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Systolic and mean pressure gradients across internal carotid
stenoses were measured at the time of carotid endarterectomy
in the arteries of90 patients, all ofwhom underwent angiography.
Eighty-two of these patients also had pulsed Doppler ultrasonic
arteriography with real-time spectrum analysis. There were 71
(79%) high grade stenoselof greater than 50% diameter reduction
by angiography. Significant systolic pressure gradients (.10
mmHg) were identified in 41 patients (46%), 38 (46%) ofwhom
underwent ultrasonic evaluation. A pulsed Doppler frequency
measured within the stenosis equal to or greater than 6.5
kiloHertz had a sensitivity of94.7% (36/38) in identifying pres-
sure reducing lesions with a specificity of47.7% (21/44). Positive
predictive value was 61% (36/59). Angiographic criteria (50%
diameter reduction) exhibited a sensitivity of 97.6% (40/41), a
specificity of 36.7% (18/49) and a positive predictive value of
563% (40/71). Negative predictive value was 94.7% for an-
giography and 913% for ultrasonic arteriography. A pulsed
Doppler frequency equal to or greater than 6.5 kiloHertz appears
to accurately identify lesions that are at risk to reduce distal
internal carotid pressure under operative conditions with a sen-
sitivity similar to angography. This criterion has a positive
predictive value and specificity that is slightly superior to an-
giography and a high negative predictive value. Pulsed Doppler
spectrum analysis provides physiologic information relative to
blood flow velocity that is complimentary to the anatomic data
provided by angiography for assessing the potential for hemo-
dynamic significance of internal carotid stenoses.

E VALUATION AND OPERATIVE MANAGEMENT of
asymptomatic carotid stenoses is based primarily on

the assumption that a high grade stenosis that produces
a drop in distal internal carotid pressure may increase
the risk of stroke, especially in patients undergoing general
anesthesia for a major operation.",2 Busuttil et al.3 have
demonstrated that patients with hemodynamically sig-
nificant carotid lesions as measured by noninvasive testing
are at increased risk for stroke. Although data to support
the practice of prophylactic carotid endarterectomy for
the asymptomatic high grade stenosis are confficting,
many surgeons continue to recommend endarterectomy
for these lesions.'
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Preoperative identification of stenoses that reduce in-
ternal carotid pressure rely primarily on indirect non-
invasive techniques that measure parameters related to
ocular blood pressure and flow.7'8 These physiologic
methods are accurate when positive, however, they can
identify only those lesions that are hemodynamically sig-
nificant under laboratory conditions in the awake patient
and are further limited by their inability to differentiate
between high grade stenosis and occlusion.9 Marginally
compensated stenoses that may become significant when
systemic hemodynamics are altered under anesthesia or
by intraoperative blood loss may thus go undetected. Al-
ternatively, estimation of percentage angiographic di-
ameter reduction may serve to identify potentially he-
modynamically significant lesions.'0"' However, since
carotid plaques are often asymmetric, the degree of ste-
nosis determined angiographically is at best only an es-
timate.

Ultrasonic arteriography and pulsed Doppler spectrum
analysis have been demonstrated to be highly accurate
in the identification and quantification ofinternal carotid
stenosis and in differentiating high grade lesions from
internal carotid occlusions.'2'14 High grade stenoses char-
acteristically produce a marked increase in Doppler fre-
quency within the area of narrowing due to an increase
in flow velocity at this location. Although Doppler fre-
quency elevation is clearly related to the degree ofluminal
area reduction,1214 a precise relationship between he-
modynamically significant carotid stenosis and Doppler
frequency has not been determined.
The present study was performed in an attempt to

correlate the results ofpulsed Doppler frequency analysis
with hemodynamically significant carotid stenoses and
to compare these results with standard angiographic cri-
teria foridentifying pressure reducinglesionsbymeasuring
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mean and systolic pressure gradients across carotid lesions
at the time of endarterectomy.

Materials and Methods

Ninety patients with varying degrees ofinternal carotid
stenosis who underwent carotid endarterectomy form the
basis for this study. Twenty (22%) were asymptomatic
and operation was performed prophylactically prior to
anticipated subsequent major operative procedure. The
remainder were symptomatic with transient ischemic at-
tacks (TIAs), prior stroke, or symptoms of generalized
cerebral ischemia. Informed consent was obtained from
all subjects.

All patients underwent preoperative arteriography. In
most cases, selective multiview carotid arteriograms were
obtained; however, in some patients technical problems
precluded selective studies and aortic arch injections were
utilized. All arteriograms were interpreted independently
by one ofthree radiologists who was unaware ofthe results
of noninvasive testing. Each arteriogram was graded by
percentage diameter reduction from the projected normal
diameter of the internal carotid artery at the point of
maximum stenosis. A 50% diameter reduction was re-

corded as a potentially pressure-reducing stenosis. Ste-
noses greater than 75% diameter reduction were also an-

alysed separately to evaluate the sensitivity and specificity
of this angiographic criterion.

Eighty-two of these patients also had ultrasonic arte-
riography (P-1 Ultrasonic Arteriograph, D. E. Hokanson,
Inc., Issaquah, WA) with pulsed Doppler spectrum anal-
ysis (Angioscan I Spectrum Analyzer, Unigon Industries,
Mt. Vernon, NY). All examinations were performed and
interpreted by nurse technologists. Ultrasonic arteriog-
raphy utilized a 6-gated pulsed Doppler to generate a flow
map ofthe carotid bifurcation, specifically identifying the
internal carotid artery.' 02 After identification of the in-
ternal carotid, a single pulsed Doppler sample volume
was passed through the vessel while the real-time spectrum
was recorded. Changes associated with carotid stenosis,
including systolic frequency elevation and spectral broad-
ening, were noted. The point of maximum stenosis was
identified by the examiner and the highest peak systolic
frequency recorded from within this region was measured
from the real-time Doppler spectrum. Examples of
Doppler spectra recorded from within carotid stenoses of
varying degree are shown in Figure 1.
At the time of subsequent carotid endarterectomy, the

bifurcation was exposed and the point of maximum ste-
nosis identified with a sterile continuous wave Doppler
by audible evaluation ofthe Doppler signal. After systemic
heparinization, a needle connected to a pressure trans-
ducer was inserted into the carotid bulb proximal to the
point of maximum stenosis. Mean and systolic pressure

was measured from the digital readout of the transducer.

Immediately thereafter, similar pressure determinations
were made from the internal carotid artery distal to the
point of stenosis. The external carotid remained open
during all measurements. Systemic blood pressure was

monitored with an intra-arterial catheter in the radial
artery during the pressure measurements and all patients
were normotensive and normocarbic.

In order to compensate for small variations in systolic
and mean pressure from beat to beat since internal and
common carotid measurements were not simultaneous,
a gradient of 10 mmHg was arbitrarily selected as sig-
nificant. Both systolic and mean pressure gradients were

correlated with peak internal carotid frequency and with
angiography. Sensitivity, specificity, and positive and
negative predictive value for angiography and Doppler
frequency analysis in identifying pressure reducing lesions
were also calculated.

Results

There were 19 vessels (21 %) with a stenosis of less than
50% diameter reduction. A stenosis of 50% to 74% di-
ameter reduction was present in 34 vessels (38%) and a
stenosis greater than or equal to 75% was present in 37
vessels (41%). Thus, there were 71 lesions (79%) that had
the potential to reduce distal internal carotid pressure
based on angiographic criteria. A significant systolic pres-
sure gradient equal to or greater than 10 mmHg was
identified in 41 vessels (46%), 38 (46%) of which had
frequency analysis.

Systolic pressure gradients measured at operation are
compared with angiographic percentage diameter reduc-
tion in Figure 2. These data are illustrated in tabular form
in Table 1. Only one vessel with a significant systolic
pressure gradient had a stenosis of less than 50% and this
vessel was only minimally below the critical value. Thus,
the sensitivity of angiographic criteria (50% diameter re-

duction) in identifying pressure reducing lesions was

97.6% (40/41). Thirty-one high grade stenoses, however,
did not produce a distal pressure reduction so the spec-
ificity of this angiographic criterion was only 36.7%
(18/49). The positive predictive value of a 50% stenosis
in identifying a pressure reducing lesion was 56.3% (40/
71) and the negative predictive value was 94.7% (18/19).

Table 1 also illustrates the results of pressure gradient
determination compared to angiographic criteria using
75% diameter reduction (90% area reduction) as a sig-
nificant stenosis. Clearly, this criterion is inadequate since
15 ofthe lesions that reduced distal internal carotid pres-

sure were missed. Sensitivity was only 63.4% (26/41) and
the positive predictive value was 70.3% (26/37). Specificity
was increased, however, by using this criterion to 77.6%
(38/49). Negative predictive value was 71.7% (38/53).
Mean pressure gradients compared with angiography

(50% diameter reduction) are illustrated diagramatically
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FIG. 1. Pulsed Doppler spectra recorded from internal carotid arteries with varying degrees of disease determined by angiography. Spectrum A from
a normal vessel exhibits a low peak frequency with no spectral broadening in systole. Spectrum B recorded from a mild 25% stenosis also has a
low peak frequency with spectral broadening due to flow disturbance produced by the plaque. Spectrum C recorded from a moderate 50% stenosis
shows disturbed flow associated with a moderate elevation of peak systolic frequency (6.0 kiloHertz), while spectrum D from a high grade 80%
stenosis has a marked systolic frequency elevation (7.9 kiloHertz). (Scale on A and B 0-5 kiloHertz; scale for C and D 0-10 kiloHertz).

in Table 2. Again, only one vessel exhibited a significant
reduction in internal carotid pressure with a stenosis of
<50% diameter reduction. Thus, the sensitivity of an-

giography for identifying a significant mean pressure gra-
dient was 96.9% (31/32). Specificity was 31% (18/58) and
positive predictive value was 43.7% (31/40). The negative
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FIG. Systolic pressure gradients measured at operation versus angio-

graphic diameter reduction. The horizontal dotted line divides these

vessels with significant gradients (210 mmHg) from those with gradients

of lesser degrees. The vertical dotted line marks a 50%t diameter reduction.

predictive value for a significant mean pressure gradient

was 94.7% (18/19).

Pressure gradients compared to systolic peak frequency

are illustrated in Figure 3. Using 6.5 kiloHertz (kHz) as

the criterion for distinguishing between pressure reducing

and nonpressure reducing lesions, only two vessels were

identified with significant systolic pressure gradients and

a peak frequency below this level. These data are illus-

trated diagramatically in Table 3. The sensitivity of

Doppler frequency analysis was 94.7% (36/38) and the

specificity was 47.7% (21/44). Positive predictive value

ofa frequency of6.5 kHz in identifying a systolic pressure

reduction was 61% (36/59), whereas the negative predic-

tive value ofa peak frequency below 6.5 kllz in identifying

a lesion that did not reduce internal carotid pressure was

91.3% (2 1/23). Mean pressure gradients compared to peak

TABLE 1. Systolic Pressure Gradient Correlated

with Angiography (n = 90)

Angiographic Diameter Reduction (%)
Gradient
(mm Hg) <50 250 <75 275

.10 1 40 15 26
<10 18 31 38 1 1
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systolic frequency using 6.5 kHz as a criterion are illus-
trated in Table 4. Sensitivity is 90% (27/30) and specificity
is 38.5% (20/52). Positive predictive value is 45.8%
(27/59) while negative predictive value is 87% (20/23).
A review of the operative and noninvasive findings in

the two cases with a significant systolic pressure gradient
in which a peak frequency less than 6.5 kHz was detected
with the Doppler suggests that examiner errors may have
affected the results in both of these cases. In the first
instance a patient with an internal carotid stenosis of
moderate degree had a peak frequency of 5.4 kHz iden-
tified within the stenosis. This patient was the first in our
series. At operation some technical difficulties were en-
countered with the transducer and a systolic pressure gra-
dient of 28 mmHg was identified but no mean gradient
could be detected. It was the impression of the surgeon
that a technical error was involved in the common carotid
systolic measurement since the lesion did not appear to
be extraordinarily tight on angiography, but it was felt
unwise to perform repeated carotid punctures to verify
this impression.

In the second case a patient with a stenosis of 85% as
measured by angiography was noted to have a systolic
pressure gradient of 50 mmHg. Peak systolic frequency
recorded from this internal carotid artery measured only
4.7 kHz; however, it was the impression of the examiner
that a much higher frequency signal was present from
this vessel. Technical difficulties arose during the ultra-
sonic study due to dense calcification within the internal
carotid artery. In addition, the patient was unable to
maintain a steady position for the examination for any
length oftime. A high frequency signal was detected very
transiently but the peak frequency could not be recorded.

If it is true that technical errors with the pressure mea-
surements in the first case and ultrasonic arteriography
in the second case provided erroneous data, the sensitivity
of a peak frequency of 6.5 kHz in identifying pressure
reducing lesions would rise to 100%, as would negative
predictive value. Positive predictive value and specificity
would not change significantly.

Discussion

Carotid endarterectomy is well established therapy for
symptomatic carotid stenosis ofany degree.'5 Controversy
still exists, however, regarding the wisdom of surgical
intervention for asymptomatic carotid lesions. Moore et
al.'6 have demonstrated an increased risk of stroke and
TIA in patients with asymptomatic severe ulcerations
and Thompson and associates4'5 report a significant late
spontaneous stroke rate in asymptomatic patients with
cervical bruits. Humphries et al.,6 however, have presented
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data to suggest that even high grade asymptomatic lesions
will produce symptoms of transient cerebral ischemia
prior to stroke in most cases. Although a number ofstudies
have failed to demonstrate an increased risk of stroke
during major operation in patients with asymptomatic
cervical bruit, 7-22 it is still common practice to perform
prophylactic endarterectomy for high grade lesions ofpo-
tential hemodynamic significance because of the possi-
bility of stroke in the perioperative period.'"5

It seems clear that patients with high grade carotid
stenosis are particularly prone to develop symptoms.23'24
Busuttil et al.3 have reported that asymptomatic patients
with positive oculopneumoplethysmography are more
likely to develop TIA and stroke. Similarly, Kartchner
and McRae8 have noted a significant late stroke rate in
patients with ocular pulse wave delay as measured by
oculoplethysmography. These indirect studies, which
measure parameters related to ophthalmic artery pressure
and flow, are useful for identifying hemodynamically sig-
nificant internal carotid lesions; however, they cannot
distinguish between high grade stenosis and occlusion
when used alone. Furthermore, a well compensated ste-
nosis with intracranial collateral flow from other sources
may go undetected, although it is presumably still at risk
to produce embolization.

Reliance on these studies has been criticized because
they are performed in the awake patient under laboratory
conditions.9 When systemic hemodynamics are altered
by operation, blood loss, or drug therapy, the pressure
significance of a stenotic carotid lesion may change. In
addition, it appears that indirect carotid studies are most
likely to be positive when the degree of distal pressure
reduction is severe, thus a number of pressure significant
lesions may be missed. 14,23

Standard angiographic criteria for assessing the poten-
tial of a carotid stenosis to produce a decrease in distal
pressure and flow are well defined.'0"' A 50% reduction
in luminal diameter, which corresponds to a 75% reduc-
tion in area, is the point at which distal internal carotid
pressure may decrease. In practice, however, it is often
difficult to assess the precise area ofan asymmetric carotid
plaque. The morphology of the lesion with reference to
ulceration and length are of particular importance in de-
termining the hemodynamic effects and criteria for the
evaluation of a specific lesion remain subjective.

Direct imaging noninvasive studies such as ultrasonic
arteriography are particularly useful as a screening pro-
cedure for carotid occlusive disease. Not only can they
differentiate between high grade carotid stenosis and oc-
clusion but, when combined with pulsed Doppler spec-
trum analysis, they can detect many low grade stenoses
and identify vessels that are essentially normal. As the

TABLE 2. Mean Pressure Gradient Correlated
with Angiography (n = 90)

Angiographic Diameter Reduction (%)
Gradient
(mm Hg) <50 .50 <75 .75

.10 1 31 1 1 23
<10 18 40 42 14

arterial lumen is progressively narrowed by an athero-
sclerotic plaque, a corresponding increase in flow velocity
and thus Doppler frequency within the stenosis occurs.'2"'4
The results of this study confirm the utility of angio-

graphic criteria (50% diameter reduction) in identifying
pressure significant stenoses. This criterion has a relatively
low specificity and positive predictive value, however, so
if angiography is used alone to select asymptomatic pa-
tients for operation a greater number of well compensated
lesions will undergo endarterectomy.
Our results further suggest that physiologic frequency

information from preoperative pulsed Doppler spectrum
analysis can also be used to assess the potential of an
internal carotid stenosis to reduce distal pressure under
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FIG. 3. Systolic pressure gradients measured at operation versus peak
systolic frequency. The horizontal dotted line divides those vessels with
significant gradients (.10 mmHg) from those with gradients of lesser
degrees. The vertical dotted line marks a frequency of 6.5 kiloHertz (kHz).
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TABLE 3. Systolic Pressure Gradient Correlated with Peak
Doppler Frequency (n = 82)

Peak Systolic Frequency
(kHz)

Gradient
(mmHg) <6.5 <6.5

210 2 36
<10 21 23

operative conditions. A frequency of 6.5 kHz appears to
accurately identify lesions that are at risk to significantly
reduce distal internal carotid systolic and mean pressure
during operation. The sensitivity ofthis criterion compares
favorably with standard angiographic criteria. The positive
predictive value and specificity were slightly superior to
angiography. Thus, more precise selection of lesions at
risk to produce pressure drops is possible than with an-
giography alone. Importantly, a Doppler frequency below
6.5 kHz appears to have a high negative predictive value
in excluding a pressure reducing lesion.

Tight internal carotid stenosis of greater than 80% di-
ameter reduction invariably yields pulsed Doppler fre-
quencies above 6.5 kHz with the ultrasonic arteriograph.
This criterion should be of particular use in evaluating
the intermediate carotid stenosis with irregular mor-
phology with regard to its potential for intraoperative
hemodynamic significance. Thus, this direct noninvasive
study can provide complimentary information to the an-
atomic data provided by angiography, which permits a
more thorough assessment ofthe hemodynamic potential
of a carotid lesion.

Finally, it should be noted that these results only apply
to a 5 megaHertz pulsed Doppler. A Doppler with a
different base frequency would produce a different Dopp-
ler shifted frequency although the shifted frequency cor-
responding to 6.5 kHz should be calculable from the
Doppler equation. The Nyquist limit of the ultrasonic
arteriograph is approximately 8.0 kHz. It is clear from
inspection of the spectra in our studies that many of the
high grade lesions exhibited aliasing. This did not occur
at the level of 6.5 kiloHertz, however, so aliasing does

TABLE 4. Mean Pressure Gradient Correlated with Peak
Doppler Frequency (n = 82)

Peak Systolic Frequency
(kHz)

Gradient
(mm Hg) <6.5 .6.5

.10 3 27
<10 20 32

not appear to be a factor in the two false-negative ex-
aminations. Although we have no experience with con-
tinuous wave Doppler imaging and spectrum analysis,
peak frequency information should be similar to the
pulsed Doppler within the range below 7.5 kHz, so similar
results might be expected with the 5 megaHertz contin-
uous wave Doppler.

Doppler frequency depends both on flow velocity at
the point of measurement and the angle of the incident
Doppler beam. Although some variation in Doppler angle
clearly is present between patients with ultrasonic arte-
riography, it appears that variation in angle with lesions
of this degree is not sufficient to markedly influence the
results. However, flow velocity calculation considering
Doppler angle might be expected to yield even more pre-
cise criteria for evaluating carotid lesions.
From this study it is evident that the physiologic data

provided by pulsed Doppler spectrum analysis can provide
an important complimentary parameter to be used in
conjunction with the anatomic appearance of a lesion
demonstrated by angiography. Frequency criteria will
permit a more accurate assessment of the potential of an
asymptomatic carotid stenosis to cause subsequent ce-
rebral ischemia, increasing the utility of direct carotid
imaging and flow velocity analysis in patient evaluation.
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