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Abstract—The purpose of this article is to review the performance of duplex ultrasound scanning in assessing
lower limb arterial disease with emphasis on patients with multisegmental occlusive lesions. Several studies have
reported that duplex scanning can be as accurate as angiography to localize arterial stenoses. In spite of these
promising results, there still remain some difficulties and controversies. Among them, it has been reported that
multisegmental disease may affect the accuracy of duplex scanning. Indeed, some studies have indicated a lower
sensitivity for detecting significant stenoses distal to severe or total occlusions. It also was demonstrated that
second-order stenoses were detected with lower sensitivity compared to first-order stenoses. The main reason
proposed to explain this lower sensitivity is that the highly reduced flow distal to occluded or highly stenotic
segments increases the difficulty of detecting significant Doppler velocity changes in the distal or secondary
stenoses. The intrinsic limitations of the peak systolic velocity ratio used as a classification criterion are presented.
Finally, new and promising developments in power Doppler imaging and ultrasound contrast agents are
discussed, because they may allow expansion of the capabilities of current ultrasound scanning systems and
provide more accurate diagnosis of patients with multiple disease. © 1999 World Federation for Ultrasound in
Medicine & Biology.
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INTRODUCTION cerebral arterial disease, and progression of lower limb
arterial disease (Moneta et al. 1994; Samson et al. 1985).
Detecting the location and evaluating the severity of
the lesions causing ischemia in the lower limb arteries of
patients with combined aortoiliac and femoropopliteal
disease is a difficult and important clinical problem. The
ability to determine the hemodynamic effect of each
lesion is essential before planning vascular surgical pro-
cedure or angioplasty. The most commonly used ap-
proach to treat these patients has been to carry out either
a proximal reconstruction or angioplasty to improve in-
flow to the deep femoral artery, followed by a distal

Two review articles covering the history of Doppler
ultrasound for the diagnosis of peripheral vascular dis-
ease (Sigel 1998) and the current developments and
applications in arterial ultrasound (Hoskins et al. 1998)
were published recently. The present review constitutes a
complement to those two articles and deals with the
assessment of lower limb arterial disease with a specific
emphasis on patients with multisegmental occlusive le-
sions.

According to Samson et al. (1985), the occurrence
of combined aortoiliac and femoropopliteal disease is

estimated to range between 20% and 69% of patiemsreconstruction, if indicated. This procedure is based on
requiring lower limb revascularization. Compared to the observation that revascularization of the proximal

those with single level occlusive disease, patients with S€gment usually improves perfusion of the lower leg by
multilevel disease more often are male and older. They Incréasing flow through one of the distal arterial

also have a higher incidence of diabetes, coronary andPranches. Presently, contrast arteriography, which re-
mains the standard method for investigating patients with

arterial disease in most medical centers, is considered
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avenue des Pins ouest, MorteQuidec, Canada, H2W 1R7. risks (puncture site hematoma, arterial thrombi or em-
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Table 1. Doppler ultrasound versus angiography in classifying lower limb arterial stenoses in a five-class
decision scheme.

Percent of correct

Authors (yr) Duplex scanning No. of segments Classification criteria classification
Jager et al. (1985a) Conventional 338 WC, SB, and PSV 76
Kohler et al. (1987) Conventional 393 WC, SB, and PSV 69
Langsfeld et al. (1988) Conventional 166 WC, SB, and PSV 55
Allard et al. (1994) Conventional 642 WC, SB, and PSV 68

PSV = peak systolic velocity; SB= spectral broadening; W& waveform contour.

boli, dye toxic reaction, and renal failure), interobserver varying between 74% and 82%, and a specificity varying
variability, cost, and discomfort associated with this in- between 92% and 98% (Table 2). A computer analysis
vasive procedure are major limitations. Another draw- and pattern recognition system was developed based on
back is that, in practice, routine contrast studies generally these criteria, and small improvements in the classifica-
include only a single plane view, which may fail to detect tion performance were obtained (Allard et al. 1991; Guo
the arterial disease (especially in the aortoiliac segment) et al. 1994).

because plaques do not necessarily produce concentric

area reduction. In addition, contrast medium may be- COLOR DOPPLER FLOW IMAGING
come so diluted in the presence of multisegmental dis- . )
ease that it may fail to opacify patent distal runoff vessels Although conventional duplex scanning has been

(Owen et al. 1992; Patel et al. 1988). These complica- the preferred noninvasive method for lower limb appli-
tions and limitations have stimulated the development of cations, some Iimitation's have restricted its acceptance.
noninvasive methods to assess and follow up patientsAmong them, the most important are as follows: (1) the

with peripheral vascular disease. flow information is obtained only within the sample
volume and not in the whole vessel; (2) the examination
CONVENTIONAL DUPLEX ECHOGRAPHIC is time-consuming; and (3) the interpretation of the
DOPPLER SCANNING Doppler signal is complex (Berritt 1987). With the in-

_ _ . troduction of color Doppler flow imaging, many of these

B-mode imaging provides access to the geometry of jimitations were overcome, because it became possible to
blood vessels and tissues. In arterial occlusive disease,ocalize and identify more rapidly the vessels as well as
the soft plaques and thrombi occluding the vessel have tg detect flow abnormalities caused by arterial disease.
similar acoustic properties to those of blood and, thus, sych ultrasonic imaging systems are used widely today
cannot be detected easily on the basis of B-mode imag- |ocate noninvasively the lower limb arterial disease,
ing alone (Jager et al. 1985b). With the advent of duplex ajthough it is recognized that color Doppler imaging
ultrasound systems, which combine real-time B-mode ajone cannot replace Doppler spectral waveform analysis
imaging and pulsed Doppler modality, measurement of 1q grade arterial stenosis (Hatsukami et al. 1992; Polak
blood flow velocity at specific sites within vessels be- 1995; Sacks 1992). Color Doppler imaging is useful for
came possible. The assessment of disease using thigalitative analysis of blood flow characteristics and
technique has been performed by visual interpretation of yesse| identification for Doppler sample volume posi-
the pulsed Doppler blood flow spectra. Criteria based on tjoning. Also, the location of the maximum blood veloc-
the shape of the Doppler velocity envelope, the degree of jty within a stenotic vessel can be identified more easily,
spectral broadening, and the velocity increase within the resyiting in more accurate velocity measurements. As
stenosis have been proposed by Jager et al. (19852) foshown in Table 2, sensitivity for detecting significant
quantifying arterial lesions in a multiclass decision yersus nonsignificant stenoses generally are improved by
scheme (0%, 1%-19%, 20%-49%, 50%-99%, and ysing color-assisted duplex sonography.
100% diameter reduction). Based on these criteria, the
results of four clinical studies in several arterial segments DOPPLER VELOCITY RATIO
showed a percentage of correct classification ranging
between 55% and 76% (Table 1) when compared to Some studies (Leng et al. 1993; Ranke et al. 1992;
angiography (Allard et al. 1994; Jager et al. 1985a; Tessler et al. 1990) investigated the variability and re-
Kohler et al. 1987; Langsfeld et al. 1988). To distinguish producibility of measuring Doppler waveform character-
arterial stenoses<50% in diameter reduction from istics used to grade lower limb arterial stenoses. It was
those =50%, these four studies indicated a sensitivity shown that the peak systolic velocity, waveform shape,
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Table 2. Range of sensitivity (%) and specificity (%) of Doppler ultrasound as compared to angiography for the
detection of stenoses50% and=50% diameter reduction in different arterial segments.

Range of Range of
Duplex sensitivity specificity
Authors (y) scanning Arterial segments) Classification criteria (mean sensitivity) (mean specificity)
Jager et al. (1985a) Conventional lliac to popliteal (7) WC, SB and PSV 56-88 (77) 90-100 (98)
Kohler et al. (1987) Conventional Aorta to popliteal (6) WC, SB and PSV 67-100 (82) 81-100 (92)
Langsfeld et al. (1988) Conventional Aorta to femoral (5) WC, SB and PSV N/A (82) N/A (93)
Allard et al. (1994) Conventional Aorta to popliteal (7) WC, SB and PSV 36-100 (74) 92-98 (96)
Legemate et al. (1991) Conventional Aorta to popliteal (9) PSV ratip.5 57-100 (84) 93-100 (96)
Sacks et al. (1992) Conventional Aorta to popliteal (8) PSV ratid.4 N/A (71} N/A (97)?
Ranke et al. (1992) Conventional Femoral (1) PSV rati@.4 87 (87) 94 (94)
de Smet et al. (1996) Conventional Aortoiliac (1) PSV ratid2.8 86 (86) 84 (84)
Cossman et al. (1989) Color lliac to infrapopliteal (8) PSV and PSV ratid.0 50-94 (87) 94-100 (99)
Polak et al. (1990) Color Femoral to popliteal (7) PSV ratid2.0 25-100 (88) 81-100 (95)
Moneta et al. (1992) Color lliac to popliteal (5) WC, PSV, and PSV rati@.0 67-89 (N/A) 97-99 (N/A)
Leng et al. (1993) Color Femoropopliteal (1) PSV ratio3.0 70 (70) 96 (96)
Bergamini et al. (1995) Color Femoral to infrapopliteal (6) PSV rati®.0 25-93 (80) 90-100 (95)
Pinto et al. (1996) Color lliac to infrapopliteal (9) PSV ratio 2.0 88-96 (94) 85-98 (93)
Sensier et al. (1996a) Color Aorta to infrapopliteal (13) PSV rati@.0 N/A (69) N/A (96)

n = number of arterial segments by limb considered in the classification.
2 Excluding occlusions.
WC = waveform contour. SB= spectral broadening; PS¥ peak systolic velocity; N/A= data not available.

and spectral broadening were relatively poor predictors where\ andA; represent the average velocity across the
of the degree of stenosis. This result can be explained byarterial lumen and the cross-sectional area proximal or
the fact that different factors can affect the estimation of distal to the stenosis (reference site), respectively, and v
these criteria and reduce their clinical validity. These and A, are the same quantities measured within the
factors are related to (1) hemodynamic factors, such asstenosis. For simplification, the blood velocity averaged
cardiac function, peripheral vascular resistance, and sta-in space and in time generally is replaced by the PSV,
tus of proximal and distal segments, and (2) factors which is the maximum Doppler velocity measured
attributable to the equipment and operator, such as thewithin the stenosis at peak systole. It is clear that this
dimension of the sample volume, its location within the substitution can introduce some bias and a flow charac-
arterial lumen, gain setting, and other instrumentation teristic dependence. More precisely, the following con-
factors (Gill 1985; Jones 1993; Knox et al. 1982). For ditions, not always emphasized in the literature, must be
these reasons, recent studies have placed more emphasigspected between the two recording sites for an accurate
on the relative changes in the peak systolic velocity and reproducible evaluation of a stenosis using the PSV
(PSV). The PSV ratio (intrastenotic PSV divided by the ratio: (1) the flow rate must be the same at the two
pre- or poststenotic PSV) has been evaluated more sperecording sites (no collateral branch); (2) the vessel di-
cifically. Initially suggested to grade carotid stenoses ameter at the reference site must be the same as the
(Keagy et al. 1982; Rittgers et al. 1983; Spencer and diameter of the nonobstructed section of the segment
Reid 1979), it was found that its use to assess lower limb under evaluation (no tapering); (3) the reference site
arterial occlusive disease allowed minimization of the must be located away from any arterial stenosis; (4) the
variability in PSV measurements obtained from different Doppler angle must be the same for the two velocity
arterial segments and from different patients. Some the- measurements; and (5) the velocity profile across the
oretical considerations to be discussed following are, vessel at peak systole must be the same at the two
however, important when using this index. recording sites.

By definition, the flow through a vessel is simply In practice, all these conditions are hardly re-
the product of the average velocify and the cross-  spected, especially in cases where the stenosis is local-
sectional area. If the flow volume remains constant jzed at the origin of the arterial segment or in situations
through an arterial segment containing a stenosis, thejnyolving multisegmental disease. Nevertheless, differ-
following theoretical relationship between the ratio of ent studies investigateith vitro (Whyman et al. 1993)
the average velocities and the ratio of the cross-sectionalandin vivo (Bergamini et al. 1995; Cossman et al. 1989;
areas can be derived: de Smet et al. 1996; Legemate et al. 1991; Leng et al.

1993; Moneta et al. 1992; Mulligan et al. 1991; Polak et
Vol = AdA; al. 1990; Ranke et al. 1992; Sacks et al. 1992) the
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Table 3. Sensitivity of duplex criteria as compared to angiography for the detection of first- and second-order
stenoses%50% diameter reductions) or in the presence and absence of adjacent disease.

Authors (y) Duplex scanning Classification criteria Arterial segment status Sensitivity (%)
Allard et al. (1994) Conventional WC, SB, and PSV Without adjacent disease 80
With adjacent disease 66
Sack et al. (1992) Conventional PSV First-order stenoses 2 87
Second-order stenoses 56
PSV ratio= 1.4 First-order stenoses B2
Second-order stenoses %62
Bergamini et al. (1995) Color PSV ratie 2.0 First-order stenoses 78
Second-order stenoses 213
Sensier et al. (1996a) Color PSV ratio2.0 Without adjacent disease 73
With adjacent disease 85

2 Excluding occlusions.
PSV = peak systolic velocity; SB= spectral broadening; W& waveform contour.

accuracy and the reproducibility of the PSV ratio for In a study using conventional duplex scanning,
grading lower limb arterial stenoses. Results fromithe  Jager et al. (1985a) mentioned that the PSV and spectral
vitro model indicated that the variability in measuring broadening criteria defined for a single stenosis may be
the PSV ratio generally was low and correlated very well used in patients with multisegmental disease. This study
with the degree of stenosi®t = 0.996). Thetheoret- also reported that the presence of multisegmental disease
ical model expressed by eqn. (1) was, however, not did not influence the performance of the technique, al-
directly applicable in this study, probably because one or though no specific result was presented to confirm this
several of the previous conditions were not fulfilled. In conclusion. A similar conclusion was supported by
clinical situations, results indicated that the PSV ratio Kohler et al. (1987), although they reported a lower
could distinguish severe from minor stenoses with a sensitivity for detecting hemodynamically significant
sensitivity ranging between 67% and 95%, and a speci- stenoses in low-flow segments distal to total occlusions.
ficity between 84% and 99% (Table 2). In these studies, From a retrospective study using conventional du-
a ratio between 1.4 and 3 was used as a cutoff value.plex scanning and the criteria of Jager et al. (1985a);

Using this index, the determination of the degree of Ajlard et al. (1994) demonstrated that the accuracy for
obstruction in a multiclass decision scheme was shown getecting a 0—49% versus a 50%-100% lesion in the

to be less reliable (Leng et al. 1993). aortoiliac tract was always higher than 90%, except
when inflow and outflow disease were present. In this
EVALUATION OF PATIENTS WITH case, the accuracy was reduced to 67%. When evaluating
MULTIPLE ARTERIAL STENOSES each arterial segment, results indicated that the sensitiv-

Multisegmental disease generally is defined by the ity ranged between 36% and 100%. The best sensitivity
presence of a severe stenosis in both aortoiliac (inflow Was obtained for the aorta, whereas the worst sensitivi-
disease) and femoropopliteal (outflow disease) tracts. ties were associated with the common femoral, deep
When considering individual arterial segments, multiseg- femoral, and popliteal arteries. The important point here
mental disease may refer to the presence of a severds that, in this last segment, 10 of 12 misclassifications
stenosis in adjacent segmentsg(, aorta and iliac ar-  involved the presence of proximal disease. It was thus
tery) (Allard et al. 1994). It also has been defined in concluded that the criteria related to the shape of the
terms of the presence of first- and second-order stenosesPoppler velocity envelope, the amount of spectral broad-
Sacks et al. (1992) described a first-order stenosis as theening, and the PSVs were not reproducible enough to
first or only significantly diseased segment within a leg allow an objective and accurate evaluation of peripheral
and a second-order stenosis as the subsequent signifiarterial stenoses in lower limbs with multisegmental
cantly diseased segment within the same leg. Thesedisease (Table 3).
terms do not refer to sequential stenoses within the same As previously mentioned, the PSV ratio appears to
segment, because it is clinically more relevant to focus be a simple and accurate predictor of severe stenoses.
on the most severe lesion. Very fémwvivo studies have ~ However, little is known regarding its discriminant
reported detailed observations and results on the ability power in situations involving multiple stenoses. A study
of Doppler spectral analysis to grade arterial disease with by Ranke et al. (1992) showed that the presence of
multisegmental lesions. multisegmental disease did not affect their overall re-
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sults. Indeed, when evaluating the correlation of the PSV
ratio with the angiographic diameter reduction, they
found that the correlation for cases involving multiseg-
mental diseaser (= 0.92) andstenoses at the origin of

a segmentr( = 0.89) was notsignificantly different
when compared to the overall segment analyzed-(
0.93). In arecent study on 1106 arterial segments,
Sensier et al. (1996a) showed that color duplex scanning
of the lower limb was not adversely affected by adjacent
disease (Table 3). Indeed, the kappa value between du-
plex ultrasound and arteriography was higher in the
presence of neighboring disease than for isolated diseassd
(k = 0.78 vs. 0.63). As will be presented, other studies
addressing this controversial issue provided conclusions,
or at least information, suggesting that the presence of
multisegmental disease can affect the accuracy of duplex
scanning.

From anin vitro model, Allard et al. (1995) dem-
onstrated that the presence of a proximal and/or a distal
stenosis close to the one under study had an important
effect on the PSV ratio. The results indicated that it can
be difficult correctly to quantify a stenosis due to the
absence of any reference site for measuring the pre- or
poststenotic velocity. These conclusions, drawn from a
simplified model probably can be extended to more re-
alistic conditions involving stenoses located on different
segments, as found in the lower limb arterial tree.

Using the PSV ratio, Sacks et al. (1992) reported a
lower sensitivity (62% vs. 82%) when detecting second-
order stenoses compared to first-order stenoses (Table 3).
An important reduction of the sensitivity (87% to 56%)
was obtained when using the PSV alone instead of the Fig. 1. (@) B-mode and (b) power Doppler images of a wall-less
PSV ratio as the diagnostic criterion. Results presentedagar phantom with a 80% area reduction stenosis (normal
by Moneta et al. (1992) indicated that the performance of vessel diameter of ?.96 mm). The true diameter of the stenosis
the ultrasonic technique based on the PSV ratio and (326 mm) was estimated to be 3.9 mm by power Doppler

- imaging. These images were generated under steady flow (flow
Doppler waveform contour decreased when studying ate of 12.5 mLJs) using sephadex particles suspended in a
more distal arteries. In fact, their best result was obtained  solution of glycerol and water as blood-mimicking fluid.
over the iliac artery (sensitivity of 89% for detecting
significant stenoses), whereas the worst performance was
measured over the popliteal artery (sensitivity of 67%). It Doppler examinations were reported and were explained
can be speculated, from the distribution of the occlusive by the presence of occlusions in the superficial femoral
disease provided by the authors, that the low sensitivity segment. Results by Polak et al. (1990) indicated that,
in the popliteal artery probably resulted from the high among the seven false-negative Doppler examinations
occurrence (43%) of significant stenoses in the superfi- obtained when detecting significant stenoses, four were
cial femoral artery. For the subgroup of limbs with a low distal to occluded or highly stenotic segments. Finally,
occurrence (4%) of disease in the superficial femoral using the PSV ratio, Bergamini et al. (1995) detected
artery, results indicated a sensitivity of 100% for detect- 78% of the first-order stenoses compared to only 13% of
ing severe stenoses in the popliteal artery. Legemate etthe second-order stenoses (Table 3). As a consequence,
al. (1991) postulated that the PSV ratio would not be they observed a markedly lower sensitivity in the popli-
affected by multisegmental disease, although they ob- teal and tibioperonal trunk levels.
served lower positive predictive values and sensitivities Due to these controversial observations on the per-
in detecting significant stenoses for the common and formance of duplex scanning and color Doppler flow
deep femoral and popliteal arteries. For the nine oc- imaging in the presence of multisegmental disease, it is
cluded popliteal segments, five cases of false-positive suggested to pay particular attention when clinically ap-
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a) b)

Fig. 2. Three-dimensional power Doppler images of a superficial femoral artery of a normal subject displayed over a
length of 9.4 cm using (a) texture mapping and (b) surface rendering techniques.

plying the PSV ratio to patients with multisegmental increased sensitivity to low-flow conditions and can
lower limb disease. It also is believed that additional characterize directly the geometry of blood vessels
basic and clinical work is required to improve the per- (Macsweeney et al. 1996; Rubin and Adler 1993; Rubin
formance of the ultrasonic approach for the assessmentet al. 1994). Recently, power Doppler imaging has been

of lower limb arterial disease. evaluated using wall-less agar phantoms and blood-mim-
icking fluid to quantify vascular stenoses (Guo and Fen-
NEW PERSPECTIVE ster 1996; Guo et al. 1998). Figure 1 shows B-mode and

Current commercial Doppler imaging systems can Power Doppler images of a wall-less agar phantom with
provide direct functional information from the measure- @ 80% area reduction stenosis. It can be seen that power
ment of Doppler blood flow velocity and indirect ana- Doppler imaging can provide an accurate representation
tomical information from the Doppler velocity ratio (eqn.  of the flow lumen. Results also indicated that the pres-
(1)). In the future, it may be possible that vessel narrow- ence of proximal and distal stenoses appeared to have no
ing could be determined more accurately by using power effect on the quantification of the central stenosis. Less
Doppler imaging, because this new technique has andependent on flow characteristics, this modality may not
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be affected by the presence of multiple stenoses and thus ~ With the increasing use and confidence in duplex
could provide a significant benefit for the patient. scanning as a screening tool, diagnostic angiography

Another promising avenue in Doppler imaging is before a therapeutic intervention may not be required in
the use of a three-dimensional (3D) representation of the some patients, because no additional information is pro-
arterial lumen. Figure 2 shows 3D power Doppler images vided by angiography on the treatment strategy. Recent
of a superficial femoral artery of a normal subject, dem- studies have demonstrated that the selection of patients
onstrating that power Doppler imaging can generate very with isolated, short segment lesions for transluminal
good angiographic images, allowing the diagnosis of angioplasty can be made on the basis of the duplex
arterial occlusive disease. Although 3D power Doppler scanning results alone (Edwards et al. 1991; Elsman et
imaging is at an early stage of development, it is possible al. 1995; 1996; Katzenschlager et al. 1996). In a logical
that a complete 3D view of the arterial and venous flow extension, Pemberton et al. (1996) demonstrated that a
field of the lower limbs, including the collaterals, may be wide range of revascularizing procedures also could be
obtained. Doppler ultrasonic systems allowing 3D rep- performed safely based on findings of duplex scanning
resentation of both functional (Doppler velocity) and alone. A similar conclusion was obtained by Bodily et al.
anatomical (Doppler power) images of the lower limb (1996) concerning aortoiliac reconstruction when a to-
arterial segments should improve the assessment of thetally occluded aorta or iliac artery was identified.
peripheral arterial system.
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