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PURPOSE: To assess the abi lity of color-flow Doppler sonography (CFDS) to detect plaque 

ulcera tions in patients who had high-grade to thread-like ca rotid artery stenosis and who underwent 

carotid endarterectomy. METHODS: CFDS is a noninvasive diagnostic technique that allows, in 

add ition to spatial visualization of blood flow, the identification of abnormal blood flow patterns 

such as vortex formation . There is evidence that pathologic anatomic changes in the vascular wa ll 

(such as ulcerations) may resu lt in characteristic hemodynamic alterations. Therefore, solely 

hemodynamic cri teria (detection of vortices) were used to diagnose ulceration. The results of 

preoperative examinations were compared to the intraoperative findings in 89 patients in a 

prospective and blinded way. RESULTS: CFDS proved highl y sensitive (95.3%), specific (93.5%), 

and accurate (94.0%) for demonstrating ulcerative plaques. CONCLUSION: CFDS may be of 

significant advantage for examining plaque morphology in pat ients who have high-grade internal 

carotid artery stenosis, and in whom accurate, noninvasive diagnosis of plaque ulceration was 
previously difficult , if not impossible. 
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In contrast to symptomatic patients, there is 
an ongoing controversy regarding the proper 
treatment of patients who present with carotid 
artery stenosis, but who are asymptomatic at the 
time of diagnosis, even if the stenosis is high
grade or threadlike ( 1-3). In theory , the patients 
who will profit from treatment are those at risk 
either for thromboembolic stroke or for cerebral 
ischemia of hemodynamic cause (4). A major 
problem lies in the correct identification of pa
tients who bear specific risk factors. Hemody
namically significant carotid artery stenosis may 
now be detected in patients by examination of 
intracerebral hemodynamics (5), whereas there 
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are no techniques available to identify, with cer
tainty, patients who are at risk for thromboem
bolic stroke. Several factors contribute to the 
latter dilemma. Thus far, the natural course of 
atheromatous carotid plaque is unknown, and the 
reasons plaque becomes symptomatic are multi
factorial and not well defined , due to the lack of 
controlled prospective studies in symptomatic 
and asymptomatic patients (6). There is conflict
ing evidence concerning the role of intraplaque 
hemorrhage, as well as of plaque ulceration in 
the pathogenesis of carotid artery stroke (6-8). 

Until recently , morphologic changes in the ca
rotid artery wall could not be detected with ac
ceptable accuracy. However, the refinement of 
Duplex sonography now allows reliable, nonin
vasive detection of intraplaque hemorrhage (9, 
10). Still, in terms of morphologic criteria, neither 
sonography nor arteriography is currently sensi
tive enough to properly identify plaque ulceration , 
especially in patients with high-grade carotid ar
tery stenosis ( 11, 12). 

The recent introduction of a far more advanced 
sonographic technology-color flow Doppler so
nography (CFDS)-may offer new possibilities in 
the noninvasive diagnosis of atheromatous ca-
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rotid artery plaques. Besides allowing spatial im
aging of flow velocities, this technology provides 
sophist icated analysis of intravascular hemody
namics, such as the identification of disturbed 
flow ( 13). Thus, we used the finding that gross 
anatomic changes in the vascular wall result in 
characteristic hemodynamic alterations (14) to 
investigate, in the current study , the value of 
CFDS in identifying plaque ulceration by hemo
dynamic criteria only. 

Materials and Methods 

From July 1989 to Ju ly 1990, 89 patients (age 63 ± 5 
years (mea n ± SEM)) with symptomatic or asymptomatic , 
unilateral or bilateral high-grade o r thread li ke stenos is 
(80%-99%) of the internal ca rotid artery (ICA) were studied 
before carot id endarterectom y. Patients who present w ith 
this degree of carot id artery d isease are currently consid
ered for surgica l trea tment in our institution ; ICA stenosis 
was preoperatively diagnosed by conventional continuous
wave Doppler sonography. The latter procedure has a 95 % 
sensitivity for diagnosis of ICA stenosis in our inst itution 
( 15). Simultaneously , our patients underwent CFDS ex
am ination of the stenosed JCA. A lthough the m ajority of 
patients underwent angiography , we did not analyze angie
gram s for the presence of an ulceration in a standard ized 
and reproducible way, since several previous studies doc
umented the insensitivity of angiography in detecting u l
ceration (1 1, 12). Th is fact was just confirmed by the 
NASCET study (2). At surgery, the endarterectomy speci
men was exa mined by independent surgeons, to allow 
description of the plaque 's gross m orphologic characteri s
tics . The intraoperative findings were then compared to 
the preoperative d iagnosis. 

Thirty-seven patients were asymptomatic and 52 pa
tients were symptomatic relative to the ipsilatera l hemi
sphere, and they were suffering from various degrees of 
neurologic deficits , which ranged from reversible to mild 
permanent symptoms (m inor stroke). None of the study 
subjects had a severe, permanent neurolog ic deficit (major 
stroke) . 

Theory of CFDS 

Al l exam inations were performed w ith a 7.5 or 5.0 MHz 
annular array transducer and a CFDS device (V ingmed 
CFM 700, Trondheim, Norway). This device allows one to 
do almost simultaneous conventional Doppler m easure
ments and imaging by the missing signal estimator tech
nique (13) . Thereby , information about flow velocity, spa
tia l d istribution , and behav ior of flow in the studied vessel 
can be obta ined simultaneously . Usually , during imaging, 
targets moving toward the t ransducer are assigned a red 
co lor, and targets m oving away from it , a blue color. 
However, if the speed of the targets surmounts a certa in 
va lue (which corresponds to the frequency reaching the 
Nyquist lim it) , then coloration of the targets wi ll change 
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f rom red to blue or vice versa, depending on color definition 
of the baseline f low (a liasing phenom enon). Nyquist limit 
indica tes the max imum frequency that can be m easured 
accurately by CFDS, and it depends on the selected inson
ation depth and, therefore, on the max imum pulse repeti
tion frequency. Precisely, the Nyquist limit is defined as 
half of the m ax imum pulse repetition frequency . No cor
rection factor for d ifferent insonation angles was applied 
when frequency was ca lculated . However, during all ex
am inations, the frequency of the probe and the result ing 
insonation depth was selected in a way that the Nyquist 
limit always corresponded to a velocity of 0.5 m / sec; also, 
ga in and color sca les were kept constant during all exam i
nations. 

Furthermore, imaging allows est imation of d isturbed 
f low, which appears green/ white in the image, and is 
identified by digita l ana lysis of mean frequency, bandwidth , 
and intensity of Doppler signals return ing f rom a defined 
range cell. The range cel l represents a constant sample 
volume whose size is determined transversely by the width 
of the beam and radially by the pu lse length. Disturbed 
f low is characterized by a fa irl y high intensity of Doppler 
signals (indicating a high density of red cells in the exam 
ined range cell) and by a wide bandwidth signal (indicating 
a large difference between maximum and min imum flow 
velocity in the range cell). In this situation , the m ean 
frequency in the range cell f luctuates around zero in areas 
with disturbed flow . Disturbed flow is either caused by high 
velocity turbulent flow or by the formation of vortices in 
the blood stream. Range cells exhibiting a narrow band
width signal (indicating only small variations in flow veloc
ity) and a mean frequency approaching zero rep resent areas 
in which the blood f low is multidirectional and random , 
and appear black in the image. 

Technique of CFDS Examination 

A ll CFDS examinat ions were performed by two of the 
authors. One exam iner eva luated 50 patients, the other 39. 
Since the expertise of the exam iner is a prima ry determi
nant for accuracy of Doppler tests (16), over 500 patients 
were studied by CFDS before the prospective evaluation 
was begun . 

At the beginning of the examination , degree, loca liza
tion , and length of the stenosis were identified by conven
tional continuous-wave Doppler sonography. Then the ste
nosis was examined by CFDS to identify stenosis-associ
ated, disturbed flow. Each examination consisted of 
longitudinal views of the common carotid artery , the carotid 
bifurcation, and the internal and external carotid artery. 
Specia l care was applied during examina tion of the steno
sis. Views f rom the prestenotic, stenotic , and post-stenotic 
regions were obtained from a va ri ety of directions, ranging 
from anterior to posterolateral. The stenosis was iden tified , 
using CFDS, by observation of the jet phenomenon (sudden 
changes of color) , which indicates intra- and post-stenotic 
flow acceleration (f low velocity surmounting the Nyquist 
limit) . Then the stenosis was carefu ll y screened for reg ions 
w ith green/ white coloration (d isturbed flow) and with black 
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coloration . Special attention was paid to the presence or 
absence of these colored regions at systole and diastole. 
Only longitud inal views were performed since they are by 
far m ore sensitive with regard to the recognition of specific 
flow phenomena. Since longitudinal views allow the ex
amination of the stenosed vessel over its whole length in 
one image (and in the direction of flow) , it is much easier 
to detect specific spatial flow phenomena , such as the 
characte ri stic concentric arrangement of laminar , dis
turbed , and irregular flow. Such an arrangement is typical 
for a vortex (see below). In transverse images, a clear 
spatial resolution of different flow qualities is rarely seen. 
This fact results mainly from the relatively smaller area of 
regions with different coloration. These smaller areas make 
it difficult to visualize and to analyze coherent colo r phe
nomena. 

All examinations were stored off line on a personal 
computer (Macin tosh II , Apple, Munich , Germany). Sub
sequently , the stored digital images were reviewed on the 
computer using a specia l software package (Echobase, 
Vingmed, Norway). The latter allows visualization of the 
examination frame by frame and simultaneous ana lysis, in 
a defined area , of flow velocities (frequencies) that were 
obtained by conventiona l Doppler measurements. Since 
ana lysis of disturbed flow and regu lar Doppler measure
ments are done both simultaneously and independently, 
one can identify disturbed flow by the optical appearance 
in the image (green color) and by the ana lysis of velocity 
profi les in adjacent areas. 

The identification of vortices in the blood stream was 
based on their hemodynamic characteristics at systole 
(maximum blood flow velocity). In their peripheral parts , 
vortices show a zone of disturbed flow that is combined 
with an area of high velocity laminar flow and a zone of 
irregular flow in the center. In the latter zone, flow velocities 
demonstrate a narrow bandwidth and a random variation 
with reference to temporal and spatial coordinates, thereby 
leading to a mean flow velocity of zero. All these hemo
dynamic changes can be recognized by CFDS. 

Consequently , plaque ulceration was diagnosed when, 
at systole, a circu lar band of high-velocity blood f low in 
assoc iation with a black coloration in the center was found. 
High-veloci ty blood flow usually presented as a mixture of 
laminar f low (blue or red coloration) and disturbed flow 
(green/ white coloration). This typical spatial arrangement 
of different colors allowed the identification of vortices. At 
lower blood flow velocities (diastolic flow) the typical spatial · 
arrangement of the colors usually disappeared . If an ulcer
ation had been identified , specia l attention was then paid 
to the location of the ulcer. Whether the ulceration was 
local ized at the internal carotid artery or at the bifurcation 
was recorded . Furthermore, we estimated the approximate 
distance of the ulceration to the carotid bifurcation , if an 
ulceration was found in the internal carotid artery . 

Intraoperative Examination 

A ll patients were operated on either by the chief resident 
or by the attending of the vascu lar surgery service. Intra-

operative evaluation of the stenosis was performed in an 
independent, bl inded fash ion by the operating surgeon. At 
the beginning of the procedure, the region of the stenosis 
was incised longitud inally . Then, the surgeon carefull y 
examined the stenosis over its whole length. The gross 
morphologic characteristics of the stenosing plaque were 
examined in situ immediately after arteriotomy and before 
further surgical manipu lation , as recommended (8). Ulcer
ation was defined as a grossly observable d isruption of the 
in tima (more than 2 mm in diam eter) , thereby exposing 
the subjacent atheromatous plaque or m edia . This disrup
tion was distingui shed from plaques with m acroscopic 
pitting and with shallow surface depression of the intima. 
By using the definition of ulcer size , the surgeon could 
accurately identify the ulcer, even if the plaque was tran
sected accidenta ll y at the site of an ulcer. Every plaque 
was classif ied as either having an ulceration of, or above, 
the described size or not. In case of an ulceration the 
surgeon had to state the location of the ulce ration with 
regard to its posit ion on the plaque and to its distance to 
the bifurcation . 

Statistical Analysis 

Sensitivity, specificity , and accuracy were calculated as 
previously described (17). 

Results 

In all 89 patients, intraoperative findings con
firmed the degree of the stenosis (high-grade to 
threadlike) found preoperatively by conventional 
Doppler sonography. During surgery, 43 patients 
were found to have ulcerations in combination 
with ICA stenosis. All ulcerations were located at 
the site of maximum blood flow velocity, which 
means in the stenotic or post-stenotic part of the 
plaque. Forty-six patients had either simple 
plaques covered with smooth fibroatheromatous 
tissue or plaques with macroscopic pitting with
out gross ulcerations. CFDS correctly identified 
41 of 43 ulcerations (a sensitivity rate of 95.3% ). 
In three patients, the preoperative diagnosis of a 
significant ulceration at the site of ICA stenosis 
could not be confirmed intraoperatively (specifi
city: 93.5% ). False positive results were found in 
gross irregularities of the plaque surface, such as 
longitudinal steps without intimal disruptions or 
in depressions between adjacent plaques. CFDS 
was 94% accurate in identifying ulcerations as
sociated with high-grade or threadlike ICA ste
nosis. No difference in accuracy was found be
tween the two examiners. 

Representative CFDS findings are given in Fig
ures 1 to 7. Figure 1 shows a "normal" high grade 
stenosis with systolic high flow velocity and dis-
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Fig. 1. High-grade ICA stenoses wirth intra- and post-stenotic arterial jet flow (red) and high-velocity turbulent fl ow (green/ white). 
Fig. 2. High-grade JCA stenosis at peak systole with vortex formation due to plaque ulceration. 

turbed flow (high-velocity turbulent flow = green/ 
white coloration) at the origin of the ICA. Figures 
2 to 7 show high-grade ICA stenosis with intra
stenotic vortex formation at maximum systolic 
flow. The anatomical position of the Doppler 
probe is identical in Figures 2, 5, and 6. Vortex 
formation can be diagnosed and differentiated 
from high-velocity turbulent flow by the typical 
spatial arrangement of areas of high-velocity flow 
(disturbed = green/ white; laminar = red or blue) 
and of areas with reduced multidirectional flow 
(narrow bandwidth and mean flow velocity of 
zero = black) . Thus, vortices cause typical alter
ations of blood flow in their immediate neighbor
hood (circular disturbed and laminar flow) and 
demonstrate a continuous reduction and hetero
geneity of flow velocity towards their center . 
Figures 2 and 3 (schematic explanation of Fig. 2) 
show the typical spatial arrangement of different 
colors at peak systole due to ulceration. Figure 4 
presents, also as a scheme, the lateral two
dimensional view of the same stenosis at peak 
systole. Note that the vortex is located in the 
examination plane of the Doppler probe. Figure 
5 shows the same stenosis at late systolic flow 
(the picture was taken 200 msec after the one in 
Fig. 2). Due to the deceleration of flow, the area 
of reduced multidirectional flow (black) has dis
appeared . The circular area of high velocity flow 
(green/ white) and the aliaising phenomenon (red) 
can sti ll be seen. Figure 6 presents the same 
stenosis now at diastolic flow (the picture was 
taken 800 msec after the one in Fig. 2). Flow 
velocity has further decreased allowing now an 

almost laminar flow above the ulcer. Disturbed 
flow (green/ white) as well as intrastenotic aliais
ing is markedly reduced and the typical circular 
spatial arrangement has also disappeared. A 
scheme of the situation at diastole (lateral view) 
is shown in Figure 7. The examination plane is 
still in the same anatomical position above the 
ulcer which , however, no longer causes the for
mation of a significant vortex because of the 
diastolic deceleration of blood flow velocity. Com
pared to Figure 4, the area of disturbed flow is 
markedly diminished and its maximum is now 
located underneath the examination plane. 

Discussion 

Sonographic examination of the ICA has 
gained its firm place in the noninvasive evaluation 
of patients with cerebrovascular disease. Duplex 
sonography and continuous-wave Doppler so
nography have been found to be accurate in 
identifying and quantifying ICA stenosis. Also 
detection and description of atherosclerotic 
plaques are possible and intraplaque hemorrhage 
can be determined precisely (9, 10, 15, 18). On 
the other hand, there is considerable controversy 
about the use of Duplex sonography in detecting 
plaque ulceration. Thus, sensitivities for high
resolution Duplex scanning to correctly identify 
ulcerations vary between 0 and 93% (10, 19). 
Furthermore, in those studies in which the highest 
sensitivities were reported (89 % and 93%, re
spectively ( 18, 20)) , most patients had simulta
neous luminal narrowing of the ICA of less than 
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50%. However, it is now evident that, with a more 
severe degree of stenosis, significant limitations 
of Duplex sonography are encountered (12). 
Thus, Duplex sonography is often considered not 
feasible for identifying patients with concommi
tant plaque ulceration and high-grade carotid ar
tery stenosis (12, 21-23). Our findings show that 
CFDS may close this gap in diagnosing patients 
with ICA disease, especially in those who present 
with a high-grade or threadlike ICA stenosis . 

Identification of atheromatous ulcers in pa
tients with significant ICA stenosis appears pos
sible by analysis of hemodynamic changes alone 
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Fig. 3. Explanatory scheme of the coloration and of the ana
tomical situation of the stenosis presented in Figure 2. CCA , 
common ca rotid artery ; /CA, interna l ca rotid artery ; ECA , external 
carotid artery; 1, region of vessel narrowing (stenosis) ; 2, area of 
reduced multidirectional flow (black); 3, area of ci rcular disturbed 
and laminar flow (continuous transition between red , green, and 
wh ite). 2 and 3 indicate the vortex which is provoked by an ulcer; 
4, flow acceleration at the terminal part of the stenosis (red, 
aliaising phenomenon). 

Fig. 4. Schematic lateral view of the stenosis and of the vortex 
at peak systole presented in Figures 2 and 3. Note the spatial 
relationship of the examination plane to the vortex and to the 
ulceration. The vortex is directly located in the examination plane. 

and does not require information about morphol
ogy. Experimental studies have shown that mor
phologic changes in the vascular wall may have 
distinctive effects on hemodynamics in the af
fected region. Thus, recent experiments demon
strated with precision the impact of lateral aneu
rysms on flow conditions in elastic vessel models 
with pulsatile perfusion of non-Newtonian blood
like fluids (14). Flow in the aneurysmatic region 
could be shown to be multidirectional and asso
ciated with variable flow velocities, but also to 
depend strictly on the phase of the pulse wave. 
Flow velocities in the center of the aneurysm 
ranged between 10%-15% of the axial velocity 
in the parent vessel. However, intraaneurysmatic 
flow irregularities (low frequency flow fluctua
tions) were found that were superimposed on the 
pulse cycle and represented early transitions to 
vortex formation. 

lntraaneurysmatic flow velocity is known to be 
directly proportional to the flow velocity in the 
parent vessel (14) and indirectly proportional to 
the square of the maximum fundus diameter (24) . 
Therefore, a higher flow velocity with a reduced 
pulse wave in the parent vessel and a reduction 
in the aneurysm size will markedly increase the 
intraaneurysmatic flow velocity, thereby leading 
to greater chance of vortex formation. An ex
treme situation is found at systole in small ste
nosed vessels with lateral plaque ulcerations: flow 
velocity in the stenosis is high and associated 
with almost non pulsatile flow, and in comparison 
to the flow velocity in the parent vessel , the 
diameter of the ulcer (which , as a simplification , 
can be regarded as a lateral aneurysm-like wall 
change from the hemodynamic point of view) is 
very low. Therefore, we have hypothesized that, 
at systole, a high percentage of ulcerated plaques 
in patients with ICA stenosis is associated with 
vortex formation at the site of the ulcer and 
should, consequently, be detectable by sana
graphic imaging with simultaneous analysis of 
flow irregularities. Furthermore, due to the decel
eration of flow, vortex formation should be di
minished or even be absent at diastole. 

A vortex represents in the central part an area 
of extremely irregular flow in which velocities in 
a defined range cell are low (resulting in a narrow 
bandwidth) and show a random variation with 
reference to temporal and spatial coordinates. 
This phenomenon indicates that, in the examined 
area , Doppler frequencies are random and multi
directional. This phenomenon results in a very 
low mean frequency and will appear black in the 
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Fig. 5. ICA stenosis of Figure 2,200 msec after peak systole. The 
position of the examination plane is unchanged. Compared to Figure 
2, the area of reduced multid irectional flow (black) has disappeared 
due to the deceleration of fl ow. The circular area of high-velocity 
fl ow (green/ white) and the alia ising phenomenon (red) can still be 
seen. 

Fig. 6. ICA stenosis from Figures 2 and 5 at diastole. The position 
of the examination plane is unchanged. Compared to Figure 5, flow 
velocity has further decreased, lead ing now to an almost laminar 
f low (blue) above the ulcer. Disturbed flow (green/ white) as well as 
intrastenotic aliaising is markedly reduced and the typical c ircu lar 
spatial arrangement has also disappeared . 

Fig. 7. Schematic lateral view of the stenosis at diastole presented 
in Figure 6. The spatial relationship of the examination plane to the 
ulceration is the same as in Figure 4. Compared to Figure 4 , the area 
of disturbed f low is marked ly diminished and its maximum is now 
located underneath the examination plane. 

image (25). In the peripheral parts of the vortex, 
flow velocity will increase and become more 
directional , or may show a random variation with 
respect to its direction , if the peripheral flow in 
the vortex mixes with the unidirectional high 
velocity flow in the stenosis. Range cells in these 
areas will exhibit multidirectional Doppler fre
quencies with a wide bandwidth . If the bandwidth 
of these frequencies is higher than twice the 
Nyquist limit , digital analysis of flow velocities in 
the range cell will then indicate disturbed flow , 
which appears green/ white in the image. This 
phenomenon explains why, in the case of vortex 
formation in the image, a central black area may 
be surrounded by areas of green/ white coloration. 
The circu lar band of green/ white coloration is 
always combined with range cells of a high
velocity laminar flow (red or blue) in areas in 
which mixing of blood flow from the vortex and 
parent vessel does not occur, or in which blood 
flow from the vortex and parent vessel show the 
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same direction. It should be noted that the flow 
velocities which are measured by Doppler sono
graphy in lateral aneurysms or ulcerations (and 
in associated vortices) may be falsely high. For 
example, in a lateral aneurysm, the angle between 
the insonation beam and the moving targets , 
which in this case chanqe their direction in rela
tionship to the parent vessel , will usually decrease 
during conventional Doppler examinations. This 
decrease will result in an overestimation of flow 
velocities compared to flow velocities in the par
ent vessel. However, such an overestimation will 
even further emphasize the hemodynamic 
changes associated with plaque ulceration . 

Our results seem to confirm the above men
tioned hypothesis. In more than 90% of the cases, 
ulcerations were found by CFDS to cause a region 
of vortex formation at systole in the stenosis. In 
all cases, vortex formation decreased at diastole. 
Because of CFDS's high sensitivity (95.3 %), 
specificity (93.5 % ), and accuracy (94% ) for di-
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agnosis of ulceration in patients with ICA stenosis , 
it may offer a significant advantage for the non
invasive screening of patients with carotid artery 
disease. The possibility that CFDS may allow the 
identification of ulceration in patients with carotid 
artery disease was reported earlier (26) . However, 
thus far, no detailed study, in which noninvasive 
diagnosis of ulcerative plaques was made solely 
on the basis of hemodynamic changes, has been 
published. 

Complete, noninvasive diagnosis of luminal 
narrowing and of plaque morphology, including 
ulceration, will , on the one hand, help us to plan 
better the surgical procedure (eg, to select the 
best site of arterial cross clamping) and may, on 
the other hand, allow us to describe accurately 
the degree of carotid artery disease and to identify 
better the patient's risk for stroke in future pro
spective studies. From the present study, we 
cannot draw definite conclusions about the rela
tive importance of ulcerated plaques for causing 
future cerebral symptoms in patients with high
grade to threadlike ICA stenosis. At the moment, 
the degree of luminal narrowing and the presence 
or absence of clinical symptoms represent the 
major criteria on which the indication for surgery 
is based (2, 3). Nevertheless, the use of CFDS 
may allow us to design prospective studies, eg, 
in asymptomatic patients in whom treatment is 
currently still controversial. Thus, one might 
compare the natural course or the effect of con
servative treatment to the effect of carotid end
arterectomy in patients with different specific 
presentations of carotid artery disease (such as 
ulcerations). These studies may eventually help 
to clarify whether there are subgroups of patients 
who bear a particular high risk for stroke and 
who will ultimately benefit from treatment. 
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