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Intravascular ultrasound, a new technique for real-time two-
dimensional visualization of arteries and veins, delineates vesse
wall motphalogy and measures luminal dimensions. This imaging
method has been validated with in vitro sysiems and in peripheral
vessels, but there are few in vivo coronary artery studies.
Twenty cardiac pl i with no angi
coronary artery disease were scanned with a 30-MHz intravascu-
lar ultrasound catheter from the left main coronary ostium to the
mid-left anterior descending coronary artery. Simultaneous
angiographic measurements were performed at 76 sites. Ultra-
sound end-diastoli in two per axes were
3.8 = 0.9 and 3.9 = 0.6 mm, respectlvely, and mean diameter
derived from an area determined by planimetry was 3.9 *
0.9 mm. Angiographic corenary artery diameters measured with
a computer-assisted edge d syswm to the

correlated closely, with an r value of 0.86 when ultmsound was
compared with the ang hic dismeter d

lar to the vessel and 0.88 ‘when compared with the angiographic
diameter measured perpendicular to the imaging catheter. Eighty-
three percent of the ultrasound-measured diameters were above
the line of identity when compared with the simultanieous angio.
graphic measorement. The more the imaging catheter deviated
from the long axis of the vessel, the greater was the discrepancy
between the ultrasound and mgingraphic measurements.

In summary, in vivo i
correlate closely with quantitative nngmgrnphy. although ultra-
sound measurements tend to be slightly larger. Correlation is
improved when the ultrasound catheter is parallel to the vessel
long axis. Eccentric ultrasound catheter placement does not have

long axis of the vessel and to the long axis of ;he catheter were
3.4 = 0.8 and 3.6 = 0.8 mm, respectively,
Luminal diameters measured with the two imaging systems

asigni efecton in coronary vessels. Infravas-
cular ultrasound provides an accurate melhod mnsms coronary

as an al "
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Intravascular ultrasound, a new technique for real-time
two-dimensional visualization of arteries and veins, has the
ability to delineate vessel wall thickness and morphol

studies comparing ultrasound-derived measurements with
those determined by angiography are needed. Although
hy has ack dged li as a

and facilitate measurements of luminai dimensions (1-3).
Recent studies {(4-11) using in vitro models, animals and in
vitro and in vivo human peripheral vessels have shown good
correlations between vessel arca and diameter measure-
ments obtained by intravascular ultrasound and pathologic
and angiographic measurements. Before intravascular ultra-
sound can be used for monitoring corenaty artery dimen-
sions and for more advanced purposes such as evaluating
outcomes of interventional procedures. in vivo coronary

standard of in vivo coronary dimensions, computer-assisted
edge detection in angiographically normal vessels yields
highly reproducible measurements (12,13)

The purpose of this study was to assess simultaneous in
vivo intracoronary ultrasound and arteriographic vascular
measurements in angiographically normal coronary vessels.

Methods

Slutly patients. The study group included 20 cardiac
ipients (17 men and 3 women) with a mean age
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of 9=x9 years (range 31 1o 62}, Patients were siudied at the
time of a routine coronary arteriogram obtained 3 weeks to
9 years (mean 3.1 years) after transplantation. No patient
had angiographic evidence of coranary artery disease. All
participants gave informed consent to the protocol approved
by the Committee for the Protection of Human Subjects in
Research at Stanford University Medical Center.
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Figure 1. Intracoronary ultrasound.
A, With imaging calheter {C) centered
in the vessel lumen (L) and vessel wall
(W). B, With planimetry-derived mea-
surement of luminal area and a calcu-
lated mean diameter (D). C, With one
diameter (d,) measured through the
center of the catheter to the nearest
wall and one diameter (d,) measured
perpendicular to the mid-point of d,
D, Showing calculation of eccentricity
index (E): L/L,+L,. where L, = dis-
tance from center of the catheter to
the nearest wall and L, = distance
from center of the catheter to the
farther wall.

Ulirasound transducer. The m(racnronary |magmg w<-
tem includes a 30-MHz ul 1t
within an acoustic housing on the tip of a SF. flexible. 135-cm
long, rapid exchange catheter (CVIS). The ultrasound beam
is reflected against an angulated mirror rotating at 1.800 rpm,
creating a 360° cross-sectional image perpendicular to the
catheter (Fig. 1A), A flexible drive cable through the length
of the catheter is connected to a motor at the distal end that
drives the mirror. At focal depth. axial lution of the
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lumen from the cardiac cycle immediately before the injec-
tion of contrast medium was obtained for analysis because
contrast medium can obscure the ultrasound vessel lumen.
The vltrasound measurements were performed by one of iwo

Figure 2. Angiography. A, Ul } Iramsducer housing in the left
main coronary anery imaged in the right anterior oblique caudal
T=

image is 150 xm and lateral resolution is 200 gm, The radius
of penetration is approximately 5 mm. Images are acquired
at 30 frames/s and recorded on 0.5-in. (1.27 cm) vid:

directed p toward a
rotating mirror (M). B, C -ﬂwﬂ d edge d
diameter (D) ut the catheter site dicuk
to the longitudinal axis of the vessel. C, Computer- assislnd edg:
o

for subsequent off-line analysis. The catheter lumen accom-
modates a 0.014-in. {0.036 cm) coronary guide wire that exits
the catheter centrally, distal to the transducer. by means of
a flexible tapered tip. The outer diameter of the catheter is
0.078 in. (0.198 cm) and fits easily through a large lumen. 8F
guiding catheter (internal diameter 0.082 in. [0.208 cm}i.
permitting adequate contrast injections through the guiding
catheter for visualization (Fig. 24).

Ultrasound data analysis. After full anticoagulation with
10.000 U of intravenous heparin, transplant recipients un-
derwent scanning with the ulirasound catheter from the
ostium of the left main coronary artery to the mid-poriion of
the left anterior descending artery. Seventy-six coronary
sites (mean 3.8 sues/pauem) were measured with near simul-
taneous ull d and y. U d gain set-
tings were adjusted for opumal visualization of the vessel-
lumen interface and images were digitized onto a §12 x
512 X 8-bil marrix in 34-frame sequences. obtained at 30
fi /s by an image-processing computer (Dextra Medical,
Inc.) dedicated to echocardiographic analysis. Ali patients
had a heart rate at rest >60 beats/min (mean 84 = 11) and
thus at least one cardiac cycle was digitized. The largest

diameter at the catheter site
dicular to the longitudinal axis of the imaging catheter (l6 angle
deviation from the vessel long axis).
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investigators (F.G.8.G., F.J.P.) withou! knewledge of the
angiographic data. The cross-sectional luminal area was
obtained by planimetry of the vessel-lumen interface with
previously validated software. The mean diameter was cal-
culated from the planimetry-determined area (diameter = 2
[area/a]"?) (Fig. IB). A diameter was also measured on each
image as a line through the center of the imaging catheter to
the nearest vessel wall. A second diameter was measured
perpendicular to the mid-point of this line 10 cxamine the
elliptic shape of the vessel (Fig. 1C) The distance from the
center of the catheter to the nearcst wall divided by the
diameter measured in the samme line was used as an index of
axially eccentric catheter position (Fig. 1D).
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Table 1. Diameter M: by I lar Ul d
(IVUS) and Angiography (Angio) in 20 Patients

Angie perpendicules to vessel (mm) 3408
Angio perpendicular o imaging catheter (mm) 3608
IVLS 10 nearest wall (mm) 3809
IYUS perpendicular to nearest wall (mm) 392006
IVUS derived from area (mm) 39209
1) the influence of catheter lation on vessel di ion:

measured by ultrasound, 2) the influence of the axial ulira.
sound eccentricity index on the difference in diameters
between the two 1magmg syslems and 3) the difference in
perpendicul s, A level of significance

Angiographic quantitative measurements. Angi hi
analysis was performed by an investigator (E.L.A.) who had

of p < 0.05 was established.

no knowledge of the ultrasound data. Contrast cineangi

raphy of the left anterior descending artery with the i |maguu
catheter in place was recorded in the right anterior oblique
caudal position. Cineangiographic films were analyzed by
automatic computer-assisted edge detection with use of a
35-mm cing film transport mechanism. The coronary quan-
titation system optically magnifies selected portions of the
cine frame with use of a lens turret system housed in a
Vanguard projecter. A Vidicon video image processor digi-
tizes the magnified image such that an average 3-mm vessel
diameter is represented by 30 pixels. After an initial calibra-
tion obtained with use of the known dimension of the guiding
catheter, the coronary segmeat al the lip of the ultrasound
catheter was centered in the image field. An end-diastolic
frame was digitized with a video processor (medel 5524, De
Anza Systems). The length of the coronary artery segment of
interest was indicated with a marking pen, and an

ver and i ver variability. Two ultra-
sound sites from 10 patients (n = 20) were randomly selected
and measured by one observer at two separate times and
once by a secund abserver. These measurements were then
used to eval bserver and i ver variability.
These were expressed as a linear regression between the two
observations and as a percent error, derived as the absolute
difference between observations (14).

Results
Quantifiable ultrasound images were obtained in all 20
patients, The average imaging time/patient was 13 = 4 min.
One patient had vassel spasm dlstal to lhe imaging catheter

edge-finding algorithm drew and smoothed the edges defined
as the maximal derivatives of the density profile perpendic-
ular to the manually defined margins (Fig. 2, B and C). When
the computer algorithm was unable 10 resolve vessel bound-
aries in the areas of angiographic artifact or vessel crossings
{approxi ly 5% of the ). manual editing of
shart segments was performed. The coronary artery diame-
ter perpendicular to the long axis of the vessel was measured
through a computer-constructed center line al the imaging
catheter mirror tip (Fig. 2B). A second diameter was also
obtained with use of the same vessel boundaries and mea-
sured thraugh the catheter mirror, but perpendicular to the
long axis of the catheter (Fig. 2C). The angle between the
long axis of the vessel and the long axis of the catheter was
measured as an index of catheter angulation.

To examine for angiographic measurement artifacts pos-
sibly produced by the ultrasound catheter, repeat measure-
ments were made at 14 ultrasound sites in five patients with
use of angiograms obrained immediately after withdrawal of
the imaging catheter,

Statisties. Data are expressed as mean values + } SD.
Quantitative angiogtaphic and ultrasound di

that resolved with subli glycerin. No other com-
plications occurred.

Di i (Tables 1 and 2, Fig. 1to 4). The
mean phic diameter perpendi to the vessel long

axis was 3.4 = 0.8 mm (range 2 to 5.2) and the angiographic
diameter perpendicular to the long axis of the ultrasound
catheter was 3.6 + 0.8 mm. The mean ultrasound-measured
diameter based on the distance from catheter to the vessel
wall nearest the catheter was 3.8 £ 0.9 mm (range 2.110 5.7)
and the mean di perpendicular to this first

ment was 3.9 = 0.6 mm. The greatest difference between the
perpendicular measurements was 0.7 mm (mean difference
0.2). The ultrasound btained by planim-

Table 2. Percent of Ultrasound Measurements Above the
Identity Line

ments were compared with use of simple linear regression
analysis. Linear regression analysis was also used to assess

Angio Perpendicular Angio Perpendicular
to Vessel 1o Imaging Catheler
1VUS measured (5) 8 7%
{VUS derived (%) 9 8
IVUS measured with 8 -
cai perpendicular
ta vessel (%)
IVUS derived with ® -
cath i
$0 vesse) %)

Cath = ultrasound imaging catheter; other sbbreviations as in Table 1.
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etry area was 3.9 = 0.9 mm. The luminat diameters mea-
sured by angiography and intracoronary ultrasound were
closely correlated. The plots and r values are shown in
Figure 3.

As shown in Table 2, 83% of the ultrasound-measurcd
diameters lie above the line of identity when compared with
the simultanecus angiographic measurcment; the mean dif-
ference between the ultrasound and angiographic diameters
is 0.5 = 0.4 mm. When compared with the angulated
i 76% of the ultr: d-measured
diameters still lic above the identity line; the mean difference
between these values is 0.3 = 0.4 mm. The diameters
derived from the ultrasound arcas showed a similar trend
(Table 2). The mean deviation of the imaging catheter from
the long axis of the vessel was 15° (range 0° to 29°). The more
the catheter deviated from the vessel long axis, the preater
was the discrepancy between the ultrasound measurcmcnt
and the angiographically per

catheter angulation has a 5|gn|ﬁcanl effect on the difference
between the ul d and the
angiographic diameter perpendicular to the vessel, in the
coronary vessels, most likely because of their small dimen-
sions, increasing catheter angles does not produce a signifi-
cant elliptic distortion (that is, difference between perpen-
dicular ultrasound measurements). An axially eccentric
catheter position, whether or not the catheter is paraliel to
the vessel long axis, alse does not influence elliptic shape or
corrclate with differences between ultrasound and angio-
graphic diameter measurements (Fig. 5).

In 18 of the 76 measurcments, the ultrasound catheter
was ¢xactly parallel to the longitudinal axis of the lumen.
The mean angiographic diameter in these vessels was 3.02 =
1.1 mm and the ultrasound-measured diameter was 3.04 +
| mm (r = 0.90). The diameter derived from the ultrasound
area was 3.03 mm, with an r value of 0.91 when compared

to the vessel walls (p = 0.0001) (Fig. 4).
The influence of catheter angulation and eccentric uxial
position of the catheter is shown in Table 3. Although the

with the angi hic measurement.

To examine the direct influence of the imaging catheter on
angiographic dimensions, 14 angiographic measurements
repeated at the same site with and without the catheter were
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Figure 4. Linear cerrelation of the difference between the intravas-
cular ultrasound (IVUS) measured diameter and the angiographic
diameter measured perpendicular 1o the vessel long axis and the
angle the ultrasound catheter deviated from the vessel long axis.

highly reproducible (r = 0.97). The performed
on the ultrasound images to examine interobserver and
intraobserver variability demonstrated excellent reproduc-
ibility. The interobserver variability for the mean diameter
derived from the area determined by planimetry as used in
this study was 3.3%, (r = 0.97). The intracbserver variability
for the derived diameter was 2.7% (r = 0.98).

Discussion

Previous study. lntravascular ultrasound measurements
of luminal dimensions were initially validated against phan-
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Table 3. Correlation Coefficients of Catheter Angle in Vessel and
Eccentricity Index Versus Ulirasound-Angiographic Diameter
Difference and Difference Between Two Perpendicular
Ultrasound Measurements

Difference Between

Perpendicular
Ultrasound-Angiographic Ultrasound
Diameter Difference Dismeters
Catheter angle in 0.75" 0.14
yesse,
Index of cathieter 0.03 0.04
eccentricky
*p < 0,05,

tom models and excised vascular sections. Nishimura et al.
(6}, using a Plexiglas well, showed that ultrasound and direct
area measurements were identical when the uitrasound
imaging catheter was centered within the phantom. Pandian
et al. (7) demanstrated excellent correlation betwees
vascular ultrasound and anatomic measurements of anlma.l
arterial lumen area {r = 0.98) and vessel diameter (r = 0.97)
in vitro. Potkin et al, (8) performed a validation study in 21
human necropsy coronary anencs. Thcy d:monstrated a
good and
measurements perfonnad ai the time of histologic analysis
(r = 0.85). The histologic area was smaller than the corre-
sponding ultrasound area in 43 (80%) of 54 coronary seg-
ments; the average difference in areas was 10 = 13%. This
consistent discrepancy was attributed to vessel shrinkage
oceurring at the time of vessel fixation (8). Using a synthetic
aperture ultrasound imaging catheter, Nissen et al. (9) com-
pared measurements of peripheral vessels in experimental
animals with those provided by direct cineangiography.
They demansirated a close correlation of vessel diameter

Figure 5. A, Ultrasound catheter paralle] to vessel
long axis and centered in lumen with (B) corre-
sponding ultrasound image. C, Uitrasound catheter
parallel to vessel long axis and eccentric in lumen
with (D} corresponding ultrasound image. E, Ultra-
sound catheter at angle to vessel long axis and
eccentric ir: lumen with (F) corresponding ultra-
sound image. D = diameter; E = eccentricity
index.
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measurements between ultrasound and cineangiography (r =
0.9) and also showed an interobserver and intraohserver
variability of <0.13 mm.

Recently, Davidson el al. (10} performed an in vivo
comparison of intravascular ultrasound and digital subtrac-
tion angiography in 86 human nonceronary arterial seg-
ments. Their data demonstrated a good correlation between
the two imaging methods {r = 0.97 for diameter meusure-
ments and SEE = 1.83 mm for all sites studied, with an SEE
of only 1.2 mm in arterial segments <10 inm in diameter).

The present study examined patients with angiographi-
cally normal coronary vessels, attempting to aveid the
potential error eccentric atherosclerosis may add to mea-

Our data d ate a close correlation be-
tween angiographic and intravascular ultrasound diameters
measured both directly and calculated from an uitrasound
area determined by planimetry, However, this study also
shows a small but consistent discrepancy between values
from the two measuring systems. with a tendency for ultra-
sound measurements lo be shghtly Iargcr

Technical factors i
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internal dimension of this catheter was reproducibly con-
firmed by measurements with the imaging svstem. Another
possibility is that the axial position of the catheter in
three-dimensional space was measured only in the right
anterior oblique chudal angiographic view. In this study. the
catheter was tynically aligned near or along the anterosupe-
rior aspect of the left anterior descending coronary artery.
Thus, in the orthogonal, left anterior oblique view. the
catheter was consistently coaxial in seven of eight patients in
whom this second view was observed.

Comparison of quantitative angiography and uvlirasound
measurements, The teproducibility of the computer-assisted
angiographic edge detection system has been confirmed
with phantoms of known dimensions and with in vive
coronary arlery studies (15}, and the computer-assisted edge
detection system ased in our study is statc of the art
Although ihis system defines the luminal edge as the maxi-
mal derivative of the conlrast density profile, there is pre-
dictable contrast density drop-off a: the outside edge of the
prOJLclcd image of the lumen, leading to an undersized

McKay et al. (11} described lechmcal factors that influence
intraluminal uftrasouad images. They showed that angufa-
tion of the imaging catheter by as little as 10° could cause a
definable increase in ultrasound measurement of luminal
area. The study of Nishi et al. (6) d ated that
di i were unaffected by eccentric cath-
eter placement within phantoms. This observation is in
agreement with the present in vivo coronary arlery study, in
which axial eccentricity of the intravascular imaging catheter
did not affect luminal measurements. Nishimura et al (6) also
showed that when the catheter was angulated off the longi-
wdinal axis of the phantom, the circular shape of the well
was distorted and appeared eiliptic. This distortion occurs
because the plane of the ultrasound beam is no longer
perpendicular to the wall. The present study shows that
there is no statistically significant elliptic distortion in small
coronary vessels despite some catheter angulation, suggest-
ing that the small size of the coronary lumen relative to the
catheter size mitigates the cffect of this potential problem.
Angulation of the imaging cathe:er does influence intravas-
cular area measurements; the more the imaging catheter
varies from the longitudinal axis of the vessel, the larger is
the discrepancy beiween the angiographic and uliasound
measurements.

Intravascular ultrasound minimalty but consistently mea-
sured a larger luminal diameter than that obtained with a
computer-assisted angiographic edge detection system, even
when the angiographically determined lumen was measured
perpendicular to the imaging catheter. This difference also
occurred when the imaging catheter was exactly parallet 1o
the long axis of the vessel, Possible cxplanations for this
discrepancy include incorrect intrinsic measurements by the
ultrasound system or incorrect calibration, or both. This
possibility is unlikely, however, because the ultrasound
imaging was initiated in the guiding catheter and the known

This is especially true with an in vivo
system in which vessel wall-contrast inmerface produces
nonlaminar flow at the external edge of the lumen. Thus, the
angiographic algorithm used to define the luminal diameter
may be a significant factor in the consistently smaller angio-
graphic measurements compared with those produced with
ultrasound.

The nonlaminar contrast flow ¢ould be exacerbated by
the presence of the imaging catheter within the vessel.
compromising opacification and further decreasing the
angiographic measurement. The high reproducibility be-
tween the angiographic measurements performed with and
without the imaging catheter in the vessel does not support
this theory. Another possible explanation for the consistent
discrepancy is ultrasound near field dropoui, but the consis-
tent validavon of the system in the guiding catheter and
optimization of the ultrasound image compression anc time-
gain control make this doubtful,

Conclusions. This study shows that in vivo intravascular
ultrasound measurements of coronary artery lumen dimen-
sions are highly reproducible and corelate closely with
those of quantitative angiography. although ultrasound
measurements tend to be slightly larger. Correlation is
improved when the ultrasound catheter is paraliel to the long
axis of the vessel lumen. The effect of eccentric catheter
position on lum'nal measurements within small coronary
vessels did not reach statistical significance in this study.
This series also demonstrates the safety of intracuronary
ultrasound in cardiac transplant recipients. Finally. the
consistent discrepancy between simultapeous measurements
obtained with intracoronary ultrasvund and angiography.
even when the catheter is parallel to the vessel long axis,
adds more substantive data to the ongoing controversy as to
the true reference standard for coronary artery measure-
ments {16-18).
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