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Figure 5. M-CSF activated FRK, Akt, and up-regulated Bcl-xL expression in
diffcrentiated H9¢2 cclls. H9¢2 cardiomyocytes (A and B) or H9¢2 myotubes
(C and D) were stimulated with M-CSF (100 ng/ml) for the indicated time
periods, and then the cell lysates were blotted with antibodies specific for the
activated form of ERK (phospho-ERK), Akt (phospho-Akt), Jak1 (phospho-
Jak1), Statl (phospho-Statl), Stat3 (phospho-Stat3), or phosphorylated Bad
{(phospho-Bad). The membrances were reblotted with antibodics to total ERK,
Akt, Jak1, Stat1, Stat3, or Bad, respectively. Fxpression of M-CSF-R or Bcl-xL
was confirmed by blotting the membrane with specific antibodies. Similar
results were obtained from three independent experiments,

(Figure 5C). M-CSF gradually up-regulated Bcl-xL ex-
pression until 48 hours (Figure 5D) but did not phosphor-
ylate Bad at Ser112 (Figure 5D).

The Role of M-CSF-Induced Akt and ERK
Activation in VEGF Production and Cell Survival
in Differentiated H9c2 Cells

M-CSF increases VEGF production through Akt activation
in skeletal muscles. To determine the role of Akt activa-
tion in H9c2 cardiomyocytes VEGF production, H9c2
cardiomyocytes were treated with Aki-specific inhibitor
LY294002, and the culture supernatant was assayed by
ELISA. LY294002 and M-CSF treatment for 2 days signif-
icantly impaired VEGF production in H9c2 cardiomyo-
cytes (Figure 6A). LY294002 and M-CSF treatment for 3
days further decreased VEGF production, and the VEGF
level became less than the detection level (Figure 6A). To
determine the role of ERK and Akt activation after M-CSF
treatment in differentiated H9c2 cell survival, differenti-
ated H9c2 cells were treated with LY294002 or the ERK-
specific inhibitor PD98059. PD38059 inhibited ERK acti-
vation and LY294002 inhibited Akt activation in H9c2
cardiomyocytes (Figure 6B). Similar results were ob-
tained from H9c2 myotubes (data not shown). PD98059
enhanced H,0,-induced cell death of H9¢2 cardiomyo-
cytes (Figure 6C). The protective effect of M-CSF was
impaired by PD98059; however, M-CSF significantly pro-
tected H9c2 cardiomyocytes from cell death (Figure 6C).
A similar result was obtained from LY294002 in H9c?
cardiomyocytes (Figure 6C). In H9c2 myotubes, PD
98059 enhanced H,0,-induced cell death, and PD98059
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Figure 6. The role of M-CSF-induced Akt and ERK activation in VEGF
production and cell protection in differentiated H9¢2 cells. Az H9¢2 cardio-
myocytes were cultured with M-CSF and 10 pmol/L LY 294002 for the indi-
cated time periods. The culture medium was changed daily and FLISA
derermined the VEGF level. B: H9¢2 cardiomyocytes were incubated with 30
pmol/L PD98059 (PD) or 10 pwmol/L LY294002 (Ly) for 30 minutcs, then
stimulated wirh M-CSF (100 ng/ml) and inhibitors, and analyzed as described
in Figure 5. C: Differentiated H9¢2 cells were stimulated with indicated
amount of M-CSF with PD98039 (30 pmol/L) or LY294002 (10 pmol/L) for 24
hours. Then the cells were stimulated with H,0, (40 pmol/L) for 8 hours, and
WST assay determined the dead cclls. M-CSF (0 ng/ml) in cach group is
considered as 100%, and relative cell death rates in each group are shown.
*P < 0.03 compared with 0 ng/ml M-CSF in cach group. Similar results were
obtained from three independent experiments. D: H9c2 cardiomyocytes
were incubated with reduced concentrations of PD98059 (6 pmol/L) or
LY294002 (2 pmol/L). Left: H9¢2 cardiomyocytes were trealed with PD98059
or LY294002 for 30 minutes, stimulated with M-CSF (100 ng/ml) and inhib-
itors, and then analyzed as deseribed in Figure 5. Right: H9¢2 cardiomyocytes
were treated with PD98059, LY294002, or without inhibitors (control) with
(100 ng/ml) or without (0 ng/ml) M-CSF for 24 hours. Then the cells were
stimulated with 1,0, (40 pmol/L) for 8 hours, and dead cells were assessed
by WS assay. In each inhibitor group, dead cells at 0 ng/ml M-CSF are
considered as 1009, and relative cell death rates at 100 to 0 ng/ml M-CSF in
each inhibitor group are shown. *P < 0.02 compared with 0 ng/ml M-CSF in
each group.

abolished the protective effect of M-CSF (Figure 6C).
LY294002 enhanced H,O.-induced cell death in H9¢c2
myotubes; however, M-CSF significantly protected H9¢c2
myotubes from cell death (Figure 6C). Moreover, a dose-
response experiment of PD98059 or LY294002 was per-
formed to observe ERK or Akt phosphorylation and cel-
lular survival of H9c2 cardiomyocytes (Figure 6D). Similar
results were obtained from H9c2 myotubes (data not
shown). VEGF protected myogenic cells from cell death.** To
confirm whether the cell survival effect of M-CSF de-
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Figure 7. M-CSF promotes angiogenesis in goat heart after myvocardial infarction. The goat left anterior descending coronary artery was permanently ligated, and
the goats were sacrificed on day 14. M-CSF indicates goats intravenously injected with M-CSF shortly after the coronary anery ligation daily until day 13. Controls
were injected with saline. Paraffin sections were stained with H&F (A—C, E-G, L, J, L, and M), Masson's elastic stain (D and H), and anti-factor VIII-related antigen
antibody (K and N). A and E: Left anterior descending coronary artery ligation induced myocardial infarction. Arrowheads indicate cardiomyocytes in ischemic
lesions. (B, C, F, and G) Microscopic observations indicated the cardiomyocytes in the ischemic lesions were dead. D and H: The green staining indicates fibrosis
or scars in hearts. I, J, L. and M: The microvessels in ischemic lesions. K and N: The microvessels in ischemic lesions were immunohistochemically stained with
anti-factor VlIl-related antigen antibody, ©: M-CSF significantly increased microvessel density in ischemic lesions (*P < 0.01, n = 3 per group). The images
represent one of three goats in each group. Scale bars: 200 wm (B and F); 20 um (C, G, J, K. M, and N} 100 um (I and L).

pends on VEGF, H9c2 cardiomyocytes and myotubes
were cultured with an anti-VEGF antibody and M-CSF.
Incubation with anti-VEGF antibody did not impair the cell
protective effect of M-CSF from H.O, stimulation sug-
gesting that the effect of M-CSF was not VEGF-depen-
dent (data not shown).

M-CSF Promotes Angiogenesis in Goat Ischemic
Heart after Permanent Coronary Artery Ligation

M-CSF treatment elevated systemic VEGF level in mice
from a nondetectable level to potentially therapeutic lev-
els.'™" The cell protective and angiogenic effects of
M-CSF in vivo were examined using goats as a large

animal model for myocardial infarction. Large animal
models are necessary for evaluating growth factor-in-
duced therapeutic angiogenesis,®> and we have used
goats for developing artificial heart devices.?” We in-
duced myocardial infarction by permanent left anterior
descending coronary artery ligation. The coronary artery
ligation resulted in LV infarction (Figure 7, A, D, E, and H).
Macroscopically, M-CSF seemed to promote cardiomyo-
cyte cell survival in ischemic lesions in comparison to the
controls (Figure 7, A and E; arrowheads). Microscopy
indicated that cardiomyocytes in ischemic lesions were
dead cells in the controls (Figure 7, B and C). At low
magnification, M-CSF seemed to protect cardiomyocytes
from cell death in ischemic lesions (Figure 7F). However,
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Figure 8. M-CSF pretreatment improved cardiac function after ischemic injury. M-CSF indicates goats intravenously injected with M-CSF daily for 3 days, whercas
the control indicates goats injected with saline. The goat left anterior descending coronary antery was occluded for 30 minutes and then reperfused. A—C:
Hemodynamic parameters before and during 30 minutes of left anterior descending coronary artery occlusion followed by 90 minutes of reperfusion are shown
Representative LVP records (A), representative positive dP/dt (B), and representative negative dP/dt (C) of control and M-CSF-treated goats. LVEDP, positive and
negative dP/dt recovered in M-CSF-treated goats after reperfusion. D: Arrowheads indicate infarct areas. Compare arrows, which indicate wall contraction of
nonischemic arca at end systole, to arrowheads. In the infarct arca, cchocardiography shows dyskinetic wall movement in controls, whereas akinetic wall
movement is shown in M-CSF-treated goats. Data are representative of three goals in each group.

at high magnification, most of the cardiomyocytes were
dead (Figure 7G). Microvessels were observed in the
ischemic lesions of control goats (Figure 7, | and J), and
M-CSF treatment increased the number of microvessels
(Figure 7, L and M). To confirm the microvessel density,
we immunohistochemically stained goat hearts with anti-
factor Vlll-related antigen antibody (Figure 8, K and
N).”#?* M-CSF significantly increased microvessel den-
sity in ischemic lesions by 226% (Figure 70). These
results suggest that M-CSF promoted angiogenesis and
induced collateral blood vessels in the ischemic heart.
The infarct area quantification showed no significant dif-
ference between control and M-CSF-treated goats (con-
trols, 30.4 = 5.2%; M-CSF, 24.3 = 2.1%). The residual
presence of nuclei and cross striations in dead cardio-
myocytes in ischemic lesions by M-CSF treatment (Figure
7@G) suggests that the cardiomyocytes survived longer
than control cardiomyocytes (Figure 7, C and G), but
M-CSF-induced new vessels could not reach cardiomy-
ocytes in ischemic lesions before their death.

M-CSF Pretreatment Improved Cardiac
Function after Ischemic Injury Induced by
Coronary Artery Occlusion-Reperfusion

Erythropoietin treatment did not change the infarct size,
but it improved cardiac function in the rat coronary artery
occlusion-reperfusion model.® Pretreatment with stem
cell factor and G-CSF improved cardiac function after
myocardial infarction.” To confirm further the effects of
M-CSF in myocardial infarction, goats were pretreated
with M-CSF for 3 days, and then myocardial infarction
was induced by 30-minute left anterior descending cor-
onary artery occlusion followed by reperfusion.>?® Car-
diac function was assessed by measuring hemodynamic
parameters using catheterization analysis and examining
echocardiography. Echocardiographic examination showed
no significant differences in basal findings in cardiac
function in both groups. Catheterization analysis showed
the LV pressure (LVP) records of control and M-CSF-
treated goats (Figure 8A). LV end diastolic pressure



(LVEDP), which can influence overall cardiac function,?
increased after the left anterior descending coronary ar-
tery occlusion in both groups. In controls, the LVEDP did
not recover after reperfusion, but in M-CSF-treated goats,
the LVEDP gradually recovered after reperfusion (Figure
8A), and at 90 minutes after the reperfusion, the LVEDP of
M-CSF treated goats was significantly better than that of
control goats (controls, 10.62 = 0.98 mmHg; M-CSF,
7.61 £ 0.83 mmHg; P < 0.02). Positive and negative
dP/dt are measures of overall cardiac contractility and
relaxation, respectively.* Positive dP/dt decreased after
the left anterior descending coronary artery occlusion
both in control and M-CSF-treated goats (Figure 8B).
After reperfusion, positive dP/dt did not recover in control
goats (Figure 8B). In M-CSF treated goats, positive dP/dt
gradually recovered after reperfusion and finally reached
similar dP/dt levels before the occlusion (Figure 8B). At
90 minutes after the reperfusion, the positive dP/dt of
M-CSF-treated goats was significantly better than that of
control goats (controls, 886 * 103 mmHg; M-CSF,
1506 = 125 mmHg; P < 0.01). Moreover, recovery of
negative dP/dt after left anterior descending coronary
artery occlusion-reperfusion was observed only in M-
CSF-treated goats (Figure 8C). At 90 minutes after the
reperfusion, the negative dP/dt of M-CSF-treated goats
was significantly better than that of control goats (con-
trols, —1342 *+ 92 mmHg; M-CSF, —1570 = 108 mmHg;
P < 0.05). Echocardiographic examination showed a
paradoxical LV wall movement area indicated as a dys-
kinetic area after left anterior descending coronary artery
occlusion in control goats (Figure 8D). In M-CSF-treated
goats, echocardiography showed a LV wall movement
arrest area indicated as an akinetic area after left anterior
descending coronary artery occlusion, and a dyskinetic
area could not be found (Figure 8D). In control hearts, the
nonischemic wall contractions at end systole were en-
hanced. This suggested substitutive wall movement for
the dyskinetic area to keep cardiac output (Figure 8D).
These echocardiographic findings suggest improvement
of LV wall movement in M-CSF-treated goats during left
anterior descending coronary artery occlusion-reperfu-
sion. The LV ejection fraction (LVEF) was evaluated by
echocardiography, but LVEF did not significantly change
between before and after the occlusion; therefore, LVEF
between controls and M-CSF-treated ones were not com-
pared. Recovery of LVEDP, positive and negative dP/dt
after reperfusion, and improvement of LV wall movement
during the left anterior descending coronary artery occlu-
sion-reperfusion suggest M-CSF pretreatment improved
cardiac function after ischemic injury.

Discussion

In this study, M-CSF increased VEGF production in hearts
both in vivo and in vitro. In vitro, M-CSF increased VEGF
production through Akt activation. Moreover, M-CSF di-
rectly protected cardiomyocytes from cell death by acti-
vating Akt and ERK resulting in up-regulation of the
downstream anti-apoptotic protein Bcl-xL. M-CSF-R ex-
pression in the heart was shown both in vivo and in vitro,
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and these results suggest that the expression is func-
tional. Similar cell-protective effects of M-CSF on H9c2
myotubes were shown. In vivo, M-CSF treatment after the
onset of myocardial infarction promoted angiogenesis in
the ischemic heart, suggesting development of collaterali
blood vessels. Furthermore, M-CSF pretreatment in the
goat myocardial infarction model improves cardiac func-
tion, as indicated by improvement of LVEDP, positive and
negative dP/dt, and LV wall movements.

Recent studies indicate intramyocardial transfer of
plasmid or adenoviral DNA-encoding human VEGF has
favorable effects in myocardial infarction animal models
and in patients with coronary artery diseases."23¢ Similar
to these VEGF transfer strategies, M-CSF directly up-
regulated VEGF production in cardiomyocytes. In addi-
tion, M-CSF significantly induced an increase in plasma
VEGF in mice to therapeutic levels that induced thera-
peutic angiogenesis.*® Therapeutic plasmid gene de-
livery to a target organ is difficuit and often temporary.
However, M-CSF treatment was easily achieved by pe-
ripheral intravenous or intramuscular injection. These
data indicate a therapeutic potential of M-CSF in isch-
emic heart diseases. Basic fibroblast growth factor and
hepatocyte growth factor have also been applied to ther-
apeutic angiogenesis.®’” We treated mice with M-CSF
and examined basic fibroblast growth factor and hepa-
tocyte growth factor mBNA levels by quantitative RT-
PCR. M-CSF did not increase basic fibroblast growth
factor or hepatocyte growth factor mRNA levels in the
heart (data not shown). We also examined plasma G-CSF
levet after M-CSF treatment in mice by ELISA. M-CSF did
not increase plasma G-CSF level. However, there is still a
possibility that M-CSF induces other factors that are re-
sponsible for the effects shown in this article.

Very recently, M-CSF was reported to accelerate
infarct repair and attenuate LV dysfunction in rats.3%
However, these authors did not investigate VEGF in-
duction or the cardioprotective effects of M-CSF and
did not use a large animal model. In the present study,
in the M-CSF-treated group, we observed an increase
in microvessel density, increased presence of dead
cardiomyocytes, and decreased presence of granu-
loma in ischemic lesions. The increased presence of
dead cardiomyocytes in ischemic lesions and improve-
ment of cardiac function after ischemia in M-CSF-
treated goats suggest a longer survival of cardiomyo-
cytes in M-CSF-treated goats than in the controls. This
finding and the decreased presence of granuloma
suggest that M-CSF reduced the progression rate of
ischemic injury in ischemic hearts in vivo.

In human monocytes, LY294002 suppressed M-CSF-
induced ERK activation.®® This mechanism was ex-
plained as M-CSF stimulation-induced reactive oxygen
species, which activated ERK. The addition of Akt inhib-
itor prevented reactive oxygen species production and
thus suppressed ERK activation in M-CSF-stimulated
monocytes.®® In murine myeloid cell line FDC-P1,
LY294002 suppressed M-CSF-induced ERK activation,
but it was not significant.® In H9c2 cardiomyocytes,
LY294002 seemed to impair ERK activation in part. To
suggest the involvement of Akt in M-CSF-induced ERK



1102 Okazaki et al
AJP October 2007, Vol. 171, No. 4

activation in cardiomyocytes, we may have to use other
Akt-inhibiting methods, as this time we could not reach a
clear conclusion. For VEGF production, PD98059 treat-
ment for 1 day did not affect M-CSF-induced VEGF pro-
duction in differentiated H9c2 cells, whereas LY294002
treatment impaired M-CSF-induced VEGF production,
suggesting M-CSF-induced VEGF production in differen-
tiated H9c2 cells were Aki-dependent. This is the first
report that suggested the presence of signal transduction
pathways in cardiomyocytes in response to M-CSF. Fur-
ther experiments are required for pursuing the M-CSF-
induced intracellular signaling pathways in cardiomyo-
cytes or in myotubes.

Goat hearts have a left coronary artery-dominant blood
supply.*® The goat coronary artery anatomy was remark-
ably regular, and coronary artery collaterals could not be
demonstrated,* indicating frailty after heart ischemic in-
jury. For the left anterior descending coronary artery oc-
clusion-reperfusion model, the goat left anterior descend-
ing coronary artery was ligated at a point ~40% from the
beginning of the left coronary artery to the apex, but LVEF
decrease could not be detected by echocardiography.
Occlusion of a more proximal site of goat left anterior
descending coronary artery has been reported 1o be
invariably fatal,*® and our preliminary experiments with a
more proximal left anterior descending coronary artery
ligation supported this finding. Therefore, using goats,
LVEF after myocardial infarction could not be evaluated.
We were not able to assess plasma VEGF and the in-
volvement of bone marrow-derived cells in the goat
model because the appropriate reagents are not com-
mercially available. We could not find a staining method
specific for cardiomyocyte viability in goat hearts. Infarct
area quantification suggested a trend that M-CSF might
decrease infarct area. However, infarct area quantifica-
tion showed no significant difference in control and M-
CSF-treated goat hearts. Further investigation is required
to clarify the roles and mechanisms of M-CSF in ischemic
diseases using other species and other M-CSF treatment
protocols.

The cell-protective and VEGF-inducing effects of M-
CSF both in cardiomyocytes and myotubes were shown,
and the effects were confirmed by improvement of car-
diac function and activated angiogenesis in goat isch-
emic hearts. M-CSF is already in use clinically, and data
from patients such as side effects are accumulating.
Moreover, M-CSF administration is easily performed with
minimal invasiveness in human patients. In this study, we
showed the potential benefits of M-CSF treatment and its
new mechanisms in ischemic heart diseases.
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Abstract

Objective: Fully automatic tissue characterization in intravascular ultrasound systems is still a challenge for the researchers. The pres-
ent work aims to evaluate the feasibility of using the Higuchi fractal dimension of intravascular ultrasound radio frequency signals as a
feature for tissue characterization.

Methods: Fractal dimension images are generated based on the radio frequency signals obtained using mechanically rotating 40 MHz
intravascular ultrasound catheter (Atlantis SR Plus, Boston Scientific, USA) and compared with the corresponding correlation images.

Conclusion: An inverse relation between the fractal dimension images and the correlation images was revealed indicating that the hard
or slow moving tissues in the correlation image usually have low [ractal dimension and vice-versa. Thus, the present study suggests that
fractal dimension images may be used as a feature for intravascular ultrasound tissue characterization and present better resolution then

the correlation images.
© 2007 Elsevier B.V. All rights reserved.

PACS: 87.62; 87.59.M: 47.53.+n
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1. Introduction

Intravascular ultrasound (IVUS) has been clinically
applied since early 1990s. The tomographic orientation of
ultrasound enables visualization of the entire circumference
of the vessel wall and provide information about tissues
beneath the luminal border. However, visual analysis of
IVUS images by experts is usually accompanied by limita-
tions associated with interpersonal variations, errors due to
fatigue, environmental distractions, etc. Computer-aided
tissue characterization of TVUS images has a potential to
add objective strength to the interpretation of the expert
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becoming an important tool for coronary diseases diagno-
sis. Analysis of IVUS radio frequency (RF) signal has
potential to provide powerful features for tissue character-
ization because it is the original source of information from
the backscattered ultrasound beam.

Nair et al. [1] successfully used spectral analysis of back-
scattered IVUS RF signals to classify plaque composition
by constructing classification trees. However, for test data,
in spite of presenting accuracy of 100% for calcified-necro-
sis, the accuracies for fibrolipid and collagen were 83% and
69%, respectively, showing that improvements and new sig-
nal processing techniques are still necessary for a full tissue
characterization in IVUS imaging.

Signal processing based on estimating fractal dimension
in a time series has been successfully applied in a number of




(2]

medical applications due to its capability of expressing sig-
nal irregularity [1-5].

Alacam et al. [6] showed that the features obtained by
statistical modeling of RF echo can be used as decision cri-
terion for tissue characterization in breast cancer diagnosis.
They proposed the fractional differencing auto regressive
moving average (FARMA) model which captures the frac-
tal and long term correlated nature of the backscattered
speckle texture. Using a linear classifier their method pre-
sented an area of 0.87 under the receiver operating charac-
teristic (ROC) curve.

Moradi et al. [7] have presented an innovative approach
for detection of prostate cancer based on the fractal analy-
sis of RF ultrasound echo signals. They used Higuchi’s [8]
method to calculate the fractal dimension over a region of
interest (ROI) and used it as feature to detect the prostate
cancer through a Bayesian classifier [9]. Their algorithm
presented accuracy of 86% indicating the feasibility of their
approach.

Saijo et al. [10,11], have developed a method for tissue
characterization based on two-dimensional correlation
between two consecutive frames of an TVUS sequence. This
technique was shown capable of distinguishing regions of
fast moving fluid like blood or surrounding tissue from
region of slow moving or stable like the vessel wall.

In this work, we investigate the feasibility of using the
Higuchi’s fractal dimension as a feature for tissue charac-
terization in TVUS through comparison with correlation
images.

2. Materials and methods

TVUS data were acquired with an TVUS console Clear
View Ultra (Boston Scientific Inc., Natick-MA, USA)
and 40 MHz mechanically rotating IVUS catheter Atlan-
tis SR Plus (Boston Scientific Inc., Natick-MA, USA)
and the pulse repetition rate was 7680 Hz. RF data were
digitized and stored in a personal computer (PC) (Dell
8250, Pentium 4, 2.4 GHz, 1.50 GB RAM, Dell Inc.,
Round Rock, TX, USA) using an A/D board GAGE
Compuscope 8500 (500 Msamples/s, with 8 bits of resolu-
tion, Gage Applied Inc., Montreal. Quebec, Canada) for
off-line analysis. The algorithms were developed using
MATLAB (The Mathworks Inc., Natick, MA, USA).
A single frame of the TVUS system consisted of 256 lines
so that 7680 pulses made 30 frames per second (f/s). RF
signal data were acquired in vivo from 14 human left
anterior descending (LAD) coronary arteries during per-
cutaneous transluminal coronary angioplasty (PTCA).
The patients average age was 72 + 12 years and six of
them presented detected calcification regions and one
detected soft plaque in their IVUS images. This process
was approved by a local investigation review board
and was performed in accordance with the ethical
principles for medical research involving human subjects.
We obtained written informed consent from all the
subjects.
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2.1. Fractal dimension image

The concept of fractal dimension is based on the prop-
erty of self-similarity. In spite of not being self-similar over
all the scales, the IVUS RF signals usually present some
level of self-similarity within some range and thus the Hig-
uchi fractal dimension can be used as an efficient method to
express the irregularity of the RF signals in the ROIs of
appropriate size.

Higuchi’s algorithm [8] is proven to be a stable method
to estimate the fractal dimension of a time series and, more
importantly, works well for time series with few samples.
The algorithm, computes mean length of the signal at dif-
ferent scales, plots a log-log graph of length versus scale
and measures the slope of the linear fit of this graph as
the fractal dimension.

Thus, for generation of the fractal dimension images the
following algorithm was used.

Algorithm. For each ROI defined by the position of a 100
points wide sliding window, the following steps were used:

1. Extract the signal envelop through the calculation of the
absolute value of the Hilbert transform.

2. Normalize the envelop by dividing it by its maximum
value in that sample.

3. Calculate the fractal dimension of the normalized signal
using the Higuchi method.

4. The sliding window is shifted of 25 points and the above
steps are repeated for all RF lines that comprise the
TVUS image.

2.2. Correlation image

Conventional B-mode IVUS images were generated
from RF signals by software developed by our group
[10]. Then the TVUS image was divided into 64 x 64 square
shape ROIs. Template matching method was applied for
calculation of correlation and displacement of the ROIs
between the consecutive two frames. Template matching
is the process of determining the presence and the location
of a reference image or an object inside a scene image under
analysis by a spatial cross-correlation process. Fig. 1 shows
the schematic illustration of template matching method. If
the coordinates of the center of the ROI in the first frame
(a) are defined as p(0,0) and the most similar patterned
ROI in the next frame (b) is g(k./), the correlation is given
by:

Sro (i~ 78— &) 1)
\/zn N f,) T -1 )

where f; and g; are pixels inside the ROT in consecutive
frames. f; and g; are the corresponding mean gray level val-
ues of each ROI, and n is the length of the side of the
square shaped ROI.

Ry (k, 1) =
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Fig. 1. Schematic illustration of template matching method. The coordi-
nates of the center of the ROl in the first frame (A) is defined as p(0, 0) and
the most similar ROI in the next frame (B) is g(k,/).

Based on our tests, we could observe that the moving
regions such as blood and surrounding tissues presented
correlation values below 0.5 and the regions of vessel wall
presented correlation values above 0.75. The vessel wall
was assumed stable during 1/30 s.

3. Results
In Fig. 2, we can see an example of two samples of TVUS
RF signal extracted from the region of blood and the

region of vessel wall. It can be seen that the sample
extracted from the blood region presents a more irregular

A B

shape than the sample from the region of vessel. As the
fractal dimension can be regarded as a measure of irregu-
larity, we used the fractal dimension as a feature for tissue
characterization.

In Fig. 3C and F, we can see two examples of fractal
dimension images. They are images whose pixel colors rep-
resent the fractal dimension of a 100 points wide sliding
window centered at the corresponding position in the RF
line. In spite of being quite noisy, we can observe that
the regions of lumen present fractal dimension values
higher (light blue and green) than the vessel wall region
(dark blue). More homogeneous regions, like calcification
regions for example, present a lower fractal dimension
value (dark blue).

Also, in Fig. 3B and E, we can compare the fractal
images with the correlation images, which are images
whose pixel value represents the correlation index calcu-
lated through Eq. (1). The correlation image shows its low-
est level in the regions of blood (light blue), which is the
most dynamic region. This fact is also detected through
the fractal dimension image.

In Fig. 3A, we can observe clearly the boundary lumen/
vessel that is confirmed in Fig. 3B, where the lumen region
presents correlation values usually below 0.5, represented
by light green or light blue, due to the fast moving blood.
The red region is the static or slow moving vessel wall. In
the fractal dimension image (Fig. 3C) we can observe that
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Fig. 2. Example of RF signal ROIs extracted from lumen region (A) and vessel wall region (D). The small regions in red in (A) and (D) indicate the
position from where the ROTs were extracted. They are 100 samples length ROIs. (B) and (E) are the graphs of the RF signals ROIs (in green) and their
respective envelop (in blue). (C) and (F) are graphs of the normalized envelops.
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Fig. 3. Comparison between correlation image and fractal dimension image. (A) and (D) are the original images. (B) and (E) are examples of correlation

images. (C) and (F) are example of fractal dimension images.

the lumen region is light blue whereas the vessel wall region
is dark blue. This means that the fractal dimension in the
lumen region, usually between 1.25 and 1.5, is higher than
the fractal dimension in the vessel wall region that is usu-
ally below 1.20. This suggests that the irregularity level of
the RF signal expressed by Higuchi fractal dimension can
be used, to some extent, to characterize the moving tissues.
The region outside the vessel in Fig. 3C is quite yellow and
red, with fractal dimension values around 1.7, mainly
because this is a region of high noise level. The correspond-
ing area in Fig. 3B present low correlation level indicating
fast moving connecting tissues. Additionally, we can
observe in Fig. 3E and F that the region of calcium is also
a region of high correlation value and low fractal dimen-
sion. It can also be observed that the fractal dimension
images present better resolution than the correlation
images.

4. Discussion

The examples in Fig. 2 showed that, besides the differ-
ences in amplitude, the irregularity of the envelop is fairly
different in these both regions suggesting that a measure of
signal irregularity could be a useful discriminator for
regions of vessel wall and lumen. Saijo et al. [10] have
observed similar results through the two-dimensional cor-
relation analysis. Their results were validated by compari-
sons with histology data.

Accordingly to our tests, RF signal samples shorter
then 60 points did not provide acceptable results because
the images generated using a window of this width did

not present clear contrast between the lumen and the
vessel wall. The highest contrast is achieved for sliding
window with width of around 100 points. Sliding win-
dows wider than 100 points did not present visible
improvements.

As reported in [8], the Higuchi method presented more
stable results when compared with other methods based
on power spectrum. In tests performed with IVUS RF sig-
nals the power spectrum based fractal dimension did not
provide satisfactory results, probably, due to the large
amount of noise, suggesting the robustness of Higuchi
method.

Using the PC described in Section 2, the average pro-
cessing time needed to generate the fractal dimension
images was 128 s. This suggests that the proposed algo-
rithm may be used in real time if more powerful hardware
is used and the program is optimized.

The fractal dimension images presented an average con-
trast-to-noise ratio (CNR) of 3.73 whereas the correlation
image presented 3.05. However, together with lower
CNR, the correlation images present lower resolution.
Thus the fractal images with a CNR of 3.05 seen to present
a satisfactory trade-off between noise and resolution
because the resultant fractal dimension images presented
less distortion of the lumen contour than the correlation
images as can be seen in Fig. 3.

Comparing images from different patients, for exam-
ple, patients with calcification and patients without calci-
fication, we could observe that the fractal dimension
values in the calcification regions is similar to levels pre-
sented in the vessel wall region, as shown in Fig. 3. This
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suggests that the fractal dimension images may not be
useful in calcification detection. In tests with image con-
taining soft plaque, the resulting fractal dimension image
did not present clear contrast between the soft plaque and
blood. Thus, this method does not seem likely to be a
good discriminator for plaques. However, it may be use-
ful as a pre-processing stage toward luminal contour
detection.

5. Conclusion

A comparison between correlation images and fractal
dimension images was presented and we could observe
that, in general, the regions of high correlation values
in the correlation image correspond to the regions of
low fractal dimension in the corresponding fractal dimen-
sion image and vice-versa. This fact suggests that the
fractal dimension, as measure of irregularity of the RF
echo signal, can be also an indicator of the moving char-
acteristic of the interrogated tissue as well as the correla-
tion image. However, the fractal dimension image has the
advantage of presenting more clearly the fine details of
the luminal contour when compared to the correlation
images.

Acknowledgement
This study was supported by the Grants-in-Aid from the

Ministry of Health, Labor and Welfare of Japan (H17-
nano-001).

References

[1] A. Nair, B.D. Kuban, N. Obuchowski, D.G. Vince, Assessing spectral
algorithms to predict atherosclerotic plaque composition with
normalized and raw intravascular ultrasound data, Ultrasound in
Medicine and Biology 27 (2001) 1319-1331.

[2] R. Jennane, W.J. Ohley, S. Majumdar, G. Lemineur. Fractal analysis
of bone X-ray tomographic microscopy projections, IEEE Transac-
tions on Medical Imaging 20 (2001) 443 449,

[3] T. Stosic, B.D. Stosic, Multifractal analysis of human retinal vessels,
TEEE Transactions on Medical Tmaging 25 (2006) 1101-1107.

[4] P. Asvestas, S. Golemati, G.K. Matsopoulos, K.S. Nikita, A.N.
Nicolaides, Fractal dimension estimation of carotid atherosclerotic
plaques from b-mode ultrasound: a pilot study, Ultrasound in
Medicine and Biology 28 (2002) 1129-1136.

[5] W.L. Lee, Y.C. Chen, K.S. Hsich, Ultrasonic liver tissues classifica-
tion by fractal feature vector based on m-band wavelet transform,
IEEE Transaction on Medical Imaging 22 (2003) 382-392.

[6] B. Alacam, B. Yazici, N. Bilgutay, F. Forsberg, C. Piccoli. Breast
tissue characterization using modeling of ultrasonic RF echo,
Ultrasound in Medicine and Biology 30 (2004) 1397 1407.

[71 M. Moradi, P. Ablmaesumi, P.A. Isolato, D.R. Siemens, E.E.
Sauerbrei, P. Mousavi. A new feature for detection of prostate
cancer based in RF ultrasound echo signals, in: Proceedings of IEEE
Ultrasonics Symposium, 2006. pp. 2084-2087.

[8] T. Higuchi, Approach to an irregular time series on the basis of the
fractal theory, Physica D 31 (1988) 277-283.

[9] R.M. Rangayyan, Biomedical Image Analysis, CRC Press, Boca
Raton, FL, USA, 2005, pp. 1118.

[10] Y. Saijo, A. Tanaka, T. Iwamoto, E. Santos Filho, M. Yoshizawa, A.
Hirosaka, M. Kijima, Y. Akino, Y. Hanadate, T. Yambe, Intravas-
cular two-dimensional tissue strain imaging, Ultrasonics 44 (2006)
el47 el51.

[11] Y. Saijo, A. Tanaka, N. Owada, Y. Akino, S. Nitta, Tissue velocity
imaging of coronary artery by rotating-type intravascular ultrasound,
Ultrasonics 42 (2004) 753-757.




® Technical Note

Ultrasound in Med. & Biol., Vol. 34, No. 1. pp. 160-165, 2008

Copyright © 2007 World Federation for Ultrasound in Medicine & Biology
Printed in the USA. All rights reserved

0301-5629/08/$—see front matter

doi:10.1016/j.ultrasmedbio.2007.06.025

DETECTION AND QUANTIFICATION OF CALCIFICATIONS IN
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Abstract—An innovative application of automatic thresholding is used for the detection of calcification regions
in intravascular ultrasound images. A priori knowledge of the acoustic shadow that usually accompanies
calcification regions is used to discriminate these from other bright regions in the image. A method for the
calculation of the angle of calcification has also been developed. The proposed algorithms are applied to in-vivo
images obtained from left anterior descending coronary arteries during percutaneous transluminal coronary
angioplasty (n = 14). The resulting specificity is 72% and the sensitivity 84%. The receiver operating charac-
teristic curve, the area under the curve being equal to 0.91, is plotted to evaluate the algorithm performance.
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INTRODUCTION

It is estimated that cardiovascular diseases cause one-
third of all deaths globally. Coronary artery disease is a
chronic disease in which the coronary arteries gradually
harden and narrow in a process called atherosclerosis. As
the heart muscle is fed with oxygen-rich blood delivered
by the coronary arteries, a blockage in these arteries can
cause a heart attack (WHO 2005).

Currently, several imaging modalities are available
to support the diagnosis of coronary artery diseases.
X-ray coronary angiography and intravascular ultra-
sound (IVUS) are examples of the most commonly used
diagnostic tools. Intravascular ultrasound has several im-
portant advantages over angiography and provides new
diagnostic and therapeutic insights into coronary disease.
The tomographic orientation of ultrasound enables visu-
alization of the entire circumference of the vessel wall
and provides information about the tissues beneath the
luminal border (Kaneda et al. 2003).

As presented in the work of Rao et al. (2005), the
knowledge about the origin and progression of athero-

Address correspondence to: E. Santos Filho, Department of
Medical Engineering and Cardiology, Institute of Development, Aging,
and Cancer, Tohoku University. 4—1 Seiryomachi, Aoba-ku, Sendai
980-8575. Japan. E-mail: esmeraldo@ieee.org

sclerosis has advanced greatly in the last years. However,
the factors that determine atheromatous plaque instabil-
ity are not well understood. New diagnostic and thera-
peutic methods would have to be developed if an accu-
rate and reliable prediction of plaque vulnerability were
available. Based on histologic analysis of aortas with
areas of gross atherosclerosis, Rao et al. (2005) observed
that plaque instability is highly correlated with in-
traplaque hemorrhage, lipid content and plaque size.
Calcification does not seem to be a significant indicator
of plaque instability.

However, the amount of coronary calcium has been
shown to be very important for physicians. Shaw et al.
(2006) have conducted a study that confirms the prior
findings that the prevalence of coronary calcification
increases with age. They evaluated a unique method
whereby estimates of the extent of coronary calcification
may be used to adjust a patient’s age. It was revealed by
their study that for elderly patients with low-risk calcium
scores, survival is equivalent to that for patients 1 to 10
years younger. On the other hand, for younger patients
with moderate- to high-risk calcium scores, survival is
equivalent to that for patients approximately 20 years
older. Thus, a score that includes coronary calcium and
age may be useful for prevention strategies.
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The presence or absence of calcium demonstrated
by IVUS has been shown to be an important determinant
of transcatheter interventional success (Scott et al. 2000).
In theory, there may be a critical quantity of calcium that
is predictive of an unsatisfactory outcome with balloon
angioplasty, but without an accurate method to quantify
coronary calcification, that critical calcium content can-
not be determined.

Several studies on IVUS image segmentation have
been published that aim to automate this process (Saijo et
al. 2004, 2006a; Sonka et al. 1995; Brusseau et al. 2004;
Vince et al. 2000).

In this paper, we present an algorithm based on
automatic thresholding for the automatic detection of the
calcification regions in IVUS images, which may be used
for the automation of the method proposed by Scott et al.
(2000).

MATERIALS AND METHODS

Intravascular ultrasound data were acquired with an
IVUS console (Clear View Ultra, Boston Scientific Inc.,
Natick, MA, USA) and a 40-MHz mechanically rotating
IVUS catheter (Atlantis SR Plus, Boston Scientific Inc.).
Radiofrequency (RF) data were digitized and stored on a
personal computer (Dell Precision Workstation 330, Dell
Inc.,, Round Rock, TX, USA) using an A/D board
(GAGE Compuscope 8500, 500 Msamples/s, 8-bit reso-
lution, Gage Applied Inc., Montreal, Quebec, Canada)
for off-line analysis. The images used were of the Win-
dows bitmap type and the algorithms were developed
using MATLAB (The Mathworks, Inc., Natick, MA,
USA).

Subsequently, the RF signal was preprocessed and
converted to a conventional B-mode IVUS image
through a software developed by our group. Using this
procedurc we could remove the influence of the control
settings of the TVUS console that usually affect algo-
rithms based on image gray levels.

Radiofrequency signal data were acquired in vivo
from 14 human left anterior descending (LAD) coronary
arteries during percutaneous transluminal coronary an-
gioplasty (PTCA). This process was approved by a local
investigation review board and was performed in accor-
dance with the ethical principles for medical research
involving human subjects. We obtained written informed
consent from all subjects.

Multithresholding segmentation

Calcification regions are usually very bright regions
in IVUS images. Tests using speed of sound microscopy
(Saijo et al. 2006b) have confirmed that the strongest
echo is produced between calcium and lumen or calcium
and media, where the difference in the specific acoustic
impedance is large.

Thus, it is natural to consider thresholding as a
simple method to segment calcification regions. How-
ever, in spite of being brighter compared with normal
tissue, the gray levels of the calcified regions and normal
tissue usually change from image to image. This fact
makes it very difficult to determine a single threshold
value capable of accurately segmenting a series of im-
ages.

Thus, it is necessary to adapt the threshold level for
each input image. In this work, we used the Otsu method
(Otsu 1979) to automatically find the optimal threshold
for each image. However, in our tests, applying thresh-
olding only once was not sufficient to obtain segmented
regions that were reasonably close to the regions of
calcification.

To solve this problem, a multithresholding method
was applied, using successive applications of the Otsu
method as summarized in the following algorithm. The
Otsu method is summarized in the Appendix.

Algorithm 1. Step 1: Compute the histogram.

Step 2: Compute the optimal threshold k* that max-
imizes the between-class variance oa(k).

o4(k*) = maxay(k)

Step 3: Compute a new histogram for i = k*.

Step 4: Go to step 2.

After several tests, it was observed that three itera-
tions of the above algorithm were sufficient to obtain
scgmentation sufficiently close to the regions of
calcification.

However, often normal tissue, parts of the catheter
and artifacts also form very bright regions and may be
wrongly segmented. For this reason, it is necessary to
develop a method to ignore segmented bright regions
that are not calcifications.

Identification of calcification from the regions-of-interest

Another characteristic of calcification regions is that
they are usually accompanied by an acoustic shadow as
a result of the high reflection of the ultrasound beam at
such sites. Thus, an effective way to detect whether a
given segmented bright region, hereafter called a region-
of-interest (ROI), is a calcification region, is through the
analysis of the region behind the ROI. In Fig. 1, there is
an example of an IVUS image with a calcification region
and a graph of the median gray level of the pixels in each
column of the corresponding polar coordinate system
image.

We can observe in Fig. 1 that the region of calcifi-
cation is accompanied by an acoustic shadow, and the
corresponding region in the graph presents a lower me-
dian level.
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Fig. 1. Example of an IVUS image with a calcification and its corresponding graph of median gray level of the pixels
in each column of the rectangular coordinates system corresponding to the original polar system of IVUS images.

Detection of acoustic shadow

To detect the acoustic shadow and then determine
whether a given ROI is a calcification, the following
algorithm is used:

Algorithm 2. Step 1: Determine the centroid of the
segmented ROI.

Step 2: From the centroid of the ROI to the bottom
of the image (pixels of the yellow line in Fig. 2), calcu-
late the median gray-level value, Med.

Med

Step 3: If M = T,... then classify the ROI as a
calcification. Otherwise, classify the ROI as a noncalci-
fication region. M_,,, denotes the gray level of the pixel
at the centroid of the ROL.

T,..q was chosen based on tests using several im-

me;

lumen

Fig. 2. Example of identification of calcification due to acoustic

shadow. The ROI 1 and ROI 2 were not classified as calcifi-

cation (indicated by the red X). The ROI 2 was classified as

calcification (indicated by the red circle). The criterion for

classification was the presence of acoustic shadow detected

through analysis of the pixels in the yellow line. ROI = region
of interest; C = centroid.

ages. As illustrated in Fig. 2, only ROI 2 was selected as
a calcification region because of its detected acoustic
shadow.

The true-positive rate and the false-positive rate de-
pend on the threshold value T, used to define positive and
negative test results. As we shift 7, in the range of the

Med

possible values of M— found in our tests (from 0.3 to

0.98), the true-positive rate and false-positive rate also
present increasing values, which are used to construct the
ROC curve. Some values are shown in Fig. 5 as examples.

Fig. 3. Example of determination of the angle of calcification.
(A) and (B) are the extreme points of the calcification region.
(C) is the center of the catheter.
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Fig. 4. Example of calcification regions automatically segmented. (A, B, C) Original images. (D, E, F) Corresponding
automatically segmented images. (G, H, T) Corresponding manually segmented images. The outlined areas are the
calcification regions.

Quantification of calcification regions

Usually, the method used to quantify calcium
through TVUS images is based on the arc of calcium
measured in a single frame of the IVUS movie of the site
of the calcification. However, the accuracy of this
method would be increased if it could take into account
the extent of the total epicardial coronary calcium (Scott
et al. 2000).

Scott et al. (2000) have proposed a method for
calcification quantification similar to Simpson’s rule,
which is used in calculus to determine volumes. As a
sequence of known areas separated by a known distance
can be used to calculate volume, a sequence of known
circumferences separated by a known distance can be
used to calculate the surface area.

As the manual measurement of calcification across
a sequence of frames is a tedious and time-consuming
task, we developed an algorithm for the measurement of
the angle of the calcification regions detected through the
automatic thresholding. This method is summarized in
the following algorithm:

Algorithm 3. Step 1: Determine the extreme points
of the calcification region denoted by the letters A and B,
as shown in Fig. 3.

Step 2: Determine the center of the image (center of
the catheter), denoted by the letter C, and then calculate
the length of the sides of the triangle determined by
points A, B and C.

Step 3: Using the sine and cosine rules, calculate the
angle whose vertex is at point C; this will be considered
as the calcification angle.

Intravascular ultrasound sequences containing cal-
cification regions were selected by an expert medical
doctor, and from each calcification region sequence, one
representative frame was selected for the tests. Then, the
selected images were manually segmented by the expert
medical doctor and used as our gold standard.

RESULTS

Using the algorithms for automatic thresholding and
acoustic shadow detection, tests were performed and
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Fig. 5. Receiver operating characteristic curve. The AUC is equal to 0.91. TPR = true-positive rate; FPR =
false-positive rate.

some of the results are shown in Fig. 4. We observe that
in these images, the regions of calcification are seg-
mented accurately. The threshold level used for the me-
dian values is empirically determined as 7,,., = 0.45.
Table 1 summarizes the results of the tests, and the ROC
curve is plotted in Fig. 5. The area under the curve
(AUC) is equal to 0.91. The resulting specificity is 72%
and the sensitivity 84%.

DISCUSSION

The analysis of the images in the rectangular coor-
dinate system (demodulate RF line) corresponding to the
originally polar system of the IVUS images facilitates
the process of acoustic shadow detection because in the
rectangular images, the shadow region is confined o a
given number of columns, forming a rectangular area
that can be scanned easily.

Sometimes part of the catheter may appear very bright
and simultaneously present an acoustic shadow because of
the presence of the guide wire. In such cases, part of the
catheter may be wrongly segmented as a calcification. To
prevent this problem, a test is performed to determine
whether the centroid of the ROI is inside the 30-pixel-length
radius circle centered at the catheter center. This circle
corresponds, approximately, to the catheter region. Thus, if

Table 1. Table of results

ROIs ROIs
correctly wrongly Total number
classified classified of ROIs
Calcification 21 4 25
Normal tissue 13 5 18

ROI = Region-of-interest.

a ROI centroid falls inside this circle, it will not be consid-
ered as a candidate calcification region. However, because
of this constraint, an underestimation of the amount of
calcium may occur in the case of a highly concave calcifi-
cation region that is very close to the catheter, causing its
centroid to fall inside the catheter region. In this case, this
calcification will not be detected. However, in our tests we
did not find such a case.

The number of iterations of successive thresholding
was determined empirically. It was observed that after each
threshold, the value of the standard deviation of the gray
level in the remaining regions usually declines. This infor-
mation may be used to define a stopping criterion and then
improve the robustness of the proposed algorithm.

In frames without calcification regions, the ROIs
remaining after the third thresholding are usually very
few in number and very small in size. Furthermore, in
these images, the gray level declines smoothly away
from the ROIL Thus, the gray level at the centroid of
these ROIs and the gray levels in their neighborhood are
Med
Ml‘fﬂf
unity and cause the ROIs to be classified as noncalcifi-
cation regions.

The results were evaluated through visual inspec-
tion by the expert who also traced the manually seg-
mented contours. In spite of some differences between
the areas of the ROIs manually and automatically traced,
the results were considered accurate because the param-
eter to be quantified was the length of the arc of the
scgmented calcification. The thickness of the segmented
region was ignored because the ultrasound beam is al-
most completely reflected at the surface of the calcifica-
tion regions and causes a shadow that makes it difficult
to assess the real thickness of the calcification.

usually very close; this makes the value approach
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The false positives were caused by the presence of
the guide-wire shadow. However, it is possible that re-
gions of fibrosis may also be sufficiently bright com-
Med
MCC'U
wrongly considered as calcifications. However, in our
tests we did not find such a case.

The center of the vessel is the point that should be
used for the calculation of the angle of the calcification.
However, to find this center, it would be necessary to
first accurately find the luminal contour. In our tests, the
center of the image was used as an approximation of the
center of the vessel.

As future work, the proposed algorithm may be com-
bined with other existing methods for luminal contour seg-
mentation, becoming an important step toward the full
automation of the method proposed by Scott et al. (2000).

pared with other tissues to cause = 0.45 and be
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APPENDIX

Automatic threshold estimator
Otsu (1979) developed an optimal threshold selection method
based on the maximization of the separability of the resultant classes.

His procedure is very effective and utilizes only the 0" and first-order
cumulative moments of the gray-level histogram. Thus, because of its
simplicity and effectiveness, the Otsu method was used as the threshold
estimator in this work.

Following Otsu’s formulation, let the pixels of a given image be
represented in L gray levels [1, 2, -, L). The number of pixels at gray
level i is denoted by n; and the total number of pixels by N = n, + n,
+ - + n;. After normalization, the gray-level histogram may be
regarded as a probability distribution:

pi=n/N m

L
pz0,2p=1 )

We separate the pixels into two classes, C, and C, (background
and object or vice versa), by a threshold at gray level k; C, denotes
pixels with gray levels [1, -, k} and C, denotes pixels with levels [k +
1, -, L]. Then, the probabilities of class occurrence and the class mean
gray levels, respectively, are given by:

k
wp = Pr(Cp) = 2, pi = 0(k) 3)
=1
@, =PrC)= 2, pi=1— k) @)
=k
and
k k
po= 2, iPr(iIC) = 3 ipy/wy = p(k)/ w(k) )
=1 i=1
1 ' — k)
m= = Pc)= 3 /o= T u‘f(i) , ©
=kl i=k11
where
k
w(®) =2, p; @)
i
and
k
u) =2 p; )

i

are the 0" and first-order cumulative moments of the histogram up to
the k™ level, respectively, and

I

pr= L) = ipi )

i=1

The optimal threshold is defined (Otsu 1979) as the value that
maximizes the between-class variance

[rotk) — p)l

0 = ol = wlb] o
Thus, the optimal threshold k* is given by:
oh(k* ) = max a(k) (n

1=sk<L



