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In vitro and animal experiments have shown that 
the severity of coronary stenoses can be as- 

sessed using the continuity equation If the maxi- 
mal blood flow velocity of the stenotk Jet is mea- 
sured. The large diameter and the low range of 
velocities measurable without frequency aliasing 
with the conventional intracoronary Doppler cath- 
eters precluded the cllnkal applkation of this 
method for hemodynamkally signifkant coronary 
stenoses in humans. This artkk reports the re- 
sutts obtained using a l2 MHz steerable angio- 
plasty guidewlre in a consecutive series of 52 
patients undergoing percutaneous coronary an- 
glopla!sty(6lcoronatyst- ).Theratiobe- 
tweencoronaryflowvelocityinaMerenceseg= 
ment and In the stenosis was used to estimate 
the percent cross-sectional area stenosis. A Dop- 
pler recording suitable for quantization was ob- 
tained in the stenotk segment in only l0 of 61 
arteries (l6%). The time-averaged peakvekcity 
increasedfroml5+5toll5+26cm/secfrom 
thereferencenormalsegmenttothestenosls. 
Volumetrk coronary flow cakulated from the 
productofmeanflowvelodty and cro!m-sectional 
area was similar in the stenosis and in the refer- 
encesegment(33.2 -c 14.9vs33.5 Jt 17.0 mL/ 
min, respectively, dWerence not significant). The 

m cross-sectional area stenosis and mini- 
mal luminal cross-sectional ac88 derived from the 
Doppler velocity measurements u!&g the conti- 
nuity equation and calculated with quantitative 
angiography were also similar (Doppler, 66.7 + 
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5.1% and LOO f 0.46 mm2; quantitathfe angio- 
graphy, 65.9 -c 7.9% and 102 + 0.50 mmZ). A sig- 
nifkant correlatii was observed between Dop- 

pler-derived and angkgraphk measu 
(percent cross-sectknal area: r = O.Z,zW 
minhnal cross-sectional area: r = 0.69, p CO.05). 

Although the percent cross-sectional area steno- 
sis and minimal cross-sectlonal area derived 

from the Doppler measurements basedonthe 
continuityequationweresignHkantlywwekted 
wfth the corresponding quantitative anglographk 

measurements,thisdeterminatioocouldbe 
achieved in a minority of cases (l6%), limttlng the 
practkal applkatkn of this approach for the as- 
wssmentof coronafystenosisseverity. 

(Am J Cardiol1993;7lS4KMlD) 

T 
he principle of the continuity equation is 
largely applied for the calculation of cardiac 
valve areas from the integration of Doppler 

flow velocity measurements and 2-dimensional 
echocardiography.’ Miniaturization of the Doppler 
probes, tip-mounted on flexible catheters 1 mm in 
diameter, has allowed the application of this equa- 
tion for the assessment of the severity of coronary 
artery stenoses.2 In vitro studies in hydraulic mod- 
els of coronary stenoses have shown an excellent 
correlation between true cross-sectional area of 
the stenosis and stenosis area calculated from the 
ratio of the flow velocity in a normal segment and 
in the stenosis.3 Similar results were obtained also 
in animal experiments4 and, more recently, in 
humans for the assessment of moderate coronary 
stenoses ( < 50% diameter stenosis).5 The intracor- 
onary Doppler catheters, however, cannot be used 
in very severe coronary stenoses because their 
relatively large diameter (1 mm) induces an almost 
complete obstruction to flow when the catheter is 
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advanced into the stenosis. Adjustment of the 
distance of the Doppler sample volume from the 
catheter tip has been used to investigate the 
stenotic jet without crossing the stenosis. This 
technique, however, is applicable only for short 
stenoses and induces an inaccurate estimation of 
the velocity ratio if the change of position of the 
Doppler sample volume is performed within the 
area of flow distortion distal to the catheter tip (10 
times the catheter diameter).6 Further, frequency 
aliasing precludes the recording of velocities higher 
than 110 cm/set because of the high frequency and 
relatively low repetition rate of these systems. The 
ultraminiaturized Doppler probes mounted at the 
tip of a steerable angioplasty guidewire (0.018 
inch) can be introduced through moderate steno- 
ses without generally inducing a significant obstruc- 
tion to flow. Further, the use of spectral analysis 
and the lower frequency and higher repetition rate 
of the Doppler guidewire system allow the record- 
ing of velocities as high as 6 m/set without fre- 
quency aliasing.7 

To assess the feasibility of the measurement of 
maximal velocity in the stenosis with a Doppler 
guidewire, velocity data were obtained in 52 consec- 
utive patients during coronary angioplasty. The 
accuracy of the relative measurements of cross- 
sectional area reduction based on the ratio of the 
velocity measurement in a normal arterial segment 
and in the stenosis was also compared with the 
corresponding quantitative angiographic measure- 
ments. 

METHODS 
Study patients: The study group consisted of 

52 consecutive patients (mean age 57 -+ 10 years, 
43 men and 9 women) undergoing coronary bal- 
loon angioplasty or other nonsurgical revasculariza- 
tion procedures with the use of the Doppler 
guidewire for the angioplasty. Arteries with com- 
plete or functional occlusion (Thrombolysis in 
Myocardial Infarction [TIMI] flow class O-l) or 
arteries with extreme tortuosity were excluded 
from this study. In 9 patients the Doppler guidewire 
was used in 2 arteries before dilation, so that a total 
of 61 arteries were studied. The Doppler guidewire 
was successfully used to cross the coronary stenosis 
in 58 arteries (95%). The study angioplasty artery 
was the left anterior descending coronary artery in 
36 cases (59%) the left circumflex in 7 (12%) the 
right coronary artery in 13 (21%) and a saphenous 
vein bypass graft in 5 (8%). 

Catheterization procedure: After intravenous 
administration of 10,000 IU of heparin and 250 mg 

of acetylsalicylic acid, an 8 F guiding catheter was 
advanced up to the coronary ostium. After isosor- 
bide dinitrate (2-3 mg intracoronary), cineangio- 
grams suitable for quantitative assessment were 
obtained in l-3 angiographic views. 

The Doppler guidewire was advanced into the 
artery to be dilated and a baseline flow velocity 
recording was obtained in a straight angiographi- 
tally normal or minimally diseased segment of the 
artery proximal or distal to the lesion. Care was 
taken to avoid the presence of major side branches 
between the site of the flow velocity measurement 
and the stenosis. When prestenotic acceleration 
and poststenotic deceleration of flow were identi- 
fied, the guidewire position was readjusted. A new 
angiogram was obtained with the Doppler guidewire 
in place in order to locate the position of the 
Doppler sample volume and measure the corre- 
sponding cross-sectional area. When the guidewire 
approached the stenosis, the probe was slowly 
advanced and, if a high velocity signal was ob- 
served, carefully rotated and/or moved in order to 
optimize the Doppler recording. The duration of 
these attempts before crossing the lesion ranged 
between 50 and 560 set (mean 140 set). 

Doppler guidewire and flow velocity measure- 
ments: The Doppler angioplasty guidewire is a 
0.018-in (diameter 0.46 mm), 175-cm long, flexible 
and steerable guidewire with a floppy distal end 
mounting a 12 MHz piezoelectric transducer at the 
tip7 (Cardiometrics, Mountain View, CA). The 
sample volume is positioned at a distance of 5.2 
mm from the transducer. At this distance, the 
sample volume has a width of approximately 2 mm 
due to the divergent ultrasound beam so that a 
large part of the flow velocity profile is included in 
the sample volume also in case of eccentric posi- 
tions of the Doppler guidewire. The pulse repeti- 
tion frequency (17-96 kHz) varies with the velocity 
range selected (50-600 cm/set full scale) so that 
flow velocities up to 6 m/set can be recorded 
without frequency aliasing (Figure 1). In order to 
increase the reliability of the measurements, a 
real-time fast Fourier transform algorithm is used 
for the analysis of the Doppler signa1.s The flow 
velocity measurements obtained with this system 
have been validated in vitro and in an animal 
model using simultaneous electromagnetic flow 
measurements for comparison.7 The Doppler sys- 
tem calculates and displays on-line several spectral 
variables, including the instantaneous peak veloc- 
ity and the time-averaged (mean of 2 beats) peak 
velocity (APV). Mean blood flow velocity was 
estimated 50% of the time-averaged peak velocity 
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FIGURE 1, Upperpanel: Doppler flowvekcRy tracing proxl- 
mal to a 70% cross-sectlonal area stenosls of the left an- 
terior deecendlngcofonary artery (scale, Woo cm/se@. 
Mlddlepanei: when the Doppler probe ls advanced Into 
the stenosls, the flow velocity shows a large Increase of 
tke average peak velocity and especially of the systolk 
flow veloctty component (decrease of the dlastolklsystol- 
lc velocity ratlo from 19 to I..* scale, 9-499 cm/se@. 
Lowwrpawte/: a further lacrease ls obsenmd after contrast- 
laduced hyperemla. Note the peHecGy deflned Doppler 
emelopedespRethepreaenceofflowvelocMesof3.5 
m/set (scale, 94G9 cm/se@. APV = time-averaged peak 
Row velocity (cm/se@; D5VR = ratk of the time-averaged 
dlastolk and systolk flow velocRy components; MPV: 
maxhnal peak velocRy (cm/se@. All these measurements 
were auhmatkally performed after spectral analysls of 
the Doppler slgnal (FloWlap, Cardlometrks). 

n 
(APV), assuming a fully developed velocity pro 
file.9J0 Coronary flow (CoBF) was calculated fron 
the corresponding mean blood flow velocity am 
cross-sectional area (CSA) as: 

1 

CoBF (mL/min) 

= 0.6 x CSA (mm2) x y (cm/set) 

where 0.6 is the conversion factor for mm2/cm2 and 
min/sec (Figures 2 and 3). The Doppler-derived 
percent cross-sectional area stenosis (CSAsJ is 
calculated from the following: 

%CSAst = (1 - APVR,r/APVsJ x 100 

where APVR~~ is the reference APV and APVst is 
the stenosis APV. Absolute minimal cross-sec- 
tional area (MlCSA) of the stenosis was calculated 
as: 

Doppler MlCSA = CSARef x APVR,r/APVst 

with the reference cross-sectional area (CSAR,r) 
measured with quantitative angiography from the 
corresponding diameter at the site of the Doppler 
sample volume assuming a circular cross-section.” 

Quantttathre anaographic measurements: 
The guiding catheter, filmed without contrast me- 
dium, was used as a scaling device.12 A previously 
validated on-line analysis system operating on 
digital images13 (ACA-DCI; Philips, Eindhoven, 
The Netherlands) and a tine-film based off-line 
system14 (CAAS System; Pie Medical Data, Maas- 
tricht, The Netherlands) were used. After auto- 
matic detection of the vessel centerline, a weighted 
first and second derivative function with predeter- 
mined continuity constraints was applied to the 
brightness profile on each scan line perpendicular 
to the vessel centerline to determine the contours 
of the lumen.” From the measured minimal lumi- 
nal diameter (MLD), the minimal luminal cross- 
sectional area was calculated assuming a circular 
cross-section (average of the measurements in the 
8 patients in whom multiple views were acquired). 
Percent cross-sectional area stenosis was calcu- 
lated using the cross-sectional area at the site of 
the Doppler measurement as reference using the 
following formula: 

%CSAst = (1 - CSAsJCSAn,r) x 100 

Statiikal analysis: A two-tailed paired Stu- 
dent’s t test was used to compare the difference 
between the coronary flow calculated in the steno- 
sis and in the reference segment and between the 
Doppler-derived and the angiographic percent 
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FIGURE 2. Upperpanels: 
magnlfled dlgRal a-m of 
themkkllesegmentofarlghtcor- 
onary arterywtth a severe coro- 
nary stenosis. A, measurement at 
the site of the Doppler sample 
volume, distal to the stenoslq C, 
mlnlmal lumlnal diameter (Phlllps 
DCI-ACA analysis package). 
&Mw panels: flow VelocRy re- 
cordlngs dlstal to the stenosis (i3) 
and In the steno& (D]. Note the 
large velocity Increase (maxhnal 
velocRy of 210 cm/se@. APV= 
average peak velocity; CSA= 
cross-sectkmal area (mm2). Note 
that the scale Is changed from 
O-90 cmlsec In 6 to O-220 cm/ 
set In D for Jet analysis. 

cross-sectional area stenosis and minimal luminal phy with the corresponding values derived from the 
cross-sectional area stenosis. Linear regression Doppler flow velocity measurements. The differ- 
analysis was used to compare percent cross- ence between Doppler-derived and measured ste- 
sectional area stenosis and minimal luminal cross- nosis minimal luminal cross-sectional area was 
sectional area measured with quantitative angiogra- plotted versus the stenosis minimal luminal cross- 

AZURE 3. A, C, magnlfkd dlgRal 
aagkgram of a saphenous vein 
bypassgrattwRhasevereproxi- 
mal stenosis (92% area steno&). 
&D, colrerpo~d Doppler flow 
velocllytraclngsandautomatk 
measurements of a severe proxl- 
malsteno&andofthesReof 
theflowvekeltymeawwnentln 
the refemme segment (In this 
paltkular example, necessarily 
distal to the vey proxhnal steno- 
sls). Note that the scale b 
changed from O-40 to O-320 cm/ 
set for Jet analysis. 
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TABLE I Detection of High Transstenotic Flow Velocities in the 

Study Population 

Examined Vessel LAD LCX RCA SVBG Total 

Vessels examined (n) 36 7 13 5 61 

Detection of velocity in- a 2 4 3 17 
crease in the stenosis (22%) (29%) (31%) (60%) (28%) 

Doppler recordings suitable 4 1 3 2 10 
for quantization (11%) (14%) (23%) (40%) (16%) 

LAD = left anterior descendmg; LCX = left circumflex; RCA = right coronary artery; 
SVBG = saphenous vein bypass graft. 

TABLE II Flow Velocity and Cross-Sectional Area 
Measurements and Estimated Coronary Blood Flow in a 

Reference Normal Segment and in the Stenosis 

Patients 

CE (92/275) 
KD (92/239) 
ME (92/339) 

HR (91/1,838) 
WD(92/1,132) 

MV (92/1,065) 
SM (92/822) 

GF (91/1,860) 
RA (92/1,792) 
GF (92/1,504) 

CSA BFV Flow 
mm2 cm/set mL/min 

12.10 21 76 
9.10 9 25 
6.30 18 34 

10.90 9 28 
6.29 11 21 
7.06 11 23 
5.06 12 18 

6.10 18 33 
8.75 18 47 

4.77 21 30 

CSA BFV Flow 
mm2 cm/set mL/min 

Stenosis 

0.97 138 40 
0.75 90 20 
1.27 77 29 
1.00 86 26 
0.66 118 24 

0.59 137 24 
0.50 130 19 

0.75 140 32 
2.06 90 56 

1.46 142 62 

Mean 7.64 15 33.5 1.00 115 33.2 
t SD 2.47 5 17.0 0.48 26 14.9 

WV = blood flow veloaty; CSA = cross-sectional area. 

sectional area according to the method proposed 
by Bland and Altman. l5 Statistical significance was 
defined as p <0.05. All data were expressed as 
mean + SD. 

RESULTS 
The minimal luminal diameter of the 61 studied 

arteries was 1.07 2 0.32 mm (percent diameter 
stenosis 62 + 6.8%). A Doppler signal could be 
obtained in the stenosis in 17 arteries (28%). In 
only 10 cases (16%), however, was the quality of 
the Doppler recording satisfactory to allow the 
measurement of the time-averaged peak velocity 
(Table I). The flow velocity and the cross-sectional 
area measurements in the reference segment and 
in the stenosis are reported in Table II for the 10 
arteries in which recordings suitable for quantita- 
tive analysis were obtained. The time-averaged 
peak velocity increased from 15 + 5 to 115 -+ 26 
cm/set from the reference normal segment to the 
stenosis. An inverse change was observed in the 
corresponding angiographically measured cross- 
sectional areas (7.75 + 2.55 vs 1.05 ? 0.61 mm2 for 
the reference and stenosis areas, respectively). 
Consequently, the coronary flow in the stenosis 
and in the reference segment showed no significant 

FLOW 

7cim”m’\ 

33.2 
f  14.9 

lOI 
NON-STENOTIC STENOSIS 

FlGURE 4. Diagram Ih&atlngthe hdvldual measum- 
amatsof coronayflowfromtheDoppkrflowvelocRyand 

difference (33.2 2 14.9 vs 33.5 + 17.0 mL/min, 
respectively, Table II). Figure 4 illustrates the 
individual differences between coronary flow calcu- 
lated from Doppler velocity and cross-sectional 
area measurements in the stenosis and in the 
reference segment. 

The percent reduction of cross-sectional area 
calculated from the quantitative angiographic 
measurements and from the Doppler flow veloc- 
ity measurements is plotted in Figure 5. The 
Doppler-derived percent cross-sectional area steno- 
sis showed a significant correlation with the 
angiographic percent cross-sectional area sten- 
osis (86.7 ? 5.1 vs 85.9 + 7.9%; r = 0.64, p cO.05). 
Similar minimal luminal cross-sectional areas 
were calculated from the stenotic velocity ratio and 
from quantitative angiography (mean difference, 
0.0-0.005 2 0.37 mm*, difference not significant; 
Figure 6). 

100 
%CSA STEN. DOPPLER 

,- __.’ 
,_,’ 

80- 

70- ._.’ _: __: __: ._I 
6. _.:‘. 

60 70 80 90 100 
%CSA STEN. QCA 

FIGURE 5. hear regression analysis of the percent cross- 
sectIonal area stenosis msasumm8nts obtalned~m 
quantRatlveanglographyandderlvedfmmtheDoppler 
atenctlc valodty ratlo. CSA = cross-sectional area 
(mm2); QCA = quantRatlve coronary anglogram SlEN. = 
stanoala. 
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DISCUSSION 
Applicatiin uf the continuity equation in the 

assessment of stenosis severity: These results 
demonstrate the ability of intracoronary Doppler 
to obtain accurate flow velocity data in the normal 
segment of the artery and, in conjunction, to 
measure higher jet velocity within a severe stenosis. 
In the first study consistently applying the principle 
of the continuity of flow in the human coronary 
circulation, Nakatami et al5 used 20 MHz Doppler 
catheters with a pulse repetition frequency of 62.5 
kHz. With this system, unfortunately, flow veloci- 
ties > 115 cm/set were not recorded because of the 
development of frequency aliasing. As a result of 
this technical limitation, all the flow velocity mea- 
surements were obtained only in mild-to-moderate 
coronary stenosis, with a percent cross-sectional 
area reduction < 75% (diameter stenosis < 50%). 

In the current study, patients with significant 
coronary stenoses undergoing coronary balloon 
angioplasty were studied. The use of steerable 
Doppler guidewires with smaller diameter and 
cross-sectional area (0.17 mm2), larger sample 
volume, lower carrier frequency (12 MHz), and 
higher pulse repetition rate (up to 96 kHz) allowed 
the recording of higher jet velocities within severe 
coronary stenoses. With these Doppler probes the 
continuity equation can be applied also in severely 
stenotic coronary arteries, providing a measure- 
ment of percent cross-sectional area reduction 
independent of angiography. 

This approach, however, has practical and theo- 
retical limitations. The first problem is the choice 
of the reference “normal” segment. Epicardial and 
intravascular ultrasound has confirmed pathologic 
findings showing that diffuse or focal intimal thick- 
ening is present in angiographically normal arterial 
segments.i6J7 An abnormally high flow velocity 
measurement is obtained in a segment already 
narrowed by atherosclerotic wall encroachment. In 
this case, the percent cross-sectional area stenosis 
calculated from the velocity measurements will 
underestimate the true hemodynamic severity of 
the stenosis. The hemodynamic significance of a 
coronary stenosis is influenced by all the elements 
defining lesion geometry, including length of the 
narrowed segment and inflow-outflow angles. The 
stenotic velocity ratio, however, can calculate only 
the percent reduction in cross-sectional area. 

An additional problem with the use of the 
continuity equation is the interposition of major 
side branches between the site of the measurement 
and the stenosis. In particular, experience obtained 

mm2 1 
0 

MEAN= 0.005 
0.5 SD= +/-0.37 

0 

-1 
0 0.5 1 1.5 2 2.5 

CROSS-SECTIONAL AREA QCA (mm21 

FlWRE6.lhedHfereace between mlnlmal lumlnal cross= 
sectlonal area cakulated from the Doppler measure- 
meats and from quantlbthfe angkgraphy is plotted 
against the anglographk mlnlmal lundnal cross-secHonal 
area. CSA = mlnlmal lumlnal cross-sectional area (mm?; 
QCA = quaatttaWe --rya~phy. 

with the Doppler guidewire in intermediate steno- 
ses has shown that in branching arteries the ratio 
between the flow velocity recorded proximal and 
distal to a stenosis can be used as an indirect index 
of stenosis severity. l8 In the presence of severe 
stenoses, the flow will be preferentially directed to 
the prestenotic branches so that high proximal-to- 
distal flow velocity ratios will be obtained. Proximal 
flow velocity was used when possible, assuming 
minimal redistribution by intervening branches 
and avoiding the segment of proximal lesion accel- 
eration in the zone of convergence. In practice, 
however, we were forced to record the reference 
flow velocity in a segment distal to the stenosis in 7 
of our 10 cases, possibly inducing a further obstruc- 
tion to flow due to the guidewire.19 

A more important limitation is related to the 
measurement of the flow velocity in the stenosis. 
The comparison of the time-averaged peak flow 
velocities in the stenosis and in the reference 
segment is based on the assumption that maximal 
and mean velocities are linked by a fixed ratio in 
the presence of a fully developed parabolic flow 
velocity profile (2:l for a perfect Newtonian fluid). 
In the presence of abrupt changes of vascular 
diameter, however, a vascular segment several 
times longer than the vascular diameter is required 
to obtain a fully developed parabolic profile, as 
predicted from classic models and confirmed exper- 
imentally.iO It is obvious, therefore, that for a short 
stenosis the use of the maximal velocity will lead to 
a predictable underestimation of the percent cross- 
sectional area stenosis. A possible alternative is the 
direct measurement of the mean flow velocity from 
the Doppler spectrum. This measurement, how- 
ever, is unreliable because of the unavoidable 
presence of nonflow-related signals (wall thumps, 
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artifacts), the inability to include the entire velocity 
profile of the artery in the sample volume, and the 
different signal intensity induced by the higher 
density of scatterers in the central flow lamina.20,21 

Despite all these theoretical limitations, in our 
experience the percent cross-sectional area steno- 
sis measured with quantitative angiography and 
estimated from the ratio of stenosis/reference 
velocity showed a significant correlation, with closer 
values being obtained in the most severe coronary 
stenoses. The accuracy of the Doppler-derived 
measurements in these cases cannot obscure the 
fact that Doppler recordings suitable for quantiza- 
tion were obtained within the stenosis only in a 
minority of the study population. The inability to 
record the flow velocity in severe stenoses is the 
most important practical limitation to the applica- 
bility of the continuity equation from Doppler 
measurements obtained with guidewire-type intra- 
coronary probes. The failure to record the intraste- 
notic velocities is in contrast with the high acquisi- 
tion rate of adequate Doppler signals in normal or 
near-normal arterial segments, proximal or distal 
to the lesion. 

Yuan and Shung22 have shown that the ultra- 
sonic backscatter from flowing whole blood is 
dependent on the shear rate. The ultrasonic back- 
scatter of porcine whole blood measured at a shear 
rate of 22 set-’ was 15 dB lower than the ultrasonic 
backscatter measured at a shear rate of 2 set-l, 
probably as a consequence of a reduced rouleaux 
formation. In the stenoses evaluated in this study a 
much higher shear rate can be expected: a shear 
rate of 2,600 set-l can be estimated in the presence 
of a peak velocity of 100 cm/set in a lumen of 1 
mm. Consequently, the amount of intact rouleax in 
the stenosis can be minimal and explain the re- 
duced echointensity of the stenotic jet. An alterna- 
tive possible explanation of this difference is the 
greater difficulty in orientating the Doppler sample 
volume in the narrowed tapering segment immedi- 
ately proximal to the lesion and the very small 
dimension of the stenotic jet in comparison to the 
Doppler sample volume, leading to an unfavorable 
signal-to-noise ratio. A more extensive manipula- 
tion of the Doppler guidewire in front of the 
stenotic lesion, reshaping the distal end of the 
guidewire if necessary, might have resulted in a 
higher success rate in the acquisition of high- 
velocity signals in the stenosis. The potential risk to 
induce flow-limiting intimal lesions while the ac- 
cess to the distal vessel has not been secured makes 
this approach hazardous and of limited clinical 
applicability. The low success rate obtained in the 

assessment of flow velocity within the stenosis in 
patients undergoing coronary angioplasty cannot 
be extrapolated to the assessment of less severe 
stenoses. The clinical applicability of the use of 
flow velocity measurements obtained with a Dop- 
pler guidewire in moderate or intermediate coro- 
nary stenoses as well as after coronary interven- 
tions remains to be tested. 

Additional application of intracoronaty Dop- 
pler flow velocity for the assessment of steno- 
sis severity: Other indices than the coronary flow 
reserve and the intrastenotic/normal segment ve- 
locity ratio can be obtained from the measure- 
ments of flow velocity distal to the stenosis. An 
abnormal phasic flow velocity pattern recorded 
during individual cardiac cycles and, in particular, 
a low diastolic-to-systolic velocity ratio has been 
proposed as an index of stenosis severity that can 
be easily obtained in almost all the cases using the 
Doppler guidewire. 18,23,24 In addition, in severely 
stenotic arteries the velocity in the proximal seg- 
ment is much higher than the distal velocity, 
because of preferential flow toward the prestenotic 
branches of lower resistance. The presence of a 
high proximal-to-distal velocity ratio appears to 
differentiate arteries with flow-limiting stenoses 
from normal arteries.24 More sophisticated indices, 
based on the instantaneous hyperemic diastolic 
pressure-flow velocity relation and implemented 
in animal experimental laboratories25,26 can be 
applied in the catheterization laboratory with this 
intracoronary Doppler guidewire technology.27 Fur- 
ther, the combined simultaneous assessment of the 
transstenotic pressure gradient and flow velocity 
using Doppler and pressure microsensors with 
guidewire technology provides all the elements 
required for a complete hemodynamic characteriza- 
tion of the stenosis severity. 

CONCLUSION 
The measurement of blood flow velocity in the 

stenotic jet in patients with severe coronary steno- 
ses is possible with ultraminiaturized Doppler 
probes tip-mounted on angioplasty guidewires. 
High-quality Doppler recordings, suitable for quan- 
tization, can be obtained only in a small subset of 
the studied vessels. When measurable, however, 
the percent cross-sectional area stenosis derived 
from the stenosis velocity shows a significant corre- 
lation with the angiographic percent cross-sec- 
tional area stenosis. In summary, although accu- 
rate for quantification of lesion significance, use of 
the continuity equation employing intrastenotic jet 
velocity recordings is difficult and impractical for 
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clinical application even when using flow velocity 
spectra obtained with a Doppler guidewire. 
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