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suMMARY Extracranial arterial disease was assessed using non-invasive continuous wave
Doppler ultrasound. The results of the Doppler study were compared with those of angiography.
There was a positive correlation between the results of angiography and the shape of
the Doppler waveform, but the correlation was improved by adding a compression manceuvre to

the procedure.

This paper presents our experience with con-
tinuous wave (CW) Doppler ultrasound as a non-
invasive technique for diagnosing the extent of
arterial disease in the extracranial circulation. The
results suggest a spectrum of different waveforms
that can be used to identify carotid artery disease
in patients suffering from cerebral ischaemia. The
growing success of this technique in the non-
invasive diagnosis of peripheral vascular disease
has encouraged its use in cerebrovascular disease.
Progress in this area has generally been slower
because of the relative complexity of the cerebral
circulation. For clinical diagnosis a non-invasive
test is badly needed which can define a patient as
having either no extracranial cerebrovascular
disease or severe disease in an extracranial artery.
In selected cases, such a test would avoid the risks
of angiography.! To this end considerable work
has been carried out®>* regarding the use, and
confidence level of the temporal artery test orig-
inally described by Brockenbrough.® The method
was subsequently modified by Barnes® and Moore.?
The test uses the effect of compressing the tem-
poral and infraorbital arteries in order to identify
collateral supply to the brain in the presence of a
severely diseased, or occluded, internal carotid
artery. Keller® states that a decrease of the supra-
trochlear signal on compression of the superficial
temporal or facial artery has a strong positive
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correlation with severe stenosis or occlusion of
the internal carotid artery. Moore? obtained an
accuracy of 949, in diagnosing lesions of this type.
He claimed that the Doppler test was of particular
value in identifying patients with significant lesions
in the absence of bruits. To obtain further infor-
mation of clinical significance, such as the pres-
ence of mild disease in the internal carotid artery,
increased attention was given to changes apparent
in the common carotid waveform.

Subjects and methods

Subjects

Seventy-seven patients referred for angiography were
observed with CW Doppler ultrasound. The patients
were aged 21 to 79 years (mean 51 years) and there
were 52 males. Thirty-nine had presented with tran-
sient cerebral ishaemic attacks (TIAs) in carotid
artery territory, two with TIAs in basilar artery terri-
tory, 16 with minor strokes presumed to be due to
vascular occlusion in carotid territory, nine with
intermittent claudication of the limbs, four with a
hemisphere tumour, three with opthalmoplegic mi-
graine and one each with coronary artery disease,
oculomotor nerve palsy, Huntington’s chorea and
internal hydrocephalus. Twenty of these 77 patients
had bruits over one or both carotid arteries. The
blood pressure measured in the ward when the patient
was admitted for angiography was also recorded in
all but two patients. A recorded diastolic blood
pressure of 95 mmHg or more was accepted as an
indication of hypertension.
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Continuous wave Doppler ultrasound
All the Doppler measurements were made on the
patients within 24 hours prior to their having carotid
angiography via a femoral catheter or by direct
puncture of the common carotid artery. For all our
measurements we employed a Sonicaid BV380 Doppler
Ultrasound Velocimeter with a working frequency of
8 MHz and the heterodyne modification described
elsewhere.® In addition to this a filter was incorporated
to remove all signals within =200 Hz of the zero
Doppler shift frequency in an attempt to remove wall
motion artefact encountered especially at the common
carotid measurement site, The experimental pro-
cedure was explained to the patient who was then
allowed to relax in the supine position before starting
the measurements. During this period three adhesive
electrodes were attached to the sternum to provide an
ECG. The R-wave of this ECG signal was used to
trigger a short tone burst, which was then mixed with
the Doppler shift signal to provide a time marker of
heart activity. Doppler shift signals were then ob-
tained from the measurement sites shown in fig 1 with
the probe pointing towards the heart, that is flow
towards the transducer. This was achieved by place-
ment of the probe over the arterial site and movement
of the probe until the strongest signal was obtained
on the headphones. The supraorbital artery is a branch
of the ophthalmic artery, itself a branch of the
internal carotid artery. It is located under the eye-
brow at the supraorbital ridge which is usually near
the middle of the orbit. The supratrochlear artery
also derives from the internal carotid artery via the
ophthalmic artery and can be found in the medial
angle of the orbit. The common carotid artery is
easily located in the neck and the superficial temporal
artery, a branch of the external carotid artery, runs
over the zygomatic process of the temporal bone.
Next, the blood pressure in the brachial artery on
each arm was recorded before completing the measure-
ments with a compression test. Upon compression
of the temporal or facial arteries the possible responses
of the signals at the ipsilateral supraorbital and supra-
trochlear were recorded as an increase, no change,
decrease or reversal (fig 3). Compression tests pro-
viding increases or no changes were called Negative
Compression Tests, whilst those producing at least
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one decrease, or reversal, were called Positive Com-
pression Tests. The compression was produced by
finger pressure over the artery for four to five cycles.
The Doppler audio information was recorded onto
a cassette tape recorder at the bedside and converted
to hard copy immediately after the examination using
a Kay Sonagraph Spectrum Analyser. For the cere-
bral circulation the Doppler information when dis-
played in a frequency versus time mode has a form
as shown in fig 2, the envelope or Doppler “signature”
being defined by the variation of the maximum
Doppler shift frequency with time. The intensity
variation within the signature is proportional to the
number of blood cells having that particular Doppler
shift frequency at that point in time. Hence the
variation in intensity relates to the variation of the
velocity profile within the artery. Typically three
cardiac cycles of information were obtained from each
measurement site, the capture time of the sonograph
being 2'4 seconds for the 0-8 KHz working range.

Cerebral angiography

The 77 patients were assessed angiographically, 105
carotid arteries in all. Twenty-eight carotid vessels
were examined by standard arch angiography using a
pressure injection of contrast medium into the
ascending aorta. The remaining 77 were either sel-
ectively catheterised by a femoral artery puncture or
percutaneous cannulation of the common carotid
artery followed by hand injections of contrast medium.
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Fig 3 Compression test criteria.

In all 28 arch angiograms, a single projection only of
the neck vessels was obtained, whereas 59 of the
selective examinations were biplane, the two pro-
jections being approximately at right angles. The
films were reviewed for evidence of atheroma in the
common carotid artery, its bifurcation and internal
carotid artery as far as its division within the skull,
noting also any disease present in the proximal ex-
ternal carotid artery. In the case of arch angiograms
comment could only be made upon the proximal
internal carotid artery to the level of the mandible.

The degree of disease was categorised according to
the percentage reduction in vessel diameter, so up to
25%, reduction indicated mild disease, 25%,-75%,
moderate disease, 75% or more, including complete
occlusion, defined severe disease. Thus including nor-
mal examinations, there were four categories of
angiographic result.

Results

DOPPLER RECORDINGS
(a) Normal waveform Various descriptions of the
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normal common carotid Doppler signature?®® have
been given. A unique description is particularly
important, especially for the diagnosis of the ab-
sence of arterial disease and since it appears that
the progressive changes in the signature away
from this normal state represents an important
part of the non-invasive diagnosis of the severity
of arterial disease in the internal carotid artery.
Fig 2 shows a normal (type 1) waveform for con-
trols aged 25 and 50 years. In both cases the wave-
forms exhibit five well defined features: (1)a sharp
well defined A peak, (2) a B peak, (3) an inscura,
(4) a reasonable diastolic component well above
zero, (5) a smooth, well defined maximum fre-
quency envelope. The major difference between
the two waveforms lies in the B peak. In the young
control it is spur-like and in some cases lower than
the diastolic ‘“‘peak” whereas in the elderly con-
trol the appearance is much flatter or plateau-like.
The velocity profile within the waveform, or
Doppler “‘signature,” is also significant. It can be
seen from fig 2 that during the systolic phase a
plug-like flow exists in the artery, with a black
edge and grey interior indicating that the majority
of blood cells are travelling at peak velocity over
this period. Beyond this peak, the velocity profile
changes to a more laminar state with the distri-
bution of velocities spreading over the minimum
to maximum range.

(b) Damped waveform Fig 4 is an example of a
damped (type 4) waveform. Here the initial three
features of the normal waveform are lost. The
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Fig 4 Common carotid waveforms (type I and 4).
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diastolic component is variable and the pulsatile
nature of the normal waveform is not apparent.
This type of waveform is generally found at the
distal sites but can be obtained at the common
carotid and superficial temporal sites.

(¢) Mild disease waveform Fig 5 exhibits ex-
amples of the types of waveform found at the
distal common carotid (near the bifurcation) in
the presence of mild disease in the internal carotid
artery. The main difference between the type 2.1
and the normal waveform appears to be a loss of
the B peak, that is a filling in between the A and
B peaks. The type 1.3 waveform exhibits however
a more prominent B peak.

Type 1-3

Type 2.1

Fig5 Common carotid waveforms (types 1, 1.3 and
2.0).
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CLINICAL CORRELATION

The angiogram was normal in 42 patients (50
vessels); in 32 patients (39 vessels) the angiogram
and Doppler were both normal and in the re-
mainder the Doppler suggested the presence of
mild disease. The 32 patients in whom both in-
vestigations agreed included 14 with TIAs (two of
whom had hypertension) and seven with strokes
(four of whom had hypertension). None of these
patients had bruits in the neck.

The 11 patients with normal angiograms but
mild disease on the Doppler tests included eight
with TIAs, of whom two had hypertension. A soft
bruit was heard over two of these vessels, but these
angiographically normal vessels were each con-
tralateral to an abnormal vessel causing symptoms,
over which loud bruits were present. Angiography
of these contralateral vessels showed severe sten-
osis in one patient and occlusion in the other. The
bruits over the angiographically normal vessels
could therefore have indicated a compensatory
increased flow.

The Doppler was normal in 37 patients (44
vessels). One of these patients, on whom no com-
pression test was performed, had TIAs, hyper-
tension and loud bruits over both carotid arteries,
with severe stenosis on angiography. Three other
patients had mild angiographic disease, two of
these having had TIAs and one a stroke.

The Doppler was mildly abnormal in 26 patients
(37 vessels). In 23 of these patients (34 vessels)
the angiogram was normal or only mildly abnor-
mal, but in three vessels (two with no compression
test, one negative compression test) there was
severe angiographic disease. One of these patients
presented with TIAs, no bruits, and normal blood
pressure; angiography showed severe stenosis at
the origin of the internal carotid artery. Another
patient presented with TIAs, bilateral carotid
bruits and normal blood pressure and the angio-
gram showed severe stenosis at the origin with a
further narrowed segment in the internal carotid
artery above the level of the jaw. The third patient
presented with TIAs, a bruit in the aortic area
apparently radiating into both carotid arteries, and
normal blood pressure; angiography showed severe
stenosis at the origin of the internal carotid artery.

Angiographically, 18 vessels were severely
stenosed, whereas the Doppler suggested the pres-
ence of severe disease in 14 vessels. Of these 14
patients, 12 had definite symptoms of carotid
disease and nine had bruits. Two of those without
bruits had complete occlusion of the internal
carotid artery. Thus, one patient with symptoms
of carotid artery disease but no bruit was correctly
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identified by the Doppler test as having severe
disease requiring surgery.

No patient whose Doppler test suggested severe
disease had mild or no disease.

In conclusion, the Doppler test missed severe
stenosis in four of 18 patients, 12 of whom had
unmistakeable symptoms of carotid artery disease.
All these four patients had symptoms of disease
and two of them had bruits, so that two of 18
(approximately 6%) of patients with a history of
carotid artery disease, severe stenosis and no bruit
were missed by the Doppler. Three of these four
patients, however, did not receive the compression
test.

CORRELATION WITH ANGIOGRAPHY

The total number of comparisons made with angi-
ography was 105. The first 32 examinations were
performed without using the compression test. The
diagnostic criteria employed regarding waveform
type were the same as with the compression test.
Initially normal and severely diseased internal
carotid arteries were successfully diagnosed but a
patient was then encountered with normal (type 1)
waveforms at proximal and distal sites, in the
presence of severe stenosis of the internal carotid
artery. At this point the compression test was
introduced as part of the procedure.

The breakdown of the comparisons into the four
angiographic groupings is shown in table 1 and
the comparisons with, and without, the com-
pression test are shown in tables 2 and 3
respectively.

Table 1 Total number of comparisons made between
angiography and Doppler ultrasound

Angiogram Total number  Comparisons  Comparisons
Classification of vessels (without (with
compression compression
test) test)
Normal 50 18 32
Mild 27 8 19
Moderate 10 3 7
Severe occlusion 18 3 15
105 32 73

Table2 Comparisons (made without compression test)

Angiogram Doppler Common Carotid
waveform type
1 1-3 21

Normal Normal 17 17 — —
Normal Mild 1 — — 1
Mild Mild 6 — 2 4
Mild Normal 2 2 — —
Severe Normal 1 1 —_ —_
Severe Mild 2 — — 2
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Table 3 Comparisons (made with compression test)

Angiogram Doppler Common carotid
waveform type
1 1-3 2-1

Normal Normal 22 22 — —
Normal Mild 10 —_ 3 7
Mild Mild 17 — 9 8
Mild Normal 2 2 — —
Severe Severe 14 2 2 10
Severe Mild 1 — 1 —
Discussion

In summary our results show that by observing the
Doppler signatures at the common carotid, super-
ficial temporal, supraorbital and supratrochlear
sites and utilising the compression test we could
define the following pathological categories:

(1) No extracranial disease present; type 1

waveforms at all sites with a Negative Com-

pression Test.

(2) Mild disease (1%-25% stenosis of the in-

ternal carotid artery) type 1.3 or 2.1 waveform

at the distal common carotid artery (near the
bifurcation) measurement site and a Negative

Compression Test.

(3) Severe disease (stenosis occluding the di-

ameter of the lumen to 75% or greater) in the

internal carotid artery; type 4 waveforms at
either the supraorbital or supratrochlear sites
or a Positive Compression Test or both.

(4) Severe disease in the external carotid artery;

type 4 waveform at the superficial temporal

artery.

In 50 carotid arteries assessed as angiographi-
cally normal, the ultrasound results were normal
in 39. In the other 11 arteries, the Doppler ultra-
sound results suggest mild abnormalities in the
ICA. In the mild disease angiographic category,
the very good agreement (23/27) between the
Doppler and angiogram tests is encouraging evi-
dence that the presence of mild disease in the
internal carotid artery is indeed being monitored
non-invasively. The 11 “false-positive” results
detailed in the angiographically normal group
could be due to the fact that the angiogram and
Doppler tests are providing different information
about the patient, that is morphological as opposed
to haemodynamic. With regard to the diagnosis of
the presence of mild disease in the internal carotid
artery the following points should be made.
Firstly, two positions along the common carotid
artery are observed as part of the test and these
are called the proximal and distal common carotid
arterial measurement sites, that is at the base of
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the neck and near to the bifurcation. An example
of this technique is shown in fig 6, exhibiting the
Doppler signatures obtained from a patient with
mild disease at the origin of the internal carotid
artery where there is a waveform change in evi-
dence along the common carotid artery from a
normal type 1 to type 2.1 in the more distal
position. This procedure was initially developed in

L common carotid artery
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Proximal common carotid artery

Fig 6 Common carotid waveforms (proximal and
distal in the presence of mild disease in the internal
carotid artery).

an attempt to assess the presence of disease in the
common carotid artery. It was anticipated that no
change in the waveform would imgly the absence
of disease in that segment but it appears that the
distal common carotid waveform can detect disease
in the internal carotid artery. This study concen-
trated on the common carotid arterial measure-
ment site because of its readily accessible position.
Some additional measurements have now been
carried out on the less accessible internal carotid
artery and fig 7 shows a type 2.1 waveform at the
distal common carotid position and a confirmatory
turbulent internal carotid artery signal in the
presence of mild disease at the origin of the in-
ternal carotid artery. The internal carotid artery
turbulence appears to be very localised and hence
not always easily detectable along a length of
artery, without the aid of imaging, whereas the
common carotid artery signal is easily accessible.
The three false negative results all occurred for
patients measured at an early point in the study
and can probably be ascribed to operator inexperi-

T K Hames, K N Humphries, T V Powell, and D L McLellan

-

Internal carotid artery

Distal common carotid artery

Fig 7 Distal common carotid and internal carotid
waveforms in the presence of mild disease in the
internal carotid artery.

ence. It is of interest that two waveform types, 1.3
and 2.1, have been identified in relation to the
presence of mild disease in the internal carotid
artery and we feel it is particularly important to
establish the reasons for this so that waveforms
relating to other disease states can confidently be
recognised.

We have encountered only 10 patients in this
study with moderate disease in the internal carotid
artery. In seven of these 10 cases the waveform
type observed is shown in fig 8. In three cases the
waveforms were type 1, but recorded at the proxi-
mal common carotid artery site in the early part
of the study.

In the severe disease category 15 comparisons
with angiography were made and in 14 of these
the agreement was good. In the one false negative
case the degree of stenosis was judged to be 75%,
that is just on the threshold of the severe stenosis
category. The waveform at the distal common
carotid measurement site, however, was of the
type usually associated with mild disease. The
patient gave a history of TIAs in left carotid
artery territory and had a bruit in the aortic area
appearing to radiate into both sides of the neck.
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Type 3

Fig 8 Common carotid waveforms (types 1 and 3).

In our experience a positive compression test or
a damped waveform at either the supraorbital or
supratrochlear measurement site identifies severe
disease. It is essential to use both criteria at both
sites. We have found it is possible to obtain a type
1 waveform at one of these sites and a type 4 at
the other, leading to a false negative result if both
are not used. In five of the cases only the com-
pression test was positive, showing as mentioned
previously, that a situation can exist where the
internal carotid artery can be severely diseased, or
even occluded, but as a result of efficient col-
laterals supplying arteries a normal (type 1) sig-
nature can exist at the distal sites. The distal sites
available for indirect assessment of the internal
carotid arterial segment are the supraorbital and
supratrochlear arteries. Events in these vessels do
indeed appear to reflect changes occuring in the
internal carotid artery. Various workers,*1° have
chosen only one of these sites on the grounds that
one of the two is more uniquely defined. It is
generally agreed that in some cases the vascular
anatomy is such that more than two signals can
be obtained when probing over the eye and usually
it is the supratrochlear which gives the more easily
found and stronger signals. The quality of the sig-
nals from these sites may be impaired by the
restricted angle between the probe and artery,
that is low Doppler shift frequency, as well as the
amount of ultrasound power that one can safely
use around the eye. Although the pressure applied
to the skin by the operator is kept minimal at all
times it has been found necessary on some oc-
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casions to apply a layer of jelly between the probe
and skin, avoiding direct skin contact to obtain 2
reasonable signal. At present the compression test
is carried out by two people with one obtaining
the optimum signal and the other carrying out the
compression. Both are wearing headphones and
make an independant assessment as to the change
in the signal on compression. We feel that prob-
lems such as probe movement upon compression
are minimised by this arrangement. Audio assess-
ment has been used for the majority of the
measurements reported here which enabled us to
distinguish between a significant decrease in the
signal and a complete loss on compression. Ex-
amples of the compression test using a maximum
frequency detector are shown in fig 3.

Further investigation of this aspect of the work
is needed to provide clinically useful information
regarding both the identity and the efficiency of
collateral vessels in the cerebral circulation. With
severe disease in the internal carotid artery col-
lateral flow may occur via the vertebral posterior
communicating arteries, and through the contra-
lateral carotid arteries. In an attempt to assess the
latter some workers have carried out common
carotid artery compression, but this introduces
the risk of transient cerebral ischaemia or of pro-
voking occlusion in the presence of severe stenosis
and in our view is contraindicted in such patients.
By using the direction of flow through the supra-
orbital and supratrochlear arteries,®!! we were
not reliably able to predict the presence of severe
disease in the internal carotid artery. It is possible
to obtain signals of which the direction is uncer-
tain,* that is simultaneous forward and reverse.
On a sonogram such signals are of equal intensity
in both directions as distinct from the “‘shadow-
ing” obtained occasionally as a limitation of the
heterodyning electronics and the angle of the
probe. It is also to be noted that retrograde flow
into the orbit was detected in two patients with
normal angiograms.

The ability to distinguish between a severe
stenosis and a complete occlusion non-invasively
is clinically desirable but our present technique
cannot reliably make this distinction. Keller? refers
to the asymmetry of the diastolic components of
the common carotid waveforms in the presence
of an occlusion, that is a particularly low value
on the side of the occlusion. In our experience
this criteria has been successful only in four out of
six angiographically proven occlusions of the in-
ternal carotid artery. An example of the Doppler
waveforms for this condition are shown in fig 9.
Other promising areas of use of this character-
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patient with an occlusion of the L internal carotid
artery.

istic appear to be in diagnosis of proximal and
intercranial lesions.

How does the accuracy of the technique we
have described compare with other non-invasive
methods such as occuloplethysmography and
carotid phonoangiography developed in recent
years? The false negative rates for detecting
severe stenosis by these methods are reported to
vary from 40%1° to 992° of cases, suggesting per-
haps that the skill of the operator is a critical
factor particularly in occuloplethysmography.2°
We know of no previous comparison of these
methods with the full Doppler test procedure we
have described, but comparisons have been re-
ported in which not all our compression sites were
used,?° 21 or the details of the Doppler method
were not given.22 Most authors agree that the
accuracy is far greater in patients with a greater
than 759% angiographic stenosis whichever test
is used, and that their diagnostic accuracy is better
using all three methods than using any method
singly. There is also general agreement that
Doppler techniques give fewer false positive re-
sults than the others in all categories of angio-
graphic stenosis. We suggest that the reason for
this is that Doppler techniques are easier to
standardise and are less subject to inter-observer
error but we have no firm evidence to support this
impression which is worth further study.

T K Hames, K N Humphries, T V Powell, and D L McLellan

Quantitative analysis of the data has been
attempted’?1* without useful separation of the
patients into the various disease states. Values of
the A/B ratio, ICR (Index of Circulatory Re-
sistance) and transit time between various
measurement sites were calculated both for the
patient group and a set of asymptomatic volunteers
of comparable age range prior to the present
form of analysis. The use of pattern recognition
techniques similar to those described by Martin!®
may allow quantification of the data which we
feel is essential if this technique is to be used
widely in the early detection of arterial disease
and patients experiencing transient ischaemic
attacks or minor strokes. From the literature it
appears that in patients with carotid disease the
site of the lesion is within 3—4 cm of the bifurca-
tion in at least 75% of cases.l®> Separation of
proximal and distal effects on the Doppler sig-
nature can be difficult with both extracranial
and proximal arterial disease. We are attempting
to overcome such problems by including measure-
ments at the aortic arch, subclavian and brachial
arteries and analysing the results in conjunction
with the common carotid arterial measurements.
These results will be discussed in a future
publication.

We suggest, in conclusion, that the test des-
cribed in this paper could be adopted as a screen-
ing procedure in a vascular or neurological clinic
and would assist in the separation of patients with
severe carotid disease from those with mild or no
disease. This grading is available from a com-
bination of the compression test and the wave-
form characteristics of the Doppler signature ob-
tained from the common carotid artery. The sen-
sitivity of the CW Doppler Test to mild and
moderate disease should be improved by use of
the presence of turbulence on the internal carotid
artery signals, in the cases where this is easily
obtained.’” On the basis of our initial experience
in using the Doppler test to separate severe from
mild or no disease, false positive results do not
occur. False negative results in patients with
severe disease are reduced to one out of 15 (ap-
proximately 6%,) by incorporation of the com-
pression test into the measurement procedure. In
clinical practice this percentage would be further
reduced if the presence of a bruit were accepted
as an indication of moderate or severe disease.
Our current clinical practice is not to recommend
arterial surgery for patients with mild disease, so
that the accurate identification of patients with
mild disease or no disease would eliminate the
need for angiography in these patients. Whether a
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3% to 6% risk of a false negative is acceptable
for a particular patient will depend upon the
clinical problem and the practice of the unit in
which he is being treated. The localisation and
quantification of the disease at the bifurcation
and particularly the separation of severe stenosis
from complete occlusion will require the use of
pulsed Doppler imaging facilities;'® these are
under development at this laboratory.
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of the tests and to the other consultant neur-
ologists and neurosurgeons at the Wessex Neur-
ological Centre, and the vascular surgeons at the
Royal South Hants Hospital, Southampton for
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