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Three-dimensional Reconstruction of
Intracoronary Ultrasound Images
Rationale, Approaches, Problems, and Directions
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Abstract  Although intracoronary ultrasonography allows
detailed tomographic imaging of the arterial wall, it fails to
provide data on the structural architecture and longitudinal
extent of arterial disease. This information is essential for
decision making during therapeutic interventions. Three-di-
mensional reconstruction techniques offer visualization of the
complex longitudinal architecture of atherosclerotic plaques in
composite display. Progress in computer hardware and soft-
ware technology have shortened the reconstruction process
and reduced operator interaction considerably, generating
three-dimensional images with delineation of mural anatomy
and pathology. The indications for intravascular ultrasonogra-
phy will grow as the technique offers the unique capability of
providing ultrasonic histology of the arterial wall, and the need
for a three-dimensional display format for comprehensive

analysis is increasingly recognized. Consequently, three-di-
mensional imaging is being rapidly implemented in the cathe-
terization laboratories for guidance of intracoronary interven-
tions and detailed assessment of their results. However
exciting the prospects may be, three-dimensional reconstruc-
tions at present remain partially artificial because the true
spatial position of the imaging catheter tip is not recorded, and
shifts in its location and curves of the arterial lumen result in
pseudoreconstructions rather than true reconstructions. In this
report, we address the principles of three-dimensional recon-
struction with a critical review of its limitations. Potential
solutions for refinement of this exciting imaging modality are
presented. (Circulation. 1994;90:1044-1055.)
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of three-dimensional conceptualization of com-

plex structural morphology and pathology, ob-
jective computerized three-dimensional reconstructions
would facilitate both qualitative and quantitative analy-
sis and enhance our diagnostic capabilities. Intracoro-
nary ultrasound provides tomographic images of the
arterial lumen and wall components that are displayed
in a sequential fashion on the monitor screen. Concep-
tualization of the spatial relations of these components
and their pathology requires repeated review of the
recorded tomographic images. Computerized three-di-
mensional reconstruction allows the display of these
tomographic images in their longitudinal relation to the
proximal and distal segments and provides an objective
spatial picture and a potential gateway to quantification.
Other clinical advantages are a better understanding of
the pathoanatomy of the vessel wall and the application
of new parameters of wall dynamics, both of which may
help in guiding intracoronary interventions. Recently,
real-time three-dimensional reconstruction algorithms
have become available for on-line routine clinical use
and allow the arterial segment to be viewed in sagittal
and cylindrical display formats. In this report, we review

Q Ithough the experienced medical mind is capable
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the different approaches to three-dimensional recon-
struction and discuss the initial clinical results and
potential problems.

Three-dimensional Reconstruction Techniques

Three-dimensional reconstruction requires a series of
sequential steps: image acquisition, image digitization
and segmentation, and three-dimensional reconstruc-
tion and display (Table 1).

Image Acquisition

A sequence of cross-sectional images of a coronary
segment must be correctly sampled so that the relation of
the successive images to one another is known. After
digitization of the cross-sectional images, the coronary
segment can be reconstructed in three-dimensional space
by applying the selected algorithm and is then displayed
on the monitor screen, resulting as a volumetric image
with dimensions in the X, Y, and Z planes. The most
critical step is the correct acquisition of the sequence of
the cross-sectional images, with their optimal gray scale.
Two techniques can be used: (1) a continuous pullback at
a known rate along the examined coronary segment by
the use of motorized systems to achieve a uniform speed?
and (2) a sequential acquisition of adjacent cross sec-
tions, interspaced by constant intervals by a displacement
sensor>? (Fig 1). The ultrasound imaging catheter is
introduced through a small, sterile, disposable sensing
unit. The movement of the catheter activates a rotating
wheel that converts the linear movement into an elec-
tronic pulse train signal so that advancement or with-
drawal of the catheter is precisely digitized and wirelessly
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TasLE 1. Process for Three-dimensional
Reconstruction of Intracoronary Ultrasound
Images: Basic Steps

Step 1 Image acquisition

Step 2 Image digitization and segmentation
Step 3 Three-dimensional reconstruction
Step 4 Display and analysis

registered by a sterilizable unit to which the sensing unit
is mounted. The relative distance is mixed in the display
of the corresponding cross section on the monitor screen
to provide real-time position information. A built-in
interface allows direct connection of this device to a
computer system to enable three-dimensional recon-
struction. By reading digital position data from a dis-
placement sensor, a set of echographic slices can be
automatically acquired at a desired increment (minimum
interval: 0.1 mm).

Image Digitization and Segmentation

The sampled cross-sectional images are stored into a
digital format using a small-pixel matrix of at least
512x512 for optimal resolution and 8-bit gray scale to
preserve high definition of the image. It should be
realized that a trade-off always exists between the
resolution of the image and the speed of computer
processing. Image segmentation is the next necessary

TaBLE 2. Algorithms for Three-dimensional
Reconstruction of Intracoronary Ultrasound Images

Model Advantages
Wire mesh

Disadvantages

Not suitable for
objects of complex
geometry

Simple structures
require small
computer memory

Binary image Fully automated No definition of
wall components
Gray scale Visualization of Large computer

wall components memory

Long processing
time

step. Three different algorithms are presently used for
three-dimensional reconstructions (Table 2). In the
wire-mesh model, the contours separating different
structures are manually or automatically defined and
the contours of adjacent cross sections are intercon-
nected by straight lines. This method is far from ideal
for representation of structures with a complex geome-
try, and the method is now obsolete. In the threshold
method, a threshold intensity is defined to obtain binary
images in which all the voxels with an intensity above or
below the threshold are considered to belong or not to
belong to the object to be reconstructed. The advantage
is that this approach permits complete automation for
assessment of geometry, but gray scale information on

Fic 1. Catheter displacement-sensing device showing the sterile sensing unit (A), which is attached to the registration part in a sterile
plastic sheet (B). The ultrasound imaging catheter (C) is passed through the sensing unit into the intra-arterial sheath.
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SAGITTAL

CYLINDRICAL  LUMEN CAST

Fic 2. Display formats of three-dimensional reconstructed segments of arteries from intracoronary ultrasound images. Any longitudi-
nally cut plane from the voxel space containing the reconstructed arterial segment can be selected. If plane A-B is selected, lumen
patency and wall components are displayed in the sagittal format. In the cylindrical format, luminal topography and wall components are
visualized. Lumen cast format shows lumen morphology isolated from the arterial wall.

wall pathology is lost. Both methods and have been
largely replaced by methods preserving individual volu-
metric pixel gray scale, a method known as voxel
modeling.* This method allows detailed visualization of
the gray scale of the wall components, and three differ-
ent presentation formats are used: (1) the cylindrical or
hemicylinder format, (2) the sagittal or revolve format,
which supplements the cylindrical format, and (3) the
lumen cast format (Fig 2). The specific advantages of
each of these formats are presented in Table 3. The
availability of arterial wall data in a cubic matrix allows
volumetric quantification of individual wall components
including lumen, plaque, and media. Technical progress
has been so rapid that high-resolution, three-dimen-
sional reconstruction with detailed gray scale has now
become an almost on-line reality.

In our center, initial research in three-dimensional
reconstruction of vascular images has been focused on
the automatic detection of the boundaries of the lumen
and the media. This approach is a preliminary but
crucial step for the three-dimensional quantification of
lumen and wall pathology. After a temporal smoothing
of consecutive frames to reduce blood echogenicity and
enhance the lumen borders, a semiautomatic method of
contour detection is used to define the leading edge of
the blood vessel wall interface as well as the media
interface. The method is based on the application of a
minimum cost algorithm and on the use of dynamic

TasLE 3. Display Formats for Three-dimensional
Reconstruction of Intracoronary Ultrasound
Images: Format

Display Format
Cylindrical format

Advantage
Allows direct viewing of luminal surface

Allows direct assessment of lumen
patency and arterial wall pathology

Sagittal format

Lumen cast format Allows instantaneous analysis of the

lumen over entire segment length

programming techniques to find an optimal contour
based on a circular model. The method of analysis
developed at our center for contour detection requires
manual tracing to outline the boundaries of the endo-
thelial contour and the interface between the intima
and the hypoechoic media in the first cross section. The
manually traced contours are then used as a model to
define the search region and resample the rest of the
image into a polar coordinate format. For each frame,
the edge strength of both the lumen border and media
is calculated separately in all resampled pixels and used
to define the optimal contours through the data repres-
enting the strength of the edges (Fig 3). This method
has been validated in vitroS and in vivo® and has been
successfully used for automatic assessment of systolic
and diastolic changes of lumen cross-sectional area.

Three-dimensional Reconstruction

The voxel modeling method is applied to three-dimen-
sionally reconstruct the lumen and plaque, including the
detected contours.” To visualize a three-dimensional ob-
ject on a monitor screen, the reconstructed artery must be
projected to a two-dimensional space by a rendering
procedure. Three elements can be calculated from the
voxel model: (1) the distance of the voxel element, (2) the
gradient vector of the voxel surface, and (3) the original
gray texture. Combining these three elements in the
shading process enables visualization of the depth and
orientation of the arterial object and the original echo
intensity. Fig 4 shows a reconstructed three-dimensional
image in which the echolucent media surface is clearly
visible because of the preserved gray values of the echo-
graphic slices. When the media interface is indicated
automatically or manually in the image segmentation
procedure, the lesion volume can be encoded with differ-
ent colors to optimize visualization of the lesion and
normal arterial wall (Fig 5). It should be realized, how-
ever, that the three-dimensional reconstructions are par-
tially artificial and not true spatial reconstructions, since
the wall structures are not represented in their correct
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geometry because of the straight catheter line display.
Indeed, shifts in catheter position in the lumen or angu-
lation of the lumen during the acquisition are not ac-
counted for by presently available reconstruction systems

(Fig 6).
Display Formats

When the three-dimensional reconstruction process
is complete, various modalities of display are possible,
including derived two-dimensional images (transverse,
sagittal, and oblique views) and true three-dimensional
images (cylindrical—both closed- and open-shell for-
mat—and luminal cast formats) (Fig 2). While each
provides a unique view of the lumen and mural compo-
nents, their combination is often required to convey a
comprehensive perspective. In particular, the linking of
sagittal with cross-sectional (two-dimensional) views
offers an oriented landscape for both quantitative and
qualitative analysis, which can be exploited to overcome
device-related echo drop-out. Cylindrical images are
the most effective display format for qualitative exami-
nation of the vessel wall, providing a panorama of the
longitudinal relation of complex dissections and ensur-
ing optimal deployment of stents. While luminal casts
provide a unique perspective on the physiological end
point of advanced atherosclerosis —a three-dimensional
view of luminal encroachments—the value of this dis-
play format will remain limited until techniques for
spatial correction for catheter displacement have been
mastered.

Fic 3. Principle of semiautomatic boundary
detection in intracoronary ultrasound images.
A, Resampling of the image along scan lines; B,
ultrasound data in polar format; C, cost matrix
displaying low-cost values with high gray levels;
D, path determined by minimum-cost algo-
rithm; and E, luminal contour derived by trans-
ferring path back to the image coordinates.

Observer Interaction

The degree of observer interaction and influence of
the final image varies according to the algorithm de-
ployed for three-dimensional reconstruction (see Table
2). With the simpler algorithms (wire mesh and binary),
less user interaction is required, and the analysis should
become more reproducible and objective. With the gray
scale algorithm, preservation of the original echo-
graphic information enabling differentiation of the in-
dividual mural components can be achieved by the
experienced operator. Algorithms for automated blood
speckle subtraction are currently under development,
such as shown in Fig 3. However, the reliability of
automated edge detection will be dependent on the
image characteristics and the gray scale threshold se-
lected by the operator.

Quantitative Analysis

A potential advantage of the voxel modeling is that
each voxel is directly related to the volume element of
the three-dimensional object. Appropriate segmenta-
tion algorithms would allow calculation of volume and
quantification of lesion distribution longitudinally.
However, the plaque-media interface can only be de-
tected automatically in images of optimal quality and
with minimal disease. Therefore, manual interaction for
plaque-media border identification is necessary in most
instances, which is a tedious and a time-consuming
procedure. The sites of the minimal lumen area and
diameter, maximal lesion deposit, and highest area of
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Fic 4. Three-dimensional reconstruction of a proximal segment of the left anterior coronary artery examined immediately after
directional atherectomy. Residual plaque and position of the cuts (arrows) are clearly visible after three-dimensional reconstruction,
showing the arterial segment as two open hemicylinders (A). Cross section (B) at the site of one of these cuts gives only limited
information on the area and extent of plaque removal. A cut is also seen in the longitudinal format display (lower right in C). Note detailed
information on wall pathology and its distribution as a result of tissue gray value encoding. Longitudinal architecture of the media (m)

and plaque are clearly seen.

obstruction can be determined. Other parameters such
as the length of the calcified lesion and the length of the
lesion dissection/rupture could provide vital informa-
tion for quantitative assessment of the diseased vessel
and evaluation of the effect of therapeutic intervention
(Fig S5). A practical interactive approach for plaque
volume calculation is shown in Fig 7.

Limitations and Possible Solutions

Several factors may cause problems in three-dimen-
sional reconstruction (Table 4). The major critical fac-
tor in obtaining adequate results of the three-dimen-
sional reconstruction is the image quality of the basic
cross sections. An unreliable delineation of the intimal
border and absence or incomplete circumferential de-
tection of the hypoechoic media preclude three-dimen-
sional reconstruction and subsequent quantitative mea-
surements of lumen and plaque volumes. This is
particularly a problem when calcium shadowing ob-
scures the underlying wall.

The use of cross-sectional images distorted by non-
uniform rotation of a mechanically rotated beam may
create distortion in the reconstructed image, and plaque
may be either underestimated or overestimated in size®
(Fig 8). Three-dimensional reconstruction of branching

points presents a particular challenge for three-dimen-
sional reconstruction techniques, as the side branches
cannot be tracked very far because of the limited depth
of the echo penetration. However, plaque accumulation
at branching points (where atherosclerosis is often most
pronounced) can be detected easily in the reconstructed
image, and the position of side branches can be an
important landmark to obtain consistent focal acquisi-
tions in serial examinations. Noncoaxial positioning of
the catheter tip in a bending lumen will overestimate
the cross-sectional area of the lumen. The systematic
overestimation of lumen diameter or area by ultrasound
compared with angiography in most studies may be
partially explained by this phenomenon.® Another fac-
tor is cardiac motion during the cardiac cycle, which
may cause shifts in catheter position in the lumen (Fig
6); therefore, ECG-gated acquisition of the images
should be considered when large-sized coronary arter-
ies are studied. Structure shadowing by the guide wire
artifact present in some catheter systems can mask a
sector of 30° of the arterial segment (Fig 10). Catheters
must be designed so that no artifacts are present in the
image. Another critical factor concerns the correct
acquisition of the spatial sequence of cross-sectional
images. A fixed distance between adjacent cross sections
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is mandatory but difficult to achieve even with sophis-
ticated means such as a motorized pullback or a dis-
placement-sensing device. Bends in the ultrasound cath-
eter may induce differences between movement of the
tip and that of the proximal end of the catheter.
Another potential source of error is the rotation of the
catheter during pullback, causing a longitudinal mis-
match between the orientation of sequential images.

Curvatures of the vessel lumen or catheter may also
induce a predictable distortion of the three-dimensional
image that is reconstructed along a straight line con-
necting successive cross sections (Fig 9). As a result,
expansion or compression of plaques may occur, leading
to overestimation or underestimation of the volumes
measured from the reconstructed image. While spatial
location systems for the catheter tip are not commer-
cially available at present, reconstruction of the spatial
pathway of the ultrasound catheter tip during image
acquisition by biplane fluoroscopy may be feasible in the
near future. Recent experimental and clinical validation
studies of such spatially correct three-dimensional re-
construction using biplane digital cinefluoroscopy indi-
cate that the reliability of coronary measurements can
be significantly improved by radiographic spatial correc-
tion with less than 4 minutes’ additional patient study
time.10

The use of a miniaturized receiving antenna located
at the tip of the ultrasound catheter combined with
external electromagnetic radiating antennas in planes
perpendicular to the catheter axis has also been pro-
posed as a possible method to detect the orientation of
the ultrasound catheter.!! These approaches may allow
the reconstruction of the pathway of the catheter during
a pullback in three-dimensional space and be combined
with the three-dimensional reconstruction algorithm.

The Dotter effect of the first generation of intracor-
onary imaging catheters presents a significant problem
in the examination of stenoses and small vessels. The
possibility of stenosis modification should be borne in
mind in the analysis of luminal diameters of <1.6 mm.
The problem of Dotter effect from these catheters is not
limited to quantification of the true lumen: in a study
using 4.8F and 3.5F catheters, intracoronary ultrasound
failed to detect 15% of dissections after balloon angio-
plasty.12 This failure to detect dissections was believed
to be most likely due to a Dotter effect. The advent of
the new generation of 2.9F catheters is expected to
reduce the Dotter-related problems of overestimation
of coronary luminal stenoses and small vessels and the
underestimation of compressible mural components.

The limited resolution and failure to image structures
close to the catheter —“near-field artifact’>—can occur
with multielement electronic systems, which have nu-
merous transducer elements mounted circumferentially.
This problem may be overcome by the use of single-
element mechanical systems, whereby the distance from
the core transducer to structures in contact with the
catheter is extended.

In terms of cost and manpower considerations, the
estimated cost for a software program for three-dimen-
sional reconstruction is currently in the region of $6000.
Clearly, this price would be expected to fall when large
numbers are sold and additional competitors enter the
market. The minimal hardware requirement for pro-
cessing of the digitized data is a 486DX personal

computer, while the options for storage media continue
to expand, depending on budgetary restrictions and
preference for compression/decompression modes. Mo-
torized pullback systems are likely to cost approximately
$5000. The manpower requirements are also consider-
able. If real-time reconstruction is required in the
catheterization laboratory to immediately affect clinical
decision making, then any delay in data assimilation or
postprocessing will cost the accumulative man-hours of
the entire catheterization laboratory team. A typical
time required for three-dimensional reconstruction of a
17-mm coronary segment (pulled back at 0.5 to 1 mm/s)
is 90 seconds. Alternatively, three-dimensional recon-
struction for research purposes may be performed ef-
fectively at a later time outside the catheterization
laboratory, requiring the presence of only one person.
As each year goes by, considerable advances are made
in computational speed (586DX chips, coprocessors,
higher clock speeds, data storage formats with faster
read-write times). It is likely, therefore, that man-hour
requirements in 1996 will be significantly less than in
1994.

However, it appears that despite all these potential
problems, intracoronary ultrasound is superior to angi-
ography for the qualitative assessment of atherosclero-
sis and offers the unique potential for its quantification
in the future. It is likely that it will become the gold
standard in the assessment of peripheral and coronary
arterial pathology (Figs 4 and 10).

Clinical Experience
Assessment of Lumen and Plaque Volumes

While three-dimensional reconstruction plays a valu-
able role in all of the clinical applications listed in Table
5, its greatest potential contribution perhaps may be in
the study of progression-regression of preclinical ather-
omatous disease. While significant regression is unlikely
to occur at sites of advanced atherosclerosis containing
extensive calcification and fibrosis, regression frequently
occurs in coronary segments containing early coronary
atherosclerotic disease. Glagov et al'3 have shown that
vessels accommodate early atherosclerotic plaque by
peripheral (outward) expansion of the vessel wall with-
out angiographically detectable luminal narrowing (see
Fig 10). Three-dimensional intravascular ultrasound is
sensitive to the detection and quantification of such
early atherosclerotic disease and thus may be used to
both select and analyze coronary segments for the study
of progression-regression.

Rosenfield et al'4 proposed the application of auto-
mated edge detection algorithms for the analysis of a
three-dimensional lumen cast. With this method, a
rapid assessment of the minimal cross-sectional area
during interventions on peripheral arteries was possible
on-line in 19 patients.

Matar et al!5 use a motorized pullback handle to
obtain a uniform distance between consecutive cross
sections in the examination of 10 in vitro arterial
specimens and of the coronary arteries of 16 patients.
The volumes of the reconstructed lumen correlated well
with histology measurements and the results of biplane
quantitative angiography. The measurement of plaque
volume would allow a direct assessment of the progres-
sion-regression of atherosclerosis as a result of pharma-
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Fic 5. Facing page. Top, Consecutive cross sections at 2-mm
intervals of a segment of a femoral artery after balloon angio-
plasty. Plaque areas are clearly depicted after the image seg-
mentation procedure for object identification during three-di-
mensional reconstruction. Eccentric plaque and a dissection are
seen. Bottom, Cut-open view of the reconstructed artery shows
lesion dissection and eccentric distribution of plaque along the
segment. Brightness of voxels is computed from both the
gradient vector of the voxel and its depth to create depth
perception.

cological or dietary interventions!®-!7 and the effect of
physical and mechanical interventions. Galli et al!®
compared the measurements of plaque volume based on
the planimetry of consecutive cross sections at a fixed
interval with the measurements obtained with a direct
three-dimensional reconstruction with the true plaque
volume of a vessel phantom. Plaque volumes measured
with three-dimensional reconstruction overestimated
the true plaque volume of the phantom, whereas accu-
rate measurements were obtained from direct planime-
try of the echographic cross sections. Detailed informa-
tion on saphenous vein graft aneurysm structure was
recently published providing clues on its development.1®

Assessment of Interventions

Intracoronary ultrasound has the potential to quan-
tify plaque composition as well as dimensions. Such

information is of value in the selection of the type and
size of an interventional device and the guidance of the
interventional procedure itself. Calcification of the tar-
get coronary lesion has been reported in 76% to 83% of
the patients undergoing coronary angioplasty.2021 A
higher incidence and an increased depth and circumfer-
ential extension of the dissection after balloon dilata-
tion have been reported in calcified when compared
with noncalcified plaques.2!-23 In the presence of diffuse
subendothelial calcifications, a higher incidence of com-
plications and a smaller amount of retrievable material
was observed after directional coronary atherectomy.2!
Only with three-dimensional intravascular ultrasound,
however, the longitudinal and radial extension depth of
the calcific plaque components can be assessed along
the entire segment to be dilated.

Intravascular ultrasound has been used before and
after interventions to identify the mechanism of balloon
dilatation. Wall stretching and wall dissection have been
reported as the main operative mechanism of balloon
angioplasty in coronary?+25 and peripheral arteries.2s A
significant plaque compression (absolute reduction of
plaque area) has been reported more recently.?’” A
possible reason of these discrepancies is the unavoid-
able difference in the examined arterial cross section
before and after interventions. The measurement of
plaque volume after three-dimensional reconstruction
along the entire dilated segment can provide a more

Fic 6. Three-dimensional reconstruction of a coronary segment with superficial fibrocalcific atherosclerosis (A). Cyclic oscillation of the
fibrocalcific area is best seen on the sagittal display and results from shifting catheter position in the lumen (B). Underlying structures
are not displayed as a result of the shadowing effect shown on the tomographic cross section in C.
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Fic 7. Schematic: Simplified approach to calculate plaque volume from intravascular ultrasound images and three-dimensional voxel
space. Four longitudinal cross sections are selected around the circumference of the coronary segment (see Fig 4B). In each of these,
the blood-intima and plaque-media borders can be traced manually. Interpolation of the structure boundaries at each cross-sectional
plane allows the calculation of the plaque volume (Vp) in the reconstructed segment.

reliable assessment of the plaque changes brought
about by the dilation process.

Pathology studies have shown that diffuse plaque
disruption is one of the predominant mechanisms of
lumen enlargement after balloon angioplasty.28 In the
presence of complex intraluminal flaps, angiography
shows the presence of filling defects in a minority of
cases. Intravascular ultrasound is more sensitive than
angiography in the detection of intraluminal flaps after
coronary interventions.??32 The standard cross-sec-
tional display, however, does not show the longitudinal

TasLe 4. Three-dimensional Reconstruction of
Intracoronary Ultrasound Images: Limitations

Related to image quality
Poor definition of the intimal border (blood echogenicity)

Poor definition of the plaque-media border (absence of
hypoechoic media)

Shadowing by calcium
Noncoaxial position of the catheter tip (elliptical distortion)
Nonuniform rotation of the transducer

Related to acquisition

Vessel curvatures may induce distortion of the reconstructed
image

Catheter tip position shifts in the lumen

Twisting of the catheter during pull-back induces mismatch
between orientation of sequential two-dimensional images

Luminal area may change throughout the cardiac cycle

relation of these complex intraluminal flaps. On-line
three-dimensional reconstruction would allow an imme-
diate assessment of the wall changes induced by vascu-
lar interventions. The prognostic value of these findings
in the prediction of immediate outcome and restenosis
has been reported recently.

From the on-line and off-line analyses of the intra-
vascular ultrasound examination of 52 peripheral and 22

ELEMENT ROTATION DISPLAY

A @ownes&o@ C
5 @ % D

EXPANSION

Fic 8. Diagram explaining the principle of image distortion
induced by nonuniform rotation of the ultrasound source (rotat-
ing crystal or mirror). Cross-sectional images A and B are
displayed assuming a constant circumferential speed of rotation
of the transducer so that plaque of the same dimensions (gray
area in A and B) is displayed smaller (C) or larger (D) when the
rotation is faster or slower in the corresponding radiants.
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LONGITUDINAL DISTORSION PROBLEM WITH LINEAR CATHETER REPRESENTATION
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Fic 9. Diagrams showing potential distortion in three-dimensional reconstructed images of arterial segments as a result of curvatures
of the catheter (or artery) and its position in the lumen. Curvature will result in sampling of a smaller area (A) at the concave site of the
catheter; a larger area (B) is sampled at its convex site. This will result in an expanded area A and a compressed area B on the display.
Cross sections representing oblique cuts are larger on the display, and their longitudinal relation is distorted because of the display of
the catheter path as a straight line. This problem is amplified in diagram B. Also note that the reconstructed segment is longer than in

reality as a result of the straight catheter display.

coronary arteries, Rosenfield et al3435 have shown that
sagittal reconstructions facilitate the analysis of dissec-
tions and the detection of tunneling of a false lumen in
the recanalization of total occlusions. Coy et al*¢ have
reported an excellent agreement between three-dimen-
sional reconstruction of intravascular ultrasound images
and pathological findings in the evaluation of length and
depth of post—balloon angioplasty dissection in arteries
without diffuse intimal calcification.

Recent reports3’-3¢ have shown the usefulness of
computer-assisted three-dimensional reconstruction in
the identification of the true lumen and of the length of
dissection before stenting as bail-out for extensive dis-

section after coronary angioplasty. After stenting,
three-dimensional reconstruction allows the measure-
ments of longitudinal and radial dimensions of these
poorly radiopaque vascular prostheses.?® The normal
appearance of the stent in contact with the vessel wall
has been described and defined as a ‘“cobblestoned”
appearance. The technique has been shown to facilitate
the detection of an incomplete expansion of the stent.
Segments with an incomplete apposition between stent
and vessel wall, a condition with increased risk of acute
thrombosis, are more easily identified.

Intravascular ultrasound has been reported as a clin-
ically useful tool in the guidance and assessment of the

Fic 10. A, Three-dimensional reconstruction of a segment of the left anterior descending coronary artery showing a large eccentric soft
plaque (large arrows). The longitudinal extent is also clearly seen in the sagittally cut plane shown on B, also demonstrating the wide
open lumen of the segment. Note the localized vessel wall expansion compensating for the encroachment of plaque on the lumen
(localized Glagov effect). Some Dotter effect caused by the catheter is also seen (small arrows). Eccentric plaque is visualized in the
cross section obtained in the middle of the plaque (C). Strut artifact in the 11 to 2 o’clock position obliterates wall structure information
over a segment of 30° (sectors indicated by small arrows) and affects the reconstructed image (small arrows in A). D, Coronary
arteriogram of the reconstructed segment. A wide patent lumen is present, and no information on the wall pathology is obtained.
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TasLe 5. Clinical Applications of Three-dimensional
Reconstruction of Intracoronary Ultrasound Images

Quantification of vascular dimensions
Luminal and plaque volumes
Study of restenosis and progression-regression
Interventional guidance
Selection of interventional device type and size

Avoidance of atherectomy in presence of extensive
calcification

Dimensions and type of stent to be developed
Guidance of interventional procedures

Assessment of persistent plaque burden and direction of
atherotome cuts

Optimize stent deployment to ensure symmetrical and
uniform stent inflation

Comprehensive evaluation of interventional mechanisms
and complications

Examination of complex spiral dissections for bailout
stenting

results of directional atherectomy?+4® (Fig 4). Recent
reports have shown that three-dimensional reconstruc-
tion facilitates the orientation of the cutter in relation to
side branches and the detection of deep cuts or spiral
cuts from rotation of the atherectomy catheter during
cutting.#! The clinical utility of intravascular ultrasound
in planning and guidance of a variety of transcatheter
treatment modalities has been reported in 88 patients.
Mintz et al*? have suggested a specific usefulness in
these cases of on-line three-dimensional reconstruction.
A more negative experience has been reported by
Ferguson et al.** The therapeutic strategy was influ-
enced by intravascular ultrasound in 39% of the cases,
but no changes in the planned strategy were decided
based on the results of the three-dimensional recon-
struction of the echographic cross sections. Initial expe-
rience with three-dimensional reconstruction indicates
that complications such as dissection are readily de-
tected and quantified.

Future Directions

Three-dimensional reconstruction of intravascular ul-
trasound images has great potential for the quantitation
of volumetric changes of lumen and atherosclerotic
plaque. This opens horizons for studying the natural
history of atherosclerosis and will become the principal
method to study the progression and regression of
atherosclerosis in the future. Longitudinal views show
the coronary segment architecture currently unavailable
from the original tomographic images and multiple
orthogonal views not available from angiography. Real-
time intracoronary ultrasound images can be combined
with guide wire high fidelity pressure and flow velocity
recordings and will allow detailed studies of coronary
physiology and physical properties of the vessel wall.
Clearly, including longer arterial segments from three-
dimensional reconstructions would further improve the
reliability of results. Recent developments in on-line
reconstruction combined with complex computer algo-
rithms, which calculate the stress distribution in a plaque

on the basis of its composition and spatial architecture,
may guide interventional device selection and predict both
the results and likelihood of complications.4

Conclusions

Intracoronary ultrasonic imaging provides unique to-
mographic images of luminal morphology and mural
pathology. By virtue of the complex spatial distribution
of arterial atherosclerotic disease, a three-dimensional
display format is mandatory for comprehensive assess-
ment. This is of particular value in the guidance of
therapeutic interventions and assessment of both the
immediate and long-term results. Recent developments
in computer technology have significantly increased the
practicality of three-dimensional intracoronary ultra-
sound, which now is rapidly becoming an integral com-
ponent of interventional procedures in the catheteriza-
tion laboratory. However, many persistent limitations
must be solved before it can be implemented as a
reliable tool for clinical decision making.
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