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Abstract . Digital infrared thermography is suitable for monitoring the planar two-dimensional temperature distribu-
tion of curved surfaces of objects by sensing their infrared radiation. Cardiac infrared thermography also has a ther-
mal coronary angiography alias. This study proposes a digital image processing methodology for locating blood clot
blockage. This methodology contains four consequent processes. The two-dimensional gray scale infrared thermo-
graph pixels are first binarized and classified as background or coronary arteries using multi-thresh adaptive segmen-
tation. The coronary artery contours are extracted from segmented raw pixels using continuous pepper-like pixel re-
moval, erosion, subtraction, recursive neighborhood visiting, contour point-list construction and short edge dele-
tion. In the third process one coronary artery branch is selected by physicians for calculating the longest curved cen-
tral axis using morphological thinning and neighborhood analysis. In the last process the nearest left and right dis-
tances from each pixel along the directional central axis to its corresponding boundary contour are added as the coro-
nary artery variable diameter at the current pixel$ position. A variable diameter versus straighten length diagram a-
long this axial curved path is plotted to provide useful physiological information to the physician. An obstruction
rate equation is then defined to calculate the possible vascular blockage positions with the local minimal rates. Fi-
nally, preoperative cases are tested to prove the predictive positions are correct in comparison to individual patient
myocardial perfusion imaging.
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Introduction

Coronary artery disease always occurs in adults when
blood cholesterol is deposited onto the inner arterial
walls'" . Atherosclerosis brings about deposited cholesterol
plaque that makes it easier for blood clots to block the
blood flow'*'. Due to the poor blood flow supply, the
healthy cardiac muscle gradually succumbs to necrosis. A
heart attack allows the patient to feel several symptoms;
chest pains and discomfort or pain in the back. Sometimes
the patient’ s condition prevents the application of angio-
plasty (PTCA), stents, or causes such application to be
ineffective'’’. The final resort is applying CABS to the
predilection vessel such as the right coronary artery
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(RCA), left anterior descending artery (LAD), left cir-
cumflex artery (LCX) or obtuse marginal artery (OM) '’

According to the medical intervention time se-
quence, there are three appropriate opportunities to im-
plement anastomosis thermography after the CABS thora-
cotomym. Preoperative, intraoperative and postoperative
infrared thermograph evaluations may be performed to im-
mediately inform surgeons about vascular conditions. At
the preoperative evaluation stage, before the saphenous
vein (SVG) or internal thoracic artery (ITA) are grafted
downstream of the vascular blockage, infrared thermo-
graphs can provide suitable grafting position suggestions
to supply additional blood flow'® . At the middle intraop-
erative evaluation stage, surgeons may use thermography
to judge whether a blood leakage or bottleneck is formed
during the perfusion pressure test just after the anastomo-
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sis!”™ At the third postoperative evaluation stage, vas-

cular blockage section thermographs can provide surgeons
with valuable information on the improved level of arterial
patency.

All objects in the universe emit infrared radiation
with temperatures greater than absolute zero. Wiens dis-
placement law states that the peak thermal radiation
wavelength of any object is inversely proportional to its
absolute temperature with Wiens displacement constant b
(AmaxT = b, where b =2.897 7721 x 10> mK )"/,
Assume that the human body skin to trunk core tempera-
ture variation range is 33.2 to 38.2°C!") | the infrared
radiation wavelength emitted from the human body should
be between 9. 464 and 9. 312 um according to Wien s
displacement law. A thermal imaging camera ( Ther-
moteknix Systems Ltd, Model no. Miracle 110K, United
Kingdom) 384 x 288 pixels with 8 ~ 12 pum spectral
range was used for medical inspection purposes to ensure
that the thermo graphic output was fine and clear.

Many good investigations regarding thermal coronary
angiography have been published with successful clinical
applications. In 1989 Mohr observed the blood flow con-
dition after an anastomosis operation. Due to obstructing
cardiovascular imaging by fat and myocardial tissue, sa-
line perfusion was applied with a 4 degree temperature
difference. The final result proved that the angiographies
image quality was enhanced while either SVG bypassed to
OM or IMA bypassed to LAD'"). In 1991 Mohr released
a hemostat after LAD bypass anastomosis to generate a
temperature difference between blood flow (30 to 36 de-
grees) and the heart surface (ambient temperature 25. 5
degrees) to strengthen the angiographies contrast'®’. In
1997, Falk'® and van Son'®’ used cold saline to cool the
heart surface and then released a LAD hemostat to gener-
ate a temperature difference between warm blood and the
cooled heart surface. Better image quality was thereby
obtained after saline cooling. In 2000 Suma observed the
anastomosis quality between ITA and LAD with the assis-
tance of a CO, cooler to find a stitching failure. The an-
astomosis condition was evaluated objectively and the fail-
ure was found by ischemia downstream and finally correc-
ted'"”). In 2003, Sonmez'"’ alternatively injected cold
and warm saline to strengthen contrast. The cold saline
was first injected into the SVG or ITA graft to cool the
coronary artery or the heart. Warm saline or warm blood
was then injected into the graft to highlight the coronary
artery in thermograph. Cold saline was changed back to
eliminate the coronary artery hotspot within a very short
time. If parts of the distal or proximal artery did not dis-
appear, the anastomosis was then a failure'""!. In 2007
Iwahashi used an infrared thermal camera in a coaxial
manner with a visible light CCD using cold saline injec-
tion (30°C, 3 ~5ml) and then releasing the hemostat (5
seconds ) to determine the vascular circulation. If the cir-
culation was bad, the bypass graft end was rebuilt. Iwa-
hashi also found that sometimes the fat was too thick to
obtain clear images'"'.

Although previous studies prove that the thermal cor-
onary angiography really works as an auxiliary instru-
ment, the vast majority of investigators still utilize subjec-
tive evaluation. This subjective evaluation is extremely
affected by human interference, the physician’s experi-

ence or judgment ability resulting in different clinical rea-
soning. This study proposes a novel digital image pro-
cessing methodology to suggest possible vascular blockage
positions for CABS. The proposed methodology contains
four primary stages: multi-thresh adaptive coronary angi-
ography segmentation, coronary artery contour extraction,
curved central axis morphological analysis and coronary
artery variable diameter calculation. An obstruction rate
equation is adopted to locate the possible blockage with a
local minimal rate.

1 Multi-threshold adaptive segmentation
of coronary angiography

At the beginning of angiography analysis the coro-
nary artery regional range must be classified first. As the
grayscale image in Fig. 1 shows, the hot-spots pattern is
usually complex because there are several interference
factors involved to classifying thermograph pixels as back-
ground or coronary artery, such as the thoracotomy open-
ing boundary, surgical instruments, drainage tubes,
gauze, stitches, local cardiac muscle hot spots, fat tis-
sue, pericardium and the restricted field of view (FOV).
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Fig. 1 (a) The complex surgical environment and
(b) The angiography complex hot-spots pattern

1.1 Filter mask by angiography

As the original angiography in Fig. 2 shows, the in-
struments are removed as much as possible, the focal
length is adjusted as close as possible and the coronary
artery view field is aimed as central as possible. After
taking a suitable angiography, two multi-thresh adaptive
segmentation steps are applied. The first image prepro-
cessing step contains histogram equalization' " and low-
pass processing. The histogram equalization redistributes
the order of gray levels using a probability density func-
tion, so that the new distribution strengthens the blood
vessel details, as shown in Fig.3. A 3-by-3 low-pass fil-
ter mask with a coefficient valued of 1/9 is then applied
to average the thermography noise. The sample low-pass
filtered angiography is shown in Fig. 4.
1.2 The Otsu method

The second multi-threshold adaptive segmentation
step uses a statistical method with a variable square mask
size to determine whether the central pixel belongs to cor-
onary artery or not. The variable square mask size starts
from 3 pixels and stops at any larger odd number with a
maximal standard deviation. Assume that the central pix-
el position is centered; one half of the mask size is the
radius. Only the pixels in the circular range are taken in-
to consideration for the statistical calculation. In Egs. 1-
2, N is the number of pixels in the circular range, G, is

the gray level of pixel i, w,.. is the average gray level in
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Fig.3 The histogram equalized angiography

Fig.4 The 3 x3 low-pass filtered angiography

the circular range with the maximal standard deviation
O, In Eqs. 34, AA, is the unit one area of any pixel ,
A and B is the number of pixels with gray levels greater
than or smaller than w,, . Equation 5 shows the compen-
sation Equation for threshold 7' for an uneven distribution
within the circular range, as shown in Fig. 5. The final
step binarizes a specific gray pixel and classifies it into
the background or coronary artery group, as shown in

Eq.6.
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Fig.5 The compensation from average gray level
toward the threshold

Fig. 6  Otsu binarized angiography using ( a) single
threshold and (b) multi-threshold

Figures 6(a) and 6 (b) show two binarized results
to compare the Otsu method performance'”’’ using a sin-
gle threshold for all pixels and multi-threshold for individ-
ual pixels. The Otsu method can only identify the heart
region. We propose and adaptive method that uses infra-
red thermal images which can identify the heart profile
and also the detailed coronary artery pattern.

2 Coronary artery contours extraction

After the segmented raw pixels are classified in the
segmentation process, six extraction process steps are ap-
plied to generate contour point-lists, including continuous
pepper-like pixel removal, erosion, subtraction, recur-
sive contour neighborhood visiting, point linked-list inte-
gration and short edges deletion. At the beginning lots of
pepper-like pixels are spread among the coronary arter-
ies. Some redundant data in the segmented raw pixels,
which may be cardiac muscle or thoracotomy opening pix-
els, are continuously removed by a binary averaging con-
volution. This convolution uses a 3-by-3 mask with nine
coefficients valued 1/9. The binary value of a foreground
pixel is 1 and that of a background pixel is 0. If the con-
volution result exceeds 0.5, the central pixel is reserved
otherwise the central pixel is removed. The new pixel-re-
moved angiography is compared pixel by pixel with the o-
riginal one. If the state of any pixel is changed, the next
averaging convolution is applied on the new angiography
until nothing is changed, as shown in Fig. 7.

The second step erodes the binary coronary artery
one time and shrinks internally with a width of one pixel.
The original coronary artery is then subtracted using ero-
sive angiography pixel by pixel to generate the coronary
artery contours, as shown in Fig. 8. If an original fore-
ground pixel encounters an eroded background pixel, the
subtracted pixel is considered as foreground and a point
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Fig. 7  The pepper-like pixels are re-
moved continuously

Fig.8 The angiography contours after e-
rosion and subtraction

linked-list is constructed. Otherwise, the other three con-
ditions generate a background subtracted pixels. The
fourth step is searching for any subtracted foreground pix-
els in the angiography from left to right and top to bot-
tom. If any contour pixel is found, the corresponding po-
sition is also labeled by a two-dimensional Boolean array.
The found pixel is soon followed by an 8-neighborhood re-
cursive connection searching and the connected pixels are
also labeled. Each non-stopping visited pixel is recorded
consequently into the same point linked-list. Because
there may be some point linked-lists belonging to a single
loop of a vessel contour, the fifth step integrates all of the
connected linked-lists into a single list. There are nested
double loops to test whether two different linked-lists are
geometrically connected. If any one pair of linked-lists is
found, four connection situations are checked with head-
to-head, head-to-tail, tail-to-head and tail-to-tail meth-
ods. Any reverse point linked-list order is applied if nee-
ded for a single directional connection. After integrating
all point linked-lists, a minimal pixel number is set and
any point linked-list shorter than a preset number is dele-
ted at the last step. The final recursive visiting, point in-
tegration and short edges deletion results are shown in
Figs. 9-11, respectively.

3 Curved central axis morphological a-
nalysis

The next process is computing the longest curved
central axis for the next process to measure the diameters
along it. Five morphological and neighborhood analysis
steps are introduced in this process, including skeleton
thinning, neighborhood labeling, adjacent trident points
deletion, false trident points deletion and continuous

Fig.9 The angiography colored by re-
cursive contour neighborhood visiting

Fig. 10 The angiography integrated by

linked-list

Fig. 11  The angiography that short ed-
ges are deleted

shorter branch pruning. In this process surgeons can se-
lect any one of the branch contours in the angiography on
site. Figure 12 shows a smaller branch demonstrated for
simple morphological analysis illustration.

At the skeleton thinning step four horizontal/vertical
look-up table, thinning™ | cross-mask'"”’ and X-fork
mask' ™! skeleton rules are taken into consideration and
tested individually. The morphological erosion operation
is performed continuously using a hit-and-miss transform
structural element (i. e. the central pixel is erasable if
the pattern matches)'*"’. The horizontal/vertical look-up
table method (LUT, 2° =256 masks) is selected in this
study for the continuous curved central axis connectivity.

At the neighborhood labeling step the connected
neighborhood of each skeleton pixel is inspected and col-
ored. The integer skeleton pixel label may vary from 1 to
8. The pixels at the skeleton end with one neighborhood
are colored dark green. The pixels in the middle of the
skeleton curve with two neighborhoods are colored blue.
The pixels on trident points with three or more neighbor-
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(d)

(e)

Fig. 12 Five morphological analysis steps for the curved
central axis. (a) Skeleton thinning, (b) neighborhood la-
beling (red: trident points, green: end points), (c) adja-
cent trident point deletion, (d) false trident point deletion,
(e) continuous pruning of shorter branches

hoods are colored red. The label number and pixel color
provide the needed information to prune the shorter bran-
ches and leave the longest branch.

To maintain exactly one pixel located at a trident po-
sition, two kinds of deletion (i.e. by changing the label
from 3 to 2 and change the color from red to blue) are
used for adjacent trident and false trident points. These
two operations ensure that there are no trident points clus-
tered together for the next pruning step.

At the continuous shorter branch pruning step, any
two end pixels in dark green color are selected for tracing
the skeleton and counting the number of neighborhoods
pixel by pixel. This tracing stops when the other new tri-
dent pixel in red color or the end pixel in dark green col-
or is visited. Then two counting numbers of different
branches are compared and the shorter one is pruned.
The pruned trident pixel is kept and its color is also

changed from red to blue with a label of two neighbor-
hoods.

5 Variable diameter calculation of coro-
nary artery

The fourth process attempts to compute different cor-
onary artery diameters along the curved central axis. This
process includes three steps; tangent line computation,
nearest contour point search and variable diameter plot-
ting diagram versus straighten length, as shown in Fig.
13. For a given curved central axis, the coronary artery
diameter is defined by the shortest distance from the
blood vessel right to left wall and perpendicular to the
central axis. Based on the perpendicular diameter, the

tangent directions at each curved central axis pixel should
be computed first in order to obtain the radial directions.

(a) (c)

Fig. 13 Three variable diameter coronary artery calculation
steps: (a) tangent line computation, (b) nearest contour
point search and (c) variable diameter versus straighten
length plot diagram

This study proposed a useful distance inverse weigh-
ting formula instead of the least square Equation. The tan-
gent line of the least square equation assumes that every
pixel of the curved central axis has the same weight. The
generated slope is the global average of all local tangent
line slopes. On the other hand, the proposed distance in-
verse weighting tangent line is more precisely tangent to
the target pixel on the central axis with a larger weight for
its adjacent neighbor pixels, as shown in Fig. 14.
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Fig. 14 The curved central axis tangent line
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The individual slope S; of the local tangent line is
first computed for each neighbor pixel («;,y;) with re-

N

spect to the tangent pixel (x,y), as shown in Eq. 7. E-
quation 8 illustrates how to compute the individual
weights of the neighbor pixels within a symmetric pixel
span. If the tangent pixel is near the central axis end,
only the effective neighbor pixels are taken into consider-
ation. Equation 9 integrates several local tangent slopes
to obtain a global weighted slope S. The perpendicular
diameter slope in the radial direction can then be compu-
ted using —1/8, with the tangent point coordinate (x,y)
and the radial line Equation can then be obtained.

In the second nearest contour point search step all
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branch contour pixels are checked to identify the two nea-
rest contour points using two tangent line and radial
straight line equation. The tangent line Equation can
classify which side (i.e. the left side and right side) a-
long the directional central axis, and the radial line equa-
tion can select the two nearest contour pixels. In Egs.
10-13, a straight length L of the curved central axis is
first computed by summing the number of 4-neighbor-

hoods as 1, and the diagonal-neighborhoods as y2. The
diameter D(«x) can then be obtained by adding the right
Ry (x) and left radii R, (x) at the position x. The
average radius is obtained by summing all local radii and
dividing by the straight length. Finally, the obstruction
rate Sy, (x) is defined by the diameter difference divid-
ed by the average diameter.

D(x) = Ry (x) + R (x) ,x € [0,L]

, (10)
L
J gRRigl\l(x)dx z IRRighl<x)
RRight Average = L = L
L
f SRcht(x)dx 2 IRLCft(x)
R = =
Left Average L L
, (1)
Average = RHight Average + R]Aeft Average ’ ( 12)
D(x) -D verage
8Ner¢k ( x) = w
Average
_ [ RRight (x) - RRight Average ]+ [R(x) =R, Average ]
Rﬁight Average + RLeft Average

(13)
6 Results and discussion

After the coronary artery variable diameter calcula-
tion step, the varying diameters of each pixel along the
curved central axis are obtained by adding the left and
right radii. Every paired left and right radius is the dis-
tance from that central axis pixel to the nearest left-side
and right-side vessel contour. These varying diameters
are plotted in the middle diagram of Fig. 15 to show the
variable diameter versus straighten length. For average
diameter calculation, the local diameters along the curved
central axis between two trident points (or one trident
point and one end point) are summed. The final average
diameter can then be obtained for a specific branch ves-
sel.

The testing environment is implemented using a ther-
mal imaging camera ( Thermoteknix, Miricle 110 K, 384
x 288 pixels, 8 ~12 um) set at the Tri-Service General
Hospital to collect the clinical data. The computer aided
obstruction rate analysis software was developed in Bor-
land C + + Builder 6.0 on a TOSHIBA Satellite core i5
notebook. The clinical analysis result is shown in Fig.
15. The left diagram is the image processing area; the
middle diagram is the variable diameter versus straight-
ened length with three marked thrombosis positions. The
right diagram plots the variable obstruction rate along the
straightened central axis with three local minimal values
of —-83.4% , —-28.7% and -66.8%.

According to the journal paper entitled “Cross-sec-
tional area coronary arteries measurement using CT angi-

ography at the bifurcation level; is there a relation-

ship?” ! Samet describes the statistical diameter anal-

ysis of three vessels LMCA, LAD, and CX using cardio-
vascular CT images. A geometric relationship with LMCA
=3.870 +0.718 - LAD +0.434 - CX is chosen as the
golden geometric relationship rule in this paper to verify
the correct automatic software pipeline measurement
method. In the first thermal image test shown in Fig. 16,
the theoretical value of the LMCA golden rule and the au-
tomatically measured software values are 12. 9 mm and
6.4 mm =R;3.3 +R;3. 1, respectively. There is only a
little difference with 0.77% ( thermal image scale 2:1).
With similar consistency in the second test thermal image
shown in Fig. 17, the theoretical and measured values are
13.4mm and 6.5 mm = R, 3. 2 + R;3. 3 respectively.

There is a small difference of 2. 9% ( thermal image scale
2:1).

With the verified results for Samets Golden Rule u-
sing the above two testing thermal images, the three di-
ameters measured in this research showed no excessive
difference between the infrared and CT. This represents
that less expensive infrared thermography can indeed re-
place the expensive CT equipment in practical clinical
applications. The infrared pipeline measurement method
proposed by this paper can obtain the necessary coronary
artery diameter clinical information cheaper, faster and
easier during on-site thoracic surgery. This proves that
the proposed pipeline measuring method is both conven-
ient and progressive.
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The computer aided obstruction rate analysis soft-

Fig. 16  Analysis Rule in the first test thermal image (CX =
12.9 mm, LAD =6.4 mm)

7 Conclusions

A computer aided obstruction rate analysis method
was proposed in this study to assist surgeons with dynamic
blood flow information using thermal coronary angiogra-
phy. A digital image processing methodology is proposed
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Fig. 17 Analysis Rule in the first test thermal image (CX =
13.4 mm, LAD =6.5 mm)

to locate the cardiovascular thrombosis bottleneck. Clini-
cal testing shows the proposed four processes ( multi-
thresh adaptive coronary angiography segmentation, coro-
nary artery contour extraction, curved central axis mor-
phological analysis and coronary artery variable diameter
calculation) can successfully locate the possible local
minimal obstruction rate positions. It was also proven that
the proposed method can dynamically provide real-time
critical cardiovascular physiological information for clini-
cal surgeons.
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