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Abstract—Quantitative analysis of arterial dimensions from high frequency intravascular ultrasound im-
ages (30 MHz) may be hampered by strong blood scattering. Replacement of blood by saline is one method
to provide a clear view of the arterial lumen; another method is that of temporal averaging of successive
ultrasound images. The accuracy of this latter method was tested by comparing the lumen area measure-
ments on the temporal-averaged image, with the data of the same cross-section obtained from the single-
frame and saline-filled images. The mean lumen area measured on the temporal-averaged images was
similar to that measured on the single-frame images (mean difference: —0.02 + 1,16 mm?; p = ns). The
mean lumen area of the saline-filled images was 8% larger than the values obtained from the temporal-
averaged and single-frame images (mean difference: —1.14 = 0.85 mm?, p < 0.05), probably due to the
difference in sound velocity between saline and blood. Intraobserver variation in the averaging method
were 2.4 times smaller than the measurements of the single-frame images and close to the data obtained
by saline injection (variation coefficient: single-frame: 8.8%; temporal-averaged: 3.6 % saline-filled: 2.9%).
It is concluded that analysis from temporal-averaged images is more efficient, enabling accurate and
reproducible measurement of the luminal dimensions from images containing blood scattering echoes. This
technique is suitable to replace the laborious saline injection method and facilitates off-line quantitative
analysis.
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INTRODUCTION considered as disadvantageous (Gussenhoven et al.
1991; The et al. 1992a; van Urk et al. 1991). Therefore,
we developed a temporal averaging technique to facili-
tate quantitative off-line analysis of the free lumen area
of those ultrasonic images containing blood scattering
echoes inside the arterial lumen.

This study was designed to investigate the utility
of the temporal averaging method for quantification of
the luminal area by comparing measurements on the
temporal-averaged image with data from the single-
frame image and saline-filled image of the same arte-
rial site.

Intravascular uitrasonic imaging provides a direct and
dynamic view of arterial vessels in the assessment of
atherosclerotic diseases. The use of high frequency ul-
trasound is essential to achieve high resolution imaging
of the arterial structures (Bom et al. 1989; Gussenho-
ven et al. 1989; Potkin et al. 1990). At high frequency,
the echogenicity of blood increases rapidly due to the
frequency dependence of blood scatterers, reaching a
level similar to that of the arterial tissues (Linker et
al. 1991; Lockwood et al. 1991; Shung et al. 1988).
The presence of strong blood scattering may mask the
leading echoes from the arterial tissues, causing diffi-
culty in discrimination of the Iuminal boundary. To METHODS
solve this problem, saline may be injected during clini-
cal examination to replace echogenic blood. Injection
of saline is, however, time-consuming and generally

Intravascular ultrasound
The intravascular ultrasound imaging system used
(Du-MED, Rotterdam, The Netherlands) has a 30 MHz
ingle- i
Address correspondence to: E. J. Gussenhoven, Thoraxcenter single-element tran.SduceF moumed on the tip of a SF
(Ee 2312), Erasmus University Rotterdam, P.O. Box 1738, 3000 DR catheter. Cross-sectional images were scanned at a rate
Rotterdam, The Netherlands. of 16 frames per second by fast rotation of the trans-
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ducer with a drive shaft (1000 rpm). The system has
a bandwidth of 20-40 MHz. Axial resolution of the
system is 75 pm and lateral resolution is better than
225 pm at a depth of 2—4 mm. The ultrasonic scan
was stored in a 512 X 512 X 8 bits digital memory
and displayed with a standard video output via a real-
time digital scan converter. Physiological signals, such
as electrocardiogram and blood pressure, were simulta-
neously acquired and superimposed on the video out-
put as a time reference for off-line analysis.

Patient study

The intravascular ultrasound study was approved
by the local committee on Human Research and in-
formed consent was obtained from each patient. Intra-
vascular ultrasound data were acquired from 18 pa-
tients (male/female: 14/4, age: 52—83 years) who un-
derwent vascular intervention of the superficial
femoral artery for disabling claudication. The echo
catheter was advanced via a 7F sheath into the superfi-
cial femoral artery. A series of cross-sections was re-
corded during pull-back of the catheter. At each level
of interest, the catheter was kept in position for a period
of time sufficient for recording (Gussenhoven et al.
1991; van Utk et al. 1991). If necessary, 5 mL of
heparinized saline solution was injected manually
through the introducer sheath to flush out the echogenic
blood. The ultrasonic images were recorded on a stan-
dard VHS videotape for off-line analysis.

Temporal averaging

Using real-time intravascular ultrasound, it can be
seen that the backscatter pattern of flowing blood var-
ies over time, whereas echoes of arterial tissues present
a more static pattern. This phenomenon facilitates dif-
ferentiation of blood scattering from the echoes of the
arterial wall on real-time intravascular ultrasound. The
difference can be demonstrated by plotting the inten-
sity profile at one angular position for all the images of
one cardiac cycle (Fig. 1). Because the blood scattering
changes with time, averaging a number of consecutive
images over time may smooth out the scattering from
blood while preserving the relatively stable structure
of the arterial wall, and thus enhance the contrast at
the luminal interface on a still-frame image. Averaging
is performed using the following formula:
Lg(x, y) = (h(x, y) + L(x, y) + -+ + L(x, y)n. (1)
Here, I presents image intensity, n is the number of
consecutive frames at the same cardiac cycle and x, y
are image coordinates. This processing is able to cancel
out the time-varying signals of blood scatterers and
produce a homogeneous luminal region in the image.
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Fig. 1. Plot of intensity profile during one cardiac cycle
showing the random changes in backscatter pattern of blood
echoes (B; thin line), while the profile of the arterial wall
(W) presents a similar pattern during the cardiac cycle (thick
line). Shown on the bottom image are the corresponding
positions. The dotted horizontal line indicates the angular
position at which the plot of the intensity profiles of blood
and arterial wall is made. Note that on this intravascular
ultrasound cross-section from the superficial femoral artery,
the presence of blood hampered visibility of the luminal
interface (L).

Of major concern for this algorithm is the possible
blurring effect caused by the motion of the wall or the
catheter tip. During imaging of peripheral arteries, the
relative movement between the catheter and the wall
is mainly produced by the wall compliance due to
pressure changes. As this wall motion is shown to be
minimal in the diastolic period of the cardiac cycle,
the blurring effect on the arterial structure can be mini-
mized by selecting the diastolic frames for the averag-
ing procedure (The et al. 1992b).

Theoretically, an averaging process reduces the
noise level of a signal by the square root of the number
of averaged frames. Figure 2 demonstrates the relation-
ship between the improvement of the signal-to-noise
(S/N) ratio and the number of frames averaged. The
signal level is calculated by the mean intensity of the
blood scattering; the noise level is defined as the stan-
dard deviation of the signal. It has been shown that
the S/N ratio is improved with the increase of the frame
number. After averaging eight frames, there is no sig-
nificant improvement observed. This is in agreement
with our experience that averaging four to eight dia-
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Fig. 2. Values of signal-to-noise (S/N) ratio as a function of the number of the averaged frames calculated from
the data shown in Fig. 1. Note the increase in the S/N ratio from frames 2—8, and no change in the S/N ratio
from frames 8—12.

stolic frames (mean: N = 6) produces satisfactory en-
hancement of the luminal boundary for the subsequent
manual tracing (Fig. 3).

Quantitative measurement

A computer analysis system based on an 1IBM
compatible PC/AT was used for off-line analysis (Li
et al. 1991). The system was equipped with a DT 2851
framegrabber to convert video images into 512 X 512
X 8 bits digital format. The luminal contour was traced
manually with a PC mouse. The absolute measure of
the cross-sectional lumen area was calculated by con-

verting the pixels into square millimetres with system
calibration based on the sound velocity of blood.
Quantitative measurements were made from the
intravascular ultrasound images derived from 18 pa-
tients, studied prior to or following vascular interven-
tion. At each of 78 arterial sites selected, the free lumen
area was measured on: the single-frame, the temporal-
averaged and the saline-filled images, respectively
(Fig. 4). The single-frame image was selected from
the first frame of the image sequence to be averaged.
Real-time video images were reviewed to facilitate dis-
crimination of the luminal interface from blood. To test

Fig. 3. Three different presentations of an ultrasound cross-section from a superficial femoral artery (scale mark:

1 mm). (A) single-frame image containing the blood scattering; (B) temporal-averaged image; and (C) image

after saline injection. The visibility of the luminal structure is significantly improved on the temporal-averaged

image and the saline-filled image, particularly the edge of the ruptured lesion, which is difficult to recognize on
the single-frame image.
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Fig. 4. Contour tracing of the free lumen area on the single-frame image (A), the temporal-averaged image (B)

and the image with saline solution (C) (scale mark: 1 mm). (A) the luminal contour has to be estimated by

reviewing the real-time images; (B) the temporal-averaging method allows direct tracing of the luminal contour;

and (C) the use of saline solution enables a clear definition of the free lumen but introduces deviations in
measurements due to the differences in sound velocity between blood and saline.

the reproducibility of the three methods, measurements
were repeated by the same observer two weeks later.

Data analysis

The three series of measurements are presented
with the mean values and standard deviations (SD).
Comparison of two measurements in each cross-sec-
tion was performed by calculating the mean and SD
of the paired differences. The significance of the differ-
ence of the mean values was determined by a paired
t-test. A probability value of < 0.05 was considered
statistically significant.

The degree of intraobserver variation is presented
with a coefficient of variation defined as: (SD of the
paired differences/mean value of the measurements)
X 100%.

RESULTS

The mean lumen areas measured on single-frame,
temporal-averaged and saline-filled images were 13.86
+ 6.30 mm?, 13.88 + 6.15 mm? and 15.00 * 6.76 mm?,
respectively (Fig. 5). The mean difference between
the temporal-averaged and single-frame images was
minimal (paired difference: —0.02 * 1.16 mm?, p =
ns). Comparing measurements from the temporal-aver-
aged images with saline-filled images showed the mean

value of the latter method to be 8% larger (paired
difference: —1.14 * 0.85 mm?, p < 0.05).

The coefficient of intraobserver variation was
8.8% for data from single-frame images, 3.6% for data
from temporal-averaged images and 2.9% for measure-
ments on saline-filled images (Fig. 6).

DISCUSSION

Intravascular ultrasound has shown promise as a
safe and accurate imaging modality for detection of
atherosclerosis as well as for the assessment of the
outcome of vascular intervention (Gussenhoven et al.
1991; Nissen et al. 1990; Tobis et al. 1991; van Urk
et al. 1991). The limitation encountered using high
frequency ultrasound during off-line quantitative anal-
ysis of the free lumen area is the echogenicity of blood.
In contrast, off-line quantitative analysis using the tem-
poral averaging method permits a significant improve-
ment in visualization of the luminal boundary on a
still-frame image. Although the averaging procedure
does not remove the echoes of blood scatterers, it gen-
erates a homogeneous luminal region by smoothing
out the time-varying signals.

The results of this study show no differences in
the mean measurements between the single-frame im-
ages and the data obtained by the averaging method.
The mean lumen area measured on the saline-filled
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Fig. 5. The differences in the lumen area measurements obtained by the temporal averaging method and the
single-frame images (left), and the saline-filled images (right). The 95% confidence interval is indicated by the
upper and lower horizontal lines (mean *+ 2 SD).

images was 8% larger than that of both the single-
frame and the averaged images. One reason for this
discrepancy may be the difference in ultrasound veloc-
ity between blood and saline. Saline solution has a
lower ultrasound velocity than blood (saline: 1540 m/
s vs. blood: 1580 m/s at 37°C; a difference of 2.6%).
Theoretically, a 2.6% change in sound velocity may
produce an approximately 5.2% difference in area
measurement of a circular lumen. In an in vitro setting,
Moriuchi and co-workers (1990) found that the mean
lumen area in saline increased 6%, compared with that
in blood-filled images. Assuming that most of the intra-
vascular ultrasound imaging systems are calibrated
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with the sound velocity in blood, the measurement of
an image filled with saline solution will result in an
overestimation of the vessel dimension. The second
factor that may lead to an increase of the luminal area
during saline injection is the initial increase in the
internal vascular pressure due to the injection.

In this study, the data obtained from a well-de-
fined lumen during saline injection were used as a
reference to test the reproducibility of the temporal
averaging method. The measurement reproducibility
using the averaging method was improved 2.4 times
compared to that of single-frame images, and was simi-
lar to the results obtained from the saline-filled images

saline-filled images
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Fig. 6. Intraobserver variations for free lumen area (mm?) using three different methods. The 95% confidence
interval is indicated by the upper and lower horizontal lines (mean + 2 SD).
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(variation coefficient: single-frame: 8.8%, temporal-
averaged image: 3.6%, saline-filled image: 2.9%). The
higher intraobserver variation for measurements of sin-
gle-frame images is due to the lack of a luminal con-
trast with the presence of blood scattering. One has to
estimate the location of the contour by memorizing
information from real-time video images; this proce-
dure is time-consuming as the operator needs to review
the video tape frequently.

Because the averaging procedure improves the
signal-to-noise ratio, one may expect that measuring
the averaged image would have a similar effect as the
averaging of several individual measurements from the
single-frame images. This means the variation coeffi-
cient will be reduced by the square root of the number
of the measurements. Our results indicate that the im-
provement in measurement reproducibility by the aver-
aging method is comparable to that of approximately
six measurements of single-frame images. The tempo-
ral averaging method, however, is more efficient. The
technique is easy to implement in an off-line system
and requires a few seconds for the selection of frames
to be processed.

Although the visibility of blood is considered as
disadvantageous for off-line analysis, it should be em-
phasized that during real-time imaging, the arterial lu-
men can be differentiated by the characteristic changes
in the blood scattering pattern. Particularly in the case
of complex arterial dissections following balloon an-
gioplasty, the visibility of blood may be helpful in
assessing the anatomic substrate. The use of saline
injection is mainly to facilitate off-line quantitative
analysis.

CONCLUSION

This study has demonstrated the feasibility of us-
ing the temporal averaging method to enhance the lu-
minal boundary of intravascular ultrasound images in
the presence of strong interference of blood scatterers.
The technique is able to reduce observer variation in
single-frame images and produce a comparable perfor-
mance as the saline flush method. Hence, the temporal
averaging method, which provides an accurate and re-
producible measure of the luminal dimensions in the
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presence of blood, may obviate the need of laborious
saline injections during the catheterization procedure.
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