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Abstract—UIltrasound images from human arteries obtained in vivo with an intravascular 30 MHz ultrasound
imaging device show that blood echogenicity changes during the cardiac cycle. Quantitative measurements of
blood echogenicity during the cardiac cycle suggest that these variations may be related to changes in the state of
erythrocyte aggregation, which are induced by varying shear rate.

Key Words: Blood echogenicity, Red blood cell aggregation, Cardiac cycle.

INTRODUCTION

During human application of a 30 MHz ultrasound
imaging catheter device (Bom et al. 1989) the blood in
the lumen shows high backscatter intensity and thus
often limits the visualisation of the luminal border
(Gussenhoven et al. 1990) especially when blood flow
is blocked by stenosis. We feel that a better under-
standing of the acoustical characteristics of blood is
necessary to achieve adequate signal transmission
through the blood.

Spontaneous echo contrast of blood is com-
monly seen on standard 2D images at frequencies of
2.5-5 MHz in low cardiac output states (van Herwer-
den et al. 1986). Sigel et al. (1982a) showed that blood
echogenicity is influenced by local shear rate and that
a decreasing shear rate results in an increased echo-
genicity. Because erythrocytes aggregate at a decreas-
ing shear rate and the aggregates disperse when the
shear rate increases, it is assumed that the shear rate
dependent state of aggregation results in changes in
echogenicity (Sigel et al. 1982a, 1983; Beitler et al.
1983).

Studies so far deal only with the effect of shear
rate on echogenicity of blood under stationary flow
conditions. In vivo blood flow is pulsatile and thus the
shear rate also changes during the cardiac cycle.
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The purpose of this study is to investigate the
acoustic behavior of flowing blood in vivo during the
cardiac cycle using a high frequency ultrasound (30
MHz) intravascular imaging device.

MATERIALS AND METHODS

Intravascular ultrasound system

By mechanical rotation of a 30 MHz single ele-
ment transducer (16 rotations/s) mounted in the tip
of a 5F catheter, real-time cross sectional images of
the arterial lumen and the vessel wall are obtained
(Bom et al. 1989). During one rotation 400 pulse-
echo measurements are performed. Time-dependent
gain is applied on each received signal to compensate
for attenuation. The signals are demodulated, logarith-
mically amplified and digitized (8 bits). Finally they
are transmitted to a digital scan converter and circu-
larly displayed in video format with 256 grey levels at
50 fields/s and registered on videotape. Both the ECG
and the pressure in the catheterized artery are simulta-
neously recorded and superimposed on the video
images. In Fig. 1 a schematic diagram of the imaging
device is depicted. The system gain is kept constant
during the period in which data are analysed. Gain
setting might be changed between subsequent cathe-
terisations.

Catheterization procedure
Three patients who underwent diagnostic coro-
nary angiography were asked to participate with the
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Fig. 1. Experimental set-up and data acquisition scheme of measurements of red blood cell echogenicity by an
intravascular high frequency imaging device.

intravascular ultrasound study. For this purpose the
femoral artery was punctured routinely and a 9F-
sheath is introduced prior to the coronary angiogra-
phy. The intravascular catheter is positioned in the
iliac artery via the sheath. The evaluation of the
acoustic behaviour of blood is only performed at loca-
tions where the lumen is not significantly obstructed
by intimal thickening. The HTC values of the blood
of the three patients varies between 38%—43%.

Qualitative evaluation

The video images of the three patients (M.dK.,
C.S., N.B.) are visually evaluated by three indepen-
dent investigators. The added pressure signal on the
video images provides a time reference. Slowly run-
ning the tape facilitates accurate analysis.

Quantitative evaluation

A videodensitometric (ten Cate et al. 1989) sys-
tem is used to quantify the blood echogenicity. This
system digitizes the video signal (8 bits) and calculates
the average grey level within a selected region in a

video image. Thus the maximum video level has a
value of 256.

Three regions of interest are selected in the lu-
men of the arterial cross section: one region close to
the arterial wall (region 1), one in the center (region 2)
and one near the catheter (region 3). The echodensity
is computed in consecutive frames of a recording at a
fixed catheter position. The analysis is applied to the
arterial images of each patient during three cardiac
cycles. The variable gain setting implies that compari-
son between the three patients of the absolute grey
level values is not meaningful. The computed echo-
density only gives information on the sign, periodicity
and significance of the changes in the acoustic be-
haviour of blood.

RESULTS

When visually analysing the video images, a cy-
clic variation of blood echodensity synchronous with
the cardiac cycle is observed. During diastole the
echogenicity increases; and immediately after the rise
of the arterial pressure (in early systole) the echoden-
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(b)

Fig. 2. B-mode picture of the iliac artery at end diastole (a)
and early systole (b). L: lumen; W: arterial wall.

sity decreases. This is illustrated in Fig. 2 in which
cross sectional images of an artery at end diastole and
early systole of patient #1 are shown.

In Fig. 3a the selected regions of the videodensi-
tometric measurements of patient #1 are indicated.
The calculated echodensity in these regions as a func-
tion of time and the simultaneously recorded intraar-
terial pressure are presented in Fig. 3b.

The density-versus-time plot (Fig. 3b) indicates
that the variations in the blood echodensity are syn-
chronous with the cardiac cycle: echogenicity in-
creases during diastole and decreases rapidly at early
systole. The echodensity also decreases as a function
of the distance to the transducer.

In Fig. 4 the measured echodensity of all three
patients at end diastole and at end systole are given.

Note that the grey level is a logarithmically scaled
quantity and that absolute variations in grey level are
related to relative changes in intensity.
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Fig. 3. (a) Selected regions in lumen of cross section of the

iliac artery. Echodensity is calculated in these regions dur-

ing a cardiac cycle for 50 consecutive frames. (b) Measured

echodensity in the indicated regions, as a function of time,

during one cardiac cycle. The blood pressure in the catheter-

ized artery is given as a reference to the moment in the
cardiac cycle.
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Fig. 4. Averaged echodensity in the specified regions in the
lumen of three patients. Density is given at end diastole and
end systole of three analyzed cardiac cycles.

DISCUSSION

The echogenicity of flowing blood may depend
on several factors: concentration of red blood cells
(RBCs) (Shung 1982; Shung and Lim 1990; Yuan and
Shung 1988a), which may vary across the artery lu-
men (Goldsmith 1972; Aarts 1985; Aarts et al. 1988),
deformation and alignment of RBCs and their shear
rate dependent state of aggregation (Sigel 1982a,
1982b, 1983; Beitler et al. 1983) and the ultrasound
frequency (Shung et al. 1976; Yuan and Shung
1988b).

According to measurements by Goldsmith
(1972), Aarts (1985) and Aarts et al. (1988) the con-
centration of RBCs is higher in the center of the flow
than near the wall, e.g., when the average HTC is 40%,
the local HTC level varies between 0% at the wall and
60% in the center of the flow.

Goldsmith (1971) observed that the originally
disk-shaped red blood cells deform into ellipsoids and
that their major axis aligns in the direction of the flow
at increased shear rate.

Shung et al. (1976, 1982, 1984, 1990) and Yuan
and Shung (1988a, 1988b) measured the backscatter
intensity of RBCs in a Ringer’s solution at varying
hematocrit values and varying ultrasound frequencies
(5-15 MHz). Their results show that the prepared
RBC solution follows Rayleigh’s scattering theory for
small particles i.e., the backscatter intensity increases
with the fourth power of the ultrasound frequency.
They also reported that the backscatter intensity in-
creases with increasing hematocrit up to peak values
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in the hematocrit range of 17%-24%. At higher hemat-
ocrit values backscatter intensity decreases.

These measurements however were carried out
under conditions that aggregation of RBCs is pre-
vented. It is well known that under normal conditions
aggregates of RBCs may be formed. The state of ag-
gregation is affected by temperature, PH, fibrinogen
concentration and shear rate (Sigel et al. 1982b;
Beitler et al. 1983). According to the studies of blood
viscosity by Schmid-Schonbein et al. (1968, 1982)
RBC aggregates disperse at an increasing velocity gra-
dient (shear rate) and reversibly enlarge at a decreas-
ing shear rate. Increased ultrasonic backscatter may
be expected from the larger aggregates compared to
the small individual RBCs (7 pm). This was demon-
strated by several observations showing increased
echogenicity at decreasing shear rate (Sigel et al.
1982a, 1982b, 1983; Beitler et al. 1983; Yuan and
Shung 1988a; Kallio and Alanen 1988).

Transit times between different states of aggrega-
tion are characterised by the half-time of aggregation.
Jansonius and Bijlstra (1965) determined the half-
time of aggregation by measuring the light reflection
of blood (syllectometry). According to their measure-
ments, the half-time of aggregation is approximately
10 s in normal blood (HTC of 40%). Schmid-Schon-
bein et al. (1975, 1976) used a light transmission tech-
nique to determine the half-time of aggregation. They
reported an aggregation half-time of 3.5 s of blood of
normal patients. However, frequently two different
half-time constants were observed: a short one in the
range of 0.5-1.5 s and the conventional one of 3.5 s. It
was also noted that the half-time of aggregation in-
creases strongly with decreasing erythrocyte concen-
tration.

Although the elongation of erythrocytes and
their alignment to the flow direction might have an
impact on echogenicity, these features cannot explain
the observed cyclic variations of the echogenicity
(Goldsmith 1971; Visser 1989). Alignment of erythro-
cytes would enhance echogenicity during systole,
which is not in accordance with the resylts presented
here.

From the pressure curve, the arterial flow-rate
curve can be estimated. The echodensity curve seems
to follow the inverse of the expected flow-rate curve
rather than the pressure curve. This might indicate
that the echogenicity variation is a flow-related phe-
nomenon. It is supposed that the flow-related phe-
nomenon that causes changes in echogenicity is the
shear rate dependent state of aggregation of RBCs.
During diastole the decreasing blood flow velocity re-
sults in lower shear rates, enabling the formation of
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new and longer aggregates. This supposedly causes an
increase in echodensity during diastole. At early sys-
tole, the higher shear rates break down the aggregates,
which might result in decreasing echodensity. So far,
with ultrasound observations of fast changes in the
state of aggregation have not been reported. Indeed
the measured half-time of aggregation (Schmid-
Schonbein et al. 1975, 1976) suggests that one second
may be sufficient to detect changes in the state of ag-
gregation. Moreover, applying higher frequency (30
MHz) than in conventional ultrasonography (2.5-5
MHz) allows the observation of smaller aggregates
that are formed faster.

Also the shape and orientation of the aggregates
may influence echogenicity. The interactive surface
forces between RBCs promote a well-defined form of
the aggregates, called “rouleaux.” Rouleaux arise
from the piling up of RBCs, which have the shape of a
disk, to form a long, cylindrically-shaped aggregate
(Charm and Kurland 1974). Because rouleaux dis-
perse when they are exposed to high velocity gra-
dients, they will align in the direction of the flow. The
specific shape of rouleaux and their alignment may
play an important additional role in explaining the
echogenicity of flowing blood. Higher echogenicity
will be observed when the direction of the sound wave
is perpendicular to the alignment of the rouleaux. In
the present study the direction of the sound wave is
almost perpendicular to the rouleaux alignment—a
good condition to measure the supposed effect of ag-
gregation on echogenicity.

Another possible explanation of the observed
variations in echogenicity is that during diastole local
HTC might increase due to the low flow rate. At the
beginning of systole, the accumulated RBCs might
disperse and local HTC might decrease. The observed
variations in echogenicity can only be explained if it is
assumed that the echogenicity of the blood follows the
curve as measured by Shung and Lim (1990), and that
the HTC does not exceed the critical HTC value
(17%-24%) beyond which echogenicity decreases at
increasing HTC. However, at average HTC values of
almost 40%, it is unlikely that the suggested echoden-
sity variations can be explained by HTC variations.
Note that the suggested HTC variations might en-
hance possible aggregation during diastole.

Care must be taken in mutually comparing the
absolute values of the three selected regions because
the echogenicity is also affected by the distance to the
transducer. Attenuation, geometric spreading of the
sound wave and the time dependent gain may cause
distance-dependent echo variations.

Although the clinical relevance of the varying

echogenicity is speculative at this moment, some po-
tential usefulness should be discussed. Blood echo-
genicity may be related to the state of vascular disease.
Kallio et al. (1989) observed that patients with vascu-
lar disease show higher blood echogenicity than
healthy volunteers. As a consequence it may be ex-
pected that in patients with advanced vascular dis-
ease, the ultrasonic signal transmission through blood
is worsened. Kallio even made the hypothetical state-
ment that blood echogenicity might provide a more
specific measure of disease than the conventional
erythrocyte sedimentation rate (ESR). Application of
the intravascular ultrasound imaging catheter eventu-
ally allows in vivo local study and quantitative stan-
dardisation of blood echogenicity and the supposedly
related aggregation dynamics of RBCs. Local differ-
ences in echogenicity have already been observed us-
ing conventional ultrasound imaging devices (van
Herwerden et al. 1986). Whether or not this observa-
tion is related to the local state of disease is a research
goal. It has to be considered that the presence of a
plaque may disturb normal blood flow and so may
cause local changes in the state of aggregation, which
may help locate the atherosclerotic plaque.

Furthermore the potential exists that local shear
force conditions may be derived from the echogeni-
city of the flowing blood. This could open a new field
of studies on the suggested relationship between local
shear forces and the rate of development of arterial
wall disease (Fry 1968; Caro et al. 1969).

It is concluded that the observed cyclic changes
in blood echogenicity may well be explained by varia-
tions in erythrocyte aggregation as a result of chang-
ing shear rates. However, further experiments are nec-
essary to confirm this relationship and rule out other
explanations.
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