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Abstract. The aim of this work was to evaluate a new semi-automated intravascular ultrasound (IVUS) border
detection method. The method was used to identify the lumen and the external elastic membrane or the borders
of stents in 80 IVUS images, randomly selected from 10 consecutive human coronary arteries. These semi-
automated results were compared with observations of two experts. Several indices in each case were obtained
in order fully to evaluate the method. The time required for identification of the borders was also recorded. The
interobserver variability of the method ranged from 1.21% to 5.61%, the correlation coefficient from 0.98 to
0.99, the slope was close to unity (0.94-1.03), the y intercept close to zero and the Williams index value was
close to unity (range 0.67-0.91). The time (mean+SD) required for the method to identify the borders of the
different vessel layers for the whole IVUS sequence was 5.2 +0.2 min. The results demonstrate that the method
is reliable and capable of identifying rapidly and accurately the different vessel layers depicted in IVUS images.

Intravascular ultrasound (IVUS) generates cross-sec-
tional images of the coronary arteries with high temporal
and spatial resolution. IVUS has been used for the
evaluation of vessel wall morphology and dimensions [1-
5] and has become an important method in many clinical
and research applications [6-10].

IVUS cross-sectional images are generated by detecting
the scattered waves of the ultrasound signal while this is
passing through the vessel wall. A sequence of IVUS
images is acquired during the withdrawal of an IVUS
catheter through the artery. In each image, lumen, external
elastic membrane, atheroma, calcium, stent and remodel-
ling measurements can be performed [11].

The clinical applications of IVUS have been restricted
because IVUS artefacts (e.g. non-uniform rotational
distortion, guide wire shadow artefacts, ring-down effect
and blood speckle artefacts) can reduce the ability to
identify vessel wall layers and influence the accuracy of the
obtained measurements. Manual border detection in IVUS
images is laborious, time consuming and can be unreliable
in the hands of an inexperienced operator [12]. To
overcome these problems, automatic boundary detection
methods have been reported. However these methods have
not been able to resolve all issues related to reliability and
speed [13-17]. In order to overcome some of the problems
related to the usage of these previously reported auto-
mated methods we have developed a novel semi-auto-
mated method, which identifies accurately and quickly the
different layers of the vessel wall [18].

The objective of this study was to evaluate this novel
locally developed semi-automated method of IVUS border
detection in a clinical setting.
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Materials and methods

Study group

The study group consisted of 10 consecutive patients (6
male, age range 52-72 years), who underwent IVUS
examination for clinical purposes. The segments analysed
were located in the left anterior descending artery (3), right
coronary artery (5) and left circumflex coronary artery (2).
Arterial segments with side branches were excluded for the
purpose of this study, while segments with calcified plaques
were included. In five out of the 10 coronary arteries
assessed, stent implantation preceded the IVUS examination.

From each IVUS examination eight randomly selected
IVUS images, spaced >1.5 mm apart from each other,
were used for the validation of the method.

Intravascular ultrasound

The IVUS images were obtained using a 2.9 F, 30 MHz
catheter (Avanar F/X, Endosonics, USA; catheter size
29 F, length 150 cm, maximum guide wire 0.014",
minimum guide catheter 5 F, tapered tip 0.022").
Sequential imaging was obtained with the IVUS catheter
connected to a motorized pullback device operating at
a speed of 0.5 mm s~ '. IVUS images were acquired at a
standard rate of 10 frames s ' and were digitized in a
DICOM format. From each IVUS examination 60 s was
digitized. The calibration markers, displayed on the
digitized images, were used to derive the pixel size of
0.027 mm, which was used to calculate the cross-sectional
areas and the perimeters of the different regions of interest.

Automated contour detection method

The lumen and external elastic membrane borders in
each IVUS frame were extracted using the method
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described by Plissiti et al [18]. The method is based on the
principles of deformable models, and as a consequence, an
initial estimation of the borders is required. However, the
user’s interaction is limited to only the first frame of the
IVUS sequence, where an initial estimation for the lumen
and the external elastic membrane borders must be
provided. The method processes all frames automatically
in a sequence using the borders detected in the previous
frame as the initial parameters.

For each frame, initially a 3 x 3 median filter is applied
to reduce artefacts and blood speckle. A linear filter is used
for image enhancement. The initial estimation of the
desired border constitutes the deformable model, which
deforms finally to detect the border. In our model, the
searching space is limited using perpendicular line
segments to the initial contours, at even intervals. Pre-
defined points of the line segments are candidate points for
the desired border. The deformation of the model is based
on the minimization of its energy function. The points
corresponding to a global minimum of the energy function
constitute the detected border.

The position of each point of the deformable model is
given by the cartesian coordinates (x; y;). The energy
function, Eg,ake, 1S given as the sum of two terms,

N
Esnake = Z {Eim(xia Vi)t Eimage(Xi, yi)}

i=1

N
= Z {a[(xi—xi-1)* +i—yi1)’]

i=1
+b[(xim1 = 2xi+ X1 ) + o1 =20+ i) — g}

where Ej,, represents the internal energy of the model due
to bending and Ejn,g. is derived from image data. Factors
a, b and y are weights that regulate the contribution of
each term and g; is the image gradient of the (x;, y;) point.
The energy function is minimized using a Hopfield neural
network, combined with a simulated annealing schema
[18]. The nodes of the network correspond to image pixels.

The convergence of the network might result in points
that do not accurately describe the desired boundary, due
to the complexity of IVUS images. To detect smooth edges
that separate large regions of pixels having similar
intensity, the gradient of the image at a specific pixel,
which is incorporated in the image energy, is calculated
using the mean intensity value of four adjacent square
areas (windows) of fixed size. In this way, pixels with a
large image gradient corresponding to noise speckle, which
may have attracted the contour towards their position and
entailed an incorrect identification of the borders, are
excluded. We found that small distortions in the shape of
the final contour may cause abnormalities in the
specification of the searching area for the next frame.
For this reason, we look for smooth initial estimations for
the external elastic membrane border. From this the
convex hull of the extracted border points is calculated,
using the plane sweep approach [18].

In the images where calcified plaques exist, our method
is capable of overcoming this problem using knowledge
from previous frames [18]. The image segmentation
method is applied twice on the entire sequence of IVUS
frames. The first application results in the detection of the
media/adventitia border and the second in the detection of
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the lumen border. The first border imposes the limitations
in the searching space of the second border.

Validation of the proposed method

This new method was validated with regard to its ability
to detect the borders of the lumen, the external elastic
membrane and the stent against a gold standard. In order
to produce the gold standard, two expert observers
performed detection of the borders of the above layers
in each IVUS frame twice with a month’s interval between
the two examinations. The mean estimation of the four
total estimations was regarded as the gold standard. The
mean estimation was extracted using an interpolation
method [19].

The reproducibility of manual tracing was assessed by
computing the interobserver and intraobserver variability
for the area and perimeter of the regions of interest
(lumen, external elastic membrane and stent).

Several ways were used to evaluate the performance of
the method:

(a) The values of the areas and perimeters estimated by
the automated border detection and those that had
been detected by the two experts were compared
(interobserver variability), correlated (linear regression
analysis [20]) and finally their differences were
estimated and compared (Williams index [21]).

(b) The surfaces of the regions of interest (lumen, external
elastic membrane and stent) estimated by the auto-
mated border detection method were superimposed
with the ones estimated using the interpolation method
and the fit between the two corresponding surfaces was
estimated (non-overlapping area analysis [17], Williams
index for non-overlapping areas and Williams index
for Hausdorff and mean distance).

(c) The time needed in order for the proposed method to
detect the borders of the different layers in each IVUS
sequence was reported.

Statistical analysis

The interobserver variability of the two observers for the
values of area and perimeter was assessed by computing
the mean and the standard deviation (SD) of the
differences between the two observers’ estimations. The
intraobserver variability of each observer for the values of
area and perimeter was estimated by computing the mean
and the SD of the differences between the first and second
tracing of each observer. The interobserver variability of
our method was computed by assessing the mean and SD
of the differences between our method and the mean
estimation of the two observers.

For the linear regression analysis purposes, correlation
coefficients, slope and y interception were computed.

The Williams index (WI) was calculated according to
the following equation:

n
I 1L
HZD()_,'
j=
Wl= 50—
j

S (1)

1
1
P £ Dy

where 7 is the number of observers, D, is the average
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difference between observers and Dy ; is the disagreement
between our method and each observer. The Williams
index confidence interval was estimated using a jack knife
technique [21].

Williams index values close to unity imply that the
difference between the results produced by an under
evaluation method and the ones obtained by the observers
is not larger than the difference between the observers.
This suggests that the under evaluation method can be
considered equally accurate with the expert observers. The
non-overlapping area analysis in percentage was defined as
the ratio of the non-overlapping areas (X regions in
Figure 1) to the mean areas as they were extracted by the
interpolation method. The intraobserver variability of each
observer, the interobserver variability between the two
observers and the interobserver variability of our method
vs the expert observers were re-estimated using the non-
overlapping area analysis.

The intraobserver variability (Vi,..) was estimated by
the equation [17]:

A —A
Vintra = 1002' jl+A22', (2)

where A,— A, represents the value of the non-overlapping
areas, 244 s the area value of the mean estimation
of an expert observer, and N is the number of IVUS
images.

The interobserver variability (Vi) between the two
observers was estimated by the equation:

A—B
1nter— 1OOZ| A+B |a (3)

where 4 = % and B= @. A, B are the values of the
mean estimation obtained from the first and second
observer, respectively, using the interpolation method,

Figure 1. Two borders with the same area and perimeter value
corresponding to geometrically different regions of interest.
X indicates ratio of non-overlapping areas.
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A— B represents the value of the non-overlapping areas
between the mean estimations, 4+2 is the value of the
mean estimation of the two observers and N is the number
of TVUS images.

The interobserver variability (V,) of our method was
estimated by the equation:

1 N[ Cug— (452
Valgzﬁloozi‘ le ( 2 )|

A+B
2

where |Calg—(#)| represents the value of the non-
overlapping areas between our method and the mean
estimation of the two observers. The term C,, is the
estimation of our method.

The Hausdorff and mean distances were estimated after
the definition of corresponding points in the borders, which
had been detected by the observers and the automated
method. In order for the corresponding points to be defined
an ‘“‘object-based” method was used [19]. The Hausdorff
distance was defined as the maximum distance between the
corresponding points of two contours and the mean
distance as the average distance between the corresponding
points of two contours. A Hausdorff distance value close
to the mean distance implies similarity of the two detected
contours, whereas a high difference value between these
two distances implies dissimilarity (Figure 2).

Results

80 randomly selected frames were used for the valida-
tion of our method. 40 of the examined images were
obtained from stented coronary artery segments. In these
segments the experts, while being able to trace the stent,
were not able to detect the external elastic membrane
borders in 22 of the segments. In total, the method was
evaluated for its ability to detect the borders of: (a) the
lumen in 80 frames; (b) the external elastic membrane in 58
frames; and (c) the stent in 40 frames.

The interobserver and intraobserver variability of the
two experts for the lumen, external elastic membrane and
stent border based on the values of area and perimeter are
shown in Tables 1 and 2, respectively.

The interobserver variability between our method and
the two experts for the lumen area, the external elastic
membrane and the stent is shown in Figures 3-5,
respectively. Moreover the interobserver variability
between the proposed method and the two observers
was —1.03%+2.26 for the lumen perimeter, 0.04% 4+ 1.47
for the external elastic membrane perimeter and
—1.05+1.63 for the stent perimeter.

The linear regression analyses between our method and
the two expert observers for the lumen area, the external
elastic membrane area and the stent area are illustrated in
Figures 6-8, respectively. Moreover, for lumen perimeter,
external elastic membrane perimeter and the stent
perimeter the linear regression analysis produced slopes
of 1.03, 0.97 and 0.94, respectively, with y intercepts of
—0.22 mm, 047 mm, and 0.43 mm. The correlation
coefficients, between our method and the two observers,
for the lumen perimeter, the external elastic membrane
perimeter and the stent perimeter were 0.99, 0.99 and 0.98,
respectively.

The Williams index for area and perimeter values is
shown in Table 3.
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Hausdorff distance = mean distance

(a)

Hausdorff distance > mean distance

(b)

Figure 2. In figures (a) and (b) the non-overlapping areas are the same. The similarity in two border estimations is higher in figure
(a) where the Hausdorff and the mean distance have the same value than in figure (b) where Hausdorff is larger than mean distance.

Table 1. Lumen, external elastic membrane and stent area
variability. Results are presented as mean +standard deviation

Variability Lumen External elastic Stent
N=280 membrane N=58 N=40
Intraobserver (1) 1.924+4.77 0.34+2.65 0.164+3.57
variability (%)
Intraobserver (2) 0.60+3.84 0.15+1.87 0.87+3.64
variability (%)
Interobserver 0.974+4.38 0.85+2.07 1.10+2.94

variability (%)

The non-overlapping area analysis is outlined in
Table 4. The interobserver variability between our
method and the two observers for the non-overlapping
areas for the lumen, external elastic membrane and stent is
illustrated in Figures 9-11, respectively. The Williams index
for non-overlapping areas is given in Table 5. Finally the
Williams index for Hausdorff and mean distances are
shown in Table 6. The computer time required for the
extraction of the regions of interest in a sequence of 600
IVUS images was 5.24+0.2 min using a Pentium 4
computer with a 1.2 GHz processor and a 256 KB
RAM memory.

Table 2. Lumen, external elastic membrane and stent perimeter
variability. Results are presented as mean =+ standard deviation

Variability Lumen External elastic Stent
N=80 membrane N=58 N=40
Intraobserver (1) 0.89+2.74 0.37+1.67 0.2+2.36
variability (%)
Intraobserver (2) 0.574+2.31  0.02+1.40 0.624+2.19
variability (%)
Interobserver 0.5442.57 0.47+0.71 0.51+1.52

variability (%)
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Interobserver variability for the
lumen area (%): Automated method
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Figure 3. The interobserver variability between the contour
detection method and the two observers for the lumen area.
SD, standard deviation.
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Figure 4. The interobserver variability between the contour
detection method and the two observers for the external elastic
membrane area. SD, standard deviation.
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Interobserver variability for the
stent area (%): Automated method
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Figure 5. The interobserver variability between the contour
detection method and the two observers for the stent area. SD,
standard deviation.

Lumen area

= = +

3 20 - y=0.97x +0.17

e r=0.98

¥

S

s =

§ 2

< % 1

QE 10

~ <

= S

hegi=)

=3 51

=3

)

S-c

- 0 T T T .
0 5 10 15 20

Lumen area (Average Observer) (mm2)

Figure 6. Linear regression analysis of the automatic lumen
area vs manual tracing.
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Figure 7. Linear regression analysis for the external elastic
membrane area between the automatic and manual tracing.
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Figure 8. Linear regression analysis of the automatic stent
area vs manual tracing.

Table 3. Williams index (WI) and 95% confidence intervals
(CI) for areas and perimeters

WI CI (95%)

Lumen (area) 0.91 (0.89, 0.93)
Lumen (perimeter) 0.84 (0.82, 0.86)
External elastic membrane (area) 0.67 (0.64, 0.70)
External elastic membrane (perimeter) 0.81 (0.78, 0.84)
Stent (area) 0.82 (0.78, 0.86)
Stent (perimeter) 0.73 (0.69, 0.77)

Table 4. Interobserver and intraobserver variability for non-
overlapping areas. Results are presented as mean +standard
deviation

Variability Lumen External elastic Stent
N=280 membrane N=58 N=40

Intraobserver (1) 6.64+3.88 3.88+1.38 5.16+2.16
variability (%)

Intraobserver (2) 5.95+2.47 3.62+0.92 5.58+2.12
variability (%)

Interobserver 5.4042.86 3.2941.39 4.2341.36
variability (%)

Interobserver 5.614+2.79 3.754+1.05 4.99+1.39
variability
(automated
method)

Interobserver variability of our method concerning the
nonoverlapping areas for the lumen borders (%)
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Figure 9. The interobserver variability between our method
and the two observers concerning the non-overlapping areas
for the lumen borders. SD, standard deviation.
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Interobserver variability of our method concerning the
nonoverlapping areas for the external elastic membrane
borders (% )
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Figure 10. The interobserver variability between our method
and the two observers concerning the non-overlapping areas
for the external elastic membrane borders. SD, standard devia-
tion.
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Figure 11. The interobserver variability between our method
and the two observers concerning the non-overlapping areas
for the stent borders. SD, standard deviation.

Table 5. Williams index (WI) and 95% confidence intervals
(CD) for the non-overlapping areas

WI CI (95%)
Lumen 0.91 (0.90, 0.92)
External elastic membrane 0.79 (0.77, 0.81)
Stent 0.82 (0.81, 0.83)

Table 6. Williams index (WI) and 95% confidence interval (CI)
for Hausdorff distance and mean distance

WI CI (95%)
Lumen (Hausdorff distance) 0.88 (0.87, 0.89)
External elastic membrane 0.88 (0.87, 0.89)
(Hausdorff distance)
Stent (Hausdorff distance) 0.90 (0.88, 0.92)
Lumen (Mean distance) 0.90 (0.89, 0.91)
External elastic membrane 0.89 (0.88, 0.90)
(Mean distance)
Stent (Mean distance) 0.82 (0.81, 0.83)
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Discussion

IVUS depicts cross-sectional images of coronary arteries
which provide accurate information of coronary artery
morphology. Processing of such images by manual
segmentation of IVUS has restricted its clinical applic-
ability because manual processing is a tedious, difficult to
reproduce and time-consuming procedure and requires
considerable expertise. There has been considerable
research effort to develop accurate automated methods
for the detection of tissue and stent borders in IVUS
images. These methods have several limitations due to the
lack of homogeneity of tissue, and the high intensity
variation that occurs in sampled regions of interest in
IVUS images.

In an attempt to increase the clinical applicability of
IVUS we have developed a novel semi-automated contour
detection method. This method is based on the basic
principles of deformable models and involves the incor-
poration of a priori knowledge, provided by an expert
observer. The use of a Hopfield neural network makes the
application of our method in individual frames fast and
efficient. The method addresses common problems in
IVUS segmentation such as the computation of the
external elastic membrane in images where calcified lesions
are present. In addition, our method overcomes the blood
speckle artefacts and the guide wire shadow artefact,
which have been previously described [18].

Several indices have been used for the validation of the
fully automated method (e.g. automated method inter-
observer variability, Williams Index for area and peri-
meter, Hausdorff and mean distance to the detected
borders). This has been achieved by applying direct
comparison, linear regression analysis and non-overlap-
ping area analysis. Our results indicate that the accuracy
and the reliability of our method is high.

The reliability of the two observers is assessed using
interobserver and intraobserver variability. Interobserver
variability for area ranges from 0.85% to 1.1%, for
perimeter from 0.47% to 0.54% and for non-overlapping
areas from 3.29% to 5.4%. The above values confirm the
accuracy and the reproducibility of the two observers and
compare well with others reported in the literature [12].
The results demonstrate that the variability of the two
observers is higher for the lumen borders. The difficulty in
detecting the lumen border is probably caused by the
speckle artefacts and by the irregularities of the lumen shape.

Linear regression analysis results indicate that the
method is accurate. The slopes are close to unity, the y
intercept always close to zero and the correlation
coefficient is higher than 0.98 in all cases. The worst
performance according to linear regression is obtained for
the perimeter of the stent. This is due to the fact that
the segmentation algorithm placed the stent borders at the
pixels with the maximum image gradient and not at the
stent struts as the observers did (Figure 12).

For non-overlapping areas, the Williams index ranges
from 0.79 to 0.91. The obtained Williams index for the
lumen is higher than the Williams index for the stent,
although the interobserver variability (between the method
and the mean manual estimation) exhibits a lower value
for the stent. This discrepancy can be attributed to the low
interobserver variability (between experts) for the stent,
which decreases the value of the Williams index.
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(a)

(b)

Figure 12. Stent border detection in an intravascular ultrasound frame by (a) an expert observer and by (b) our automated segmen-

tation method.

The influence of the interobserver variability (between
the experts), according to the non-overlapping areas, on
the Williams index can be also demonstrated in the
external elastic membrane border. In this case the
relatively low value of the Williams index (0.79) stems
from the high agreement between the two observers and
not from the poor performance of our method. The above
remarks show that the interobserver variability must be
taken into account, when discussing values of the Williams
index.

Finally, the Williams indices for the Hausdorff distance
and values for mean distance are close to unity (range
from 0.88 to 0.90 and from 0.82 to 0.90, respectively). The
above results demonstrate that the borders detected by our
method have similar shape to those detected by the expert
observers.

The task of identifying the regions of interest in IVUS
images is a challenging one. Several algorithms have been
developed in order to trace automatically the lumen and
external elastic membrane borders and several methodol-
ogies have been used in order to assess their reliability
[12, 14-17, 22-24]. Our method has certain advantages. By
exploiting the similarity of sequential frames, user inter-
action is required only in the first frame of a sequence. The
modification of the energy function of the deformable
model makes the use of a Hopfield neural network feasible
for the minimization of the energy function, which results
in the reduction of the processing time for each frame. The
introduction of a new expression for the image energy
makes the method robust, resulting in accurate boundaries
for all images. Our validation methodology is a systematic
quantitative validation which employs additional quanti-
tative metrics in addition to the metrics introduced by
other researchers [12, 14-15, 17, 23-24]. These quantitative
metrics describe further characteristics of the algorithm
such as the shape similarity between the borders detected
by our method and those detected by the expert observers.

However, our method has certain limitations. First,
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some tuning of the parameters must be carried out, in
order to obtain acceptable values for the weight factors of
our deformable model’s energy function. In addition, the
proposed method cannot accurately extract the region of
interest in IVUS images where side branches exist. The
energy function is re-instated without manual intervention
in the following IVUS images, where no side branches exist.

In conclusion, this new semi-automated method for
border detection in IVUS images is able to determine
efficiently and quickly the lumen, external elastic mem-
brane and stent borders, overcoming previously reported
difficulties and thus extending the clinical applicability of
IVUS imaging.
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