained using this method are quantitative and
reproducible. Since the Doppler flowmetry
utilized in this study used a zero-crossing
counter, there was an advantage over sono-
graphy in real time display. False results due to
inadequate carotid compression, which has been
considered as a disadvantage, could be prevented
by use of ear plethysmogram to indicate the
completeness of carotid compression. The
present method made it possible to determine the
blood flow not only through the carotid arteries
but also through the vertebral arteries. The use-
fulness of transcutaneous Doppler flow detec-
tion technique for the purpose of clarification of
the presence of stenosis, occlusion, reverse flow,
and presence of various collateral channels has
been demonstrated in the application to arterial
occlusive disease in the neck (Maroon et al.,
1970; Miiller, 1972; Spencer et al., 1974) and to
cases of brain death (Yoneda et al., 1974).

The per cent increase in flow through the
contralateral internal carotid artery and both
vertebral arteries during carotid compression was
in good agreement with that of previous reports
by use of an electromagnetic flowmeter (Symon
et al., 1963; Nornes, 1973). CVD and hyper-
tension groups showed a lower per cent increase
than the young healthy group in this study. The
hypertension group was shown to have a
significantly higher per cent increase than the
CVD group. The present study has also pointed
out that there is a linear correlation between the
per cent increase in both internal carotid and
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vertebral artery flows and the value of MABP.
Skillicorn and Aird (1954) made clear that EEG
abnormalities during carotid compression oc-
curred more frequently in older patients than in
the young. Meyer et al. (1965) suggested that the
capacity of cerebral collateral circulation ap-
peared to decrease with advancing age and with
cerebrovascular disease. It has been reported that
significantly greater atherosclerotic changes are
noted in the cervical or cerebral arteries of
patients with cerebral stroke (Martin et al.,
1960; Kameyama and Okinaka, 1963) and
hypertension (Young et al, 1960) and that
hypertensive subjects have increased cerebro-
vascular resistance (Kety et al., 1948). It is,
therefore, assumed that the lower per cent
increase in blood flow during carotid com-
pression in the cases with cerebrovascular disease
and/or hypertension is due to atherosclerotic
lesions in the cervical or cerebral arteries and to
increased cerebrovascular resistance. The
presence of a linear correlation between the per
cent increase in blood flow and the value of
MABP supports this assumption.
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