
EDITORIAL 

What have we learned from in vitro intravascular 
ultrasound? 

Elma J. Gussenhoven, MD, PhD, a Aad van der Lugt, MD, a Anton F. W. van der Steen, PhD, a 

and Kees M. Ligtvoet, MSc b Rotterdam and Utrecht, The Netherlands 

The clinical use ofintravascular ultrasound provides 
additional diagnostic information to assist with cath- 
eter-based interventions. To understand more fully 
the information provided by intravascular ultra- 
sound, numerous in vitro validation studies have 
been performed to compare the ultrasound data with 
their histologic counterparts. 

We present an overview of the intravascular ul- 
trasound studies performed in vitro, discuss the dif- 
ferences between in vitro and in vivo application of 
intravascular ultrasound, and describe some current 
in vitro research on intravascular ultrasound aimed 
at supplementing diagnostic information. 

VISUALIZATION OF THE ARTERIAL WALL 

The first qualitative in vitro study performed with 
samples of human iliac and femoral arteries was re- 
ported in 1988 by Meyer et al.1 Small lengths (~ 1 cm) 
of arteries were fixed into glass test tubes, which 
were then filled with saline for imaging with a 20 
MHz transducer. On the ultrasound image of a nor- 
mal artery the intima was echogenic; the media was 
hypoechoic; and the adventitia was hyperechoic. 
Compared with connective tissue, the muscular me- 
dia appeared hypoechoic on ultrasound scans, prob- 
ably because of a relative lack of collagen. In the 
same year, Pandian et al. 2 examined the aorta, iliac, 
carotid, and coronary arteries from animals. A small 
wedge of arterial wall was resected in the vessel cir- 
cumference for ultrasound anatomic orientation. 
The ultrasound images (20 MHz) portrayed a bright 
homogeneous arterial wall without distinction 
among intima, media, and adventitia. 
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Subsequently, in 1989, using a 40 MHz ultrasound 
system, we studied 1 cm-long human carotid and il- 
iac arteries embedded in a 1.2% solution of agar- 
agar3; it was observed that  intravascular ultrasound 
has the ability to differentiate elastic (carotid) from 
muscular (iliac) type of arteries. The ultrasound ap- 

pea rance  corresponded to the histologic differences 
in the media. The media of a muscular artery com- 
posed of smooth muscle cells was practically devoid 
of elastin fibers, whereas the media of an elastic ar- 
tery consisted mainly of densely packed, concentri- 
cally arranged elastin fibers amid smooth-muscle 
cells. On ultrasound a muscular artery was identi- 
fied by the hypoechoic media; both intima and ad- 
ventitia were clearly defined, showing bright echoes 
(Fig. 1). An elastic artery was identified by a media 
that  was as bright as its surrounding tissues. We as- 
sumed that the presence of elastin fibers regularly 
arranged in the media was responsible for a signif- 
icant amount of acoustic backscatter, with a power 
level comparable with that  from the intima and ad- 
ventitia. In subsequent studies, we established that  
aorta, carotid, subclavian, and internal thoracic ar- 
teries appeared as elastic arteries, whereas the cor- 
onary, brachial, mesenteric, splenic, renal, and il- 
iofemoral arteries were muscular in nature 4, 5 (Fig. 
2). Others have subsequently confirmed that  elastic 
arteries have a homogeneous arterial wall, whereas 
muscular arteries have a characteristic three-lay- 
ered arterial wall. T M  

Differences in the relative concentration and or- 
ganization of collagen and elastin provided a consis- 
tent explanation for the differences in scatter ob- 
served within the arterial wall with 45 MHz intra- 
vascular ultrasound imaging. 11 Noteworthy is that  
an elastic artery may gradually merge into a muscu- 
lar ar tery; thus  in coronary and iliac arteries, which 
are predominantly muscular, elastin fibers may be 
present in the media, particularly near the origin. 4 
However, in muscular arteries the medial layer may 
not always be visible on ultrasound. Thinning of the 
arterial media is a well-known process of atheroscle- 
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Fig. 1. Intravascular ultrasound cross-sections (left and middle) obtained at same level within pressure- 
perfused (100 mm Hg) coronary artery with two different ultrasound catheters operating at 30 MHz. Im- 
ages demonstrate how limited axial resolution can influence image quality. Left, Inability to visualize at- 
terial media resulted from electronic matching problem. Middle, Catheter with optimal pulse identified 
media of 0.2 ram. Right, Corresponding histologic section evidenced muscular nature of artery. Calibra- 
tion: I mm. (From Gussenhoven et al. In Roelandt et al., eds. Intravascular ultrasound. Dordrecht: Klu- 
wer Academic, 1993:45-62. Reprinted by permission of Kluwer Academic Publishers.) 

rosis and affects visualization of the media on ultra- 
sound images. 12 In addition, the echolucent layer of 
the media may be only barely discernible when me- 
dial collagen content is increased 13, 14 (Fig. 3). Borst 
et al. 15 reported on the absence of a visible hypo- 
echoic media in relatively normal coronary arteries: 
they questioned whether the presence or absence of 
an echolucent zone was related to age. Fitzgerald et 
al. 16 observed that  the degree of intimal thickening 
was indeed related to age and that  intimal thicken- 
ing of ->0.18 mm facilitated identification of the hy- 
poechoic media in normal coronary arteries on ul- 
trasound examination. 

Thus visibility of the hypoechoic media is related 
to media thickness and the limits of the axial resolu- 
tion of the intravascular Ultrasound system used. 
Media thickness has been determined to be 0.2 mm 
in normal coronary arteries and 0.8 mm in normal 
iliofemoral arteries. 17 With higher ultrasound fre- 
quency, and thus improved resolution, better identi- 
fication of the tunica media, particularly in the small 
coronary arteries, is possible. Visualization of the 
tunica media also may depend on near-field resolu- 
tion and electronic matching of the ultrasound cath- 
eter used. This aspect was studied in vitro with two 
different ultrasound catheters (Du-MED, Rotter- 
dam, The Netherlands) in the same coronary seg- 
ment; both catheters operated at 30 MHz. When a 
catheter with a prolonged pulse (i.e., limited axial 
resolution) was used, the media was indistinguish- 
able from its surroundings because of an electronic 
matching problem, whereas use of a catheter with an 
optimal pulse allowed visualization of a distinct me- 
dia of 0.2 mm. The corresponding histologic section 

revealed a muscular media 0.2 mm thick with 0.08 
mm intimal thickening 17 (Fig. 1). 

CHARACTERIZATION OF ARTERIAL PLAQUE 

The first studies that  assessed plaque character- 
istics in vitro, with 30 MHz and 40 MHz ultrasound 
transducers on coronary and peripheral arteries, 
demonstrated that  skill in interpretation of plaque 
composition was learned after repeated comparison 
between the ultrasound image and its corresponding 
histologic section. 5, 7 Because distal coronary and 
peripheral arteries are predominantly muscular, the 
echolucent media may act as a landmark to facilitate 
the assessment and location (eccentric vs concentric) 
of plaque burden. In the presence of an atheroscle- 
rotic lesion three morphologic types of plaque were 
identified on ultrasound. Plaque with calcific depos- 
its were identified by the presence of bright echoes 
casting echo-free shadows and may be associated 
with acoustic reverberation. Fibrous lesions yielded 
homogeneous echo reflections without echo-free 
shadowing, whereas extracellular lipid components 
appeared as a hypoechoic region inside the lesion 7 
(Fig. 2). Additional in vitro studies have divided the 
noncalcified lesion type into those yielding interme- 
diate, soft reflections and those yielding dense, 
bright reflections. 5, 14, is, 19 

Studies on the identification of arterial thrombus, 
created artificially by the insertion of old human 
blood clots, show that  this formation can be identified 
with moderate sensitivity and high specificity with 
intravascular ultrasound. 2°, 21 The echogenic reflec- 
tance of thrombi originates mainly from red blood 
cells; ultrasound intensity relates linearly to the 
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Fig. 2. Intravascular ultrasound cross-sections ofpressure-perfused (100 mm Hg) superficial femoral ar- 
tery obtained in vitro before (left) and after (middle) balloon angioplasty. Displacement sensing device was 
used to facilitate comparison of corresponding ultrasound cross-section with its histologic counterpart 
(right). Before balloon angioplasty, concentric soft lesion is seen at level 0.4 cm (top); it became dissected 
after intervention (open arrows). Media rupture is present on intravascular ultrasound image and on his- 
tologic section (solid arrows). At level 1.8 cm (bottom), eccentric hard lesion casts acoustic shadowing. Dis- 
section and media rupture are seen after intervention. Calibration: 1 mm. 

number of cells present, 22 However, distinction be- 
tween thrombus and an atheromatous noncalcified 
lesion was not possible on ultrasound. 2° 

In general, the sensitivity and specificity of lesion to- 
pographic features (eccentric and concentric) and le- 
sion morphologic features (noncalcified vs calcified) 
with ultrasound in vitro are high, 7,14,18,19 whereas for 
lipid, specificity is high and sensitivity low. Determi- 
nants influencing the echogenicity of a lesion, and thus 
accurate assessment of lipid on ultrasound, depend on 
the presence and magnitude of surrounding fibrous 
tissue, the gain setting of the system used, and the an- 
gle of incidence. 7, 23 Noteworthy is that  "young' lipid 
deposits containing mainly lipid amid macrophages 
may appear hypoechoic on intravascular ultrasound, 
whereas "mature" lipid deposits amid cholesterol crys- 
tals will appear as a soft or bright structure because of 
the crystals (Fig. 3). 

QUANTITATIVE ASSESSMENT 

In 1988 Pandian et al. 2 established an excellent 
correlation between intravascular ultrasound data 

and anatomic measurements in the estimation of 
vessel lumen area and diameter (Table I). The corre- 
lation for wall thickness measurements also was 
good. Interobserver and intraobserver variabilities 
in the measurements of lumen area, lumen diameter 
and wall thickness were negligible. Subsequent in 
vitro investigations have confirmed that  intravascu- 
lar ultrasound provides accurate measurement of 
lumen area, vessel area, plaque area, and wall thick- 
ness of normal and diseased arteries of varying type 
and size. 5, 7-9, 24-29 Measurements obtained with in- 
travascular ultrasound revealed a high correlation 
with measurements obtained from histologic studies 
(Table I). Reported interobserver and intraobserver 
variations were low. 7, 9, 25, 29 

The majority of in vitro studies, performed without 
physiologic pressure, have shown that  quantitative 
histologic values for lumen area and wall thickness 
were consistently smaller (10% to 41%) than 
the corresponding intravascular ultrasound val- 
ues.5, 8, 12, 25, 27 Similar observations were reported 
by Potkin et al.7: histologic values for vessel area and 
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Fig. 3. Intravascular ultrasound cross-section (left) and corresponding histologic section (right) obtained 
from iliac artery show characteristics of previous plaque rupture. On ultrasound, soft lesion is apparent 
(solid arrows); arterial media is invisible because of extensive atherosclerosis. On histologic examination, 
lesion represents thrombus (solid arrows) and focal lipid deposits with cholesterol crystals (asterisk). Open 
arrow, Torn ends of fibrous cap. Lipid did not appear as hypoechoic region on ultrasound, probably because 
of large content of cholesterol crystals. Calibration: 1 mm. 

wall thickness were smaller (10% and 19%, respec- 
tively) than their echographic counterparts. In con- 
trast, they reported that  histologic values for lumen 
area were larger (18%) than the corresponding echo- 
graphic values. 7 However, Nishimura et al. 24 per- 
formed pressurized in vitro studies and reported no 
difference between lumen area measured with in- 
travascular ultrasound and that  measured histolog- 
ically. We assume that  the underlying mechanism of 
the reduction evidenced histologically is tissue 
shrinkage resulting from histologic processing. 5, s, 25 
The reasons for the reported variability in the in vitro 
measurements may include selection of the speci- 
mens studied and procedural differences. 

IN VITRO OBSERVATIONS AFTER INTERVENTION 

In vitro imaging of atherosclerotic vessels before 
and after intervention enables assessment of the re- 
sponse of the atherosclerotic lesion and the vessel 
wall to the intervention. 

Tobis et al. 25 were the first to analyze correspond- 
ing ultrasound images (20 MHz) obtained before and 
after balloon angioplasty to assess the qualitative 
and quantitative effects of the procedure. They 
established tha t  the mean cross-sectional lumen 
area increased from 8.7 to 15.1 mm 2 after dilatation; 
plaque disruption and dissection were readily visi- 
ble. We observed that  with the use of 30 MHz ultra- 
sound transducers, in addition to dissection and 
plaque rupture, media rupture can be visualized 
both in coronary and in peripheral arteries 3°, 31 (Fig. 
2). Visualization of media rupture seems to depend 

on the ultrasound frequency used and is strongly re- 
lated to the presence of a dissection. 

The sensitivity of ultrasound for revealing vascu- 
lar damage (including dissection and plaque rup- 
ture) in vitro after balloon angioplasty was high (81% 
and 83%, respectively) in coronary and peripheral 
arteries.2O, 25, 32 However, detection of dissection with 
intravascular ultrasound was achieved more fre-  
quently in peripheral arteries than in coronary 
arteries: the stenting effect of the ultrasound cathe- 
ter may prevent visualization of dissection in the 
latter. 33 

From ongoing in vitro studies that  systematically 
examined coronary arteries before and after balloon 
angioplasty we learned that  the increase in lumen 
area seen after intervention was caused by an 
increase in media-bounded area (85%) and a slight 
reduction (15%) in plaque area. Moreover, these 
studies showed that  the quantitative changes seen at 
the most stenotic site after intervention were greater 
than those obtained from a sequence of correspond- 
ing cross-sections within the dilated specimen. 31 
Differences encountered for the increase in lumen 
area were 60% versus 30%, for the increase in 
media-bounded area 20% versus 12%, and for the 
reduction in plaque area 8% versus 5%. 

INTRAVASCULAR ULTRASOUND AND VEINS 

In vitro intravascular ultrasound studies on veins 
and saphenous veins used for bypass grafting are 
limited. It has been found that  these vessels do not 
show a characteristic hypoechoic media. 4, 34, 35 The 
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Fig. 4. Intravascular ultrasound cross~sections (left) and corresponding histologic sections (right) show 
normal vein wall (A) appearing echographically as two-layered structure, slightly thickened vein wall (B) 
appearing as homogeneous structure within outer hyperechoic layer, and vein leaflet (C} appearing as a 
bright structure. Calibration: 1 mm. 

media of a saphenous vein consists of circularly, or 
circularly and longitudinally disposed, smooth-mus- 
cle cells and collage n and few elastin "fibers. 

Initially a normal vein was recognized as a non- 
layered homogeneous vessel wall on ultrasound. 4, 34 
Willard et al. 34 established a good correlation be- 
tween ultrasound imaging (20 MHz) and histologic 
analyses, with the ability to distinguish among nor- 
mal intima, intimal hyperplasia, vein wall fibrosis, 
and atheromatous plaque. Wall thickness was sig- 
nificantly greater in the vein grafts after long-term 

implantation than in the freshly harvested veins 
(mean thickness 1.4 +_ 0.5 mm vs 0.7 +_ 0.2 mm, re- 
spectively); this finding correlated histologically with 
vein wall fibrosis. 

Similar observations were made by van der Lugt 
et al. 35 The ultrasound images (30 MHz) portrayed 
the vein wall as a two-layered structure that  consists 
of a hypoechoic inner layer representing the tunica 
intima and media and a hyperechoic outer layer rep- 
resenting the adventitia (Fig. 4). 35 The median 
thickness of an apparently normal vein wall mea- 
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Fig. 5. Intravascular ultrasound cross-sections obtained 
in vivo show echogenicity of stagnated blood, which causes 
difficulty in discrimination of luminal boundary on still- 
frame (left). Saline flush eliminates presence of blood 
(right). At 4 o'clock position, vein is seen. Calibration: 1 
mm. 

sured on ultrasound was 0.3 mm (range 0.1 to 0.5 
mm). Thickening of the vein wall was visible as a ho- 
mogeneous structure within the outer hyperechoic 
layer (Fig. 4). In the absence of calcification, no clear 
difference in ultrasound appearance was found be- 
tween the arterialized vein wall and the vein wall 
with preexisting thickening. 4 The presence of leaf- 
lets in the venous segments was readily seen on in- 
travascular ultrasound: they appear as echogenic 
lines within the lumen (Fig. 4). 

DIFFERENCES BETWEEN IN VITRO AND IN VIVO 
SETTINGS 

Although in vitro studies are necessary to under- 
stand the images acquired in patients, several dif- 
ferences between in vitro and in vivo use ofintravas- 
cular ultrasound should be taken into account. One 
important difference in coronary imaging is the 
presence of a beating heart; other differences include 
the influence of blood and blood pressure. 

Influence of blood. Because the velocity of sound in 
saline differs from that  in blood, intravascular ultra- 
sound studies performed in an in vitro setting with 
saline solution result in higher quantitative values 
than in vivo studies in which blood is the medi- 
um.36, 37 For this reason, the ultrasound system 
should be properly calibrated to allow correct mea- 
surements during clinical use. 

In clinical studies the scatter intensity of flowing 
blood may facilitate recognition of vascular damage, 
such as dissection and media rupture, on real-time 
images by serving as a contrasting acoustic inter- 
face. 37 In still frames, however, quantitative analy- 
sis of the ultrasound image may be hampered be- 
cause the intensity of blood scatter may be similar in 
magnitude to vessel-wall scatter, thus causing diffi- 

Fig. 6. Example of rendered ANGUS reconstruction of 
right coronary artery as observed in frontal projection. To 
enhance 3D aspects, some arbitrarily chosen highlights 
are added on surface of solid wall of lumen. Arterial wall 
is shown as transparent material. (From Slager et al. Tho- 
raxcenter J 1995;7:(3)36-7.) 

culty in discrimination of the luminal boundary (Fig. 
5). Temporal averaging of the images to some extent 
solves this problem but introduces smearing of the 
vessel wall. 37 Similarly, difficulties in interpretation 
may occur when the echogenicity of stagnant blood 
increases (Fig. 5). In these instances, saline flush 
should be applied to eliminate the echogenic 
blood.3O, 37 

Influence of blood pressure. Although initial intra- 
vascular ultrasound studies in vitro were not com- 
monly performed under physiologic pressure, no 
noticeable differences in vessel wall and plaque 
morphologic features are expected to be found. Phys- 
iologic pressure may result in an increase in lumen 
area and in a thinning of the three-layered arterial 
wall.11, 12, 38 

FUTURE IN VITRO RESEARCH 

Future in vitro research with intravascular ultra- 
sound should aim to increase the diagnostic differ- 
entiation of plaque morphologic characteristics and 
to facilitate on-line quantitative assessment of vessel 
geometric structure. These goals may be achieved by 
the following modalities: higher ultrasound fre- 
quency, radiofrequency signal processing, contour 
detection, three-dimensional (3D) imaging, and elas- 
tography. 

Higher ultrasound frequency. Use of a higher ultra- 
sound frequency offers better axial and lateral reso- 
lution and consequently more diagnostic information 
on morphologic features, particularly in small coro- 
nary arteries. Image quality improves when an 
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ultrasound frequency >40 MHz is used, 3, 11, 39 but  for 
technical reasons, these higher frequencies are not 
yet applied clinically. 

Radiofrequency signal processing. Conventional in- 
travascular ultrasound images are composed of a 
great number of scan lines, and the demodulated 
echo information is displayed as the echo amplitude; 
tissue characterization based on these images is 
limited. Current intravascular ultrasound systems 
can reliably distinguish between noncalcified (soft) 
and calcified (hard) lesions (Fig. 2). However, they 
are unable to distinguish soft lesion in fibrocellular 
lesion, fibrous lesion, and thrombus; moreover, the 
sensitivity of these systems for the detection of lipid 
is low.  18' 19 Clinically, there is a need for improved 
delineation of the lesion composition. The introduction 
of radiofrequency signal processing in intravascular 
ultrasound imaging may enable better tissue charac- 
terization. 4°-42 In addition to the demodulated echo 
amplitude, radiofrequency signal processing provides 
spectral and phase information. The results obtained 
from in vitro studies suggest that these parameters 
may be effective for tissue characterization. 41, 42 

Contour detection. Quantitative analysis of clinical 
intravascular ultrasound data is a time-consuming 
off-line technique. So far, on-line analysis is based on 
semiquantitative assessment. On-line quantitative 
analysi s using automatic contour detection based on 
echo amplitude information is seriously hampered 
by the intensity of blood - scatter in vivo, which may 
have a magnitude similar to vessel-wall scatter (Fig. 
5). On the basis of the correlation of radiofrequency 
traces, a better discrimination between blood and 
vessel wall can be achieved. 43 This technique can 
markedly enhance the accuracy of the quantitative 
data and will enable direct reintervention based on 
reliable quantitative intravascular ultrasound data. 

3D imaging. In vitro validation is mandatory for 3D 
intravascular ultrasound. Two-dimensional images 
are acquired at varying depth with use of a pull-back 
device a~d afterward reconstructed in 3D. Conven- 
tional 3D visualization of vessels is already possible 
in intravascular ultrasound and provides additional 
geometric information. 44 The combination of biplane 
angiography with 3D ultrasound imaging (ANGUS) 
may overcome the limitation of "conventional" 3D 
reconstruction, which images each vessel as an 
almost straight tube. 45 Application of the ANGUS 
technique may improve 3D quantitative studies of 
changes in the geometric characteristics of the ves- 
sel wall and lumen after intervention (Fig. 6). Fur- 
thermore, these geometric changes may be studied 
quantitatively in relation to blood flow-derived pa- 

rameters, such as shear stress, on the basis of the 
principles of fluid dynamics. Another field of interest 
is the assessment of tissue characterization over a 
3D volume. 42 Skill in on-line bedside 3D visualiza- 
tion of lipid pools is a clinical challenge, and the pro- 
cedure needs to be validated in in vitro experiments. 

Elastography. Elastography is an important future 
application of radiofrequency signal processing to 
intravascular ultrasound. This technique applies a 
(quasi)static or dynamic stress to the tissue and then 
measures the strain by means of the phase informa- 

• tion obtained from the radiofrequency signals. 4°, 46-48 
From this information, the local elasticity of tissue 
can be determined. Knowledge of the local elasticity 
is important for tissue characterization and for stent 
design. However, this technique must  first be devel- 
oped in vitro, and extensive study will be needed be- 
fore clinical application. 

CONCLUSION 

Information gleaned from in vitro ultrasound 
studies is indispensable for the understanding of ob- 
servations made in vivo. Furthermore,  it establishes 
which of the qualitative and quantitative intravas- 
cular ultrasound parameters are reliable and repro- 
ducible and thus may be used for clinical application. 
The challenge for the future is to establish whether 
ongoing in vitro research aimed at tissue identifica- 
tion, on-line bedside automatic quantitative assess- 
ment, and 3D reconstruction will increase the 
beneficial role of intravascular ultrasound for deci- 
sion-making during intervention. 

SUMMARY 

In vitro studies have established that  intravascu- 
lar ultrasound is a reliable technique for accurate 
assessment of vascular anatomic structure and dis- 
ease conditions before and after intervention. In ad- 
dition, quantitative data from intravascular ultra- 
sound studies correspond well with histologic 
findings, which serve as the gold standard. These in 
vitro studies permit the understanding and inter- 
pretation of ultrasound images obtained in vivo, al- 
though differences between the two settings should 
be taken into account. New ultrasound modalities 
currently being developed may enhance the diagnos- 
tic differentiation of plaque morphologic character- 
istics and facilitate on-line quantitative assessment 
of vessel structure. 
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