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New Technology Improves Applications in
Risk Assessment, Detection, Diagnosis, and Prognosis

Early studies of infrared (IR) imaging of
the breast, commonly called thermo-
graphy in medicine, were initiated in both
Europe and the United States in the 1970s
and concentrated on the diagnosis of
breast cancer. From 1973 to 1981, the Na-
tional Cancer Institute (USA) sponsored
the Breast Cancer Detection Demonstra-
tion Projects (BCDDP). These studies
were designed to test the role of both IR
imaging and mammography in the diag-
nosis of breast cancer. However, IR imag-
ing was discontinued very early in the
study. The premature closing of the IR im-
aging of the breast in the BCDDP study
was due to technical difficulties, lack of
training of technical staff, lack of experi-
ence in reading by professional staff,
lack of standardization of equipment,
and lack of interest in this new technol-
ogy by radiologists.

The closure resulted in there being no
clear demonstration of the possible im-
portance of IR imaging in the diagnosis of
breast cancer. Other consequences of dis-
continuation of this part of the study was
that no data were collected to compare the
diagnostic ability of mammography with
IR imaging, to evaluate IR imaging as an
indicator of risk of developing breast can-
cer, or to evaluate this imaging modality
as a prognostic indicator in patients with
abnormal mammograms who later were
surgically biopsied and diagnosed with
breast cancer.

After the BCDDP discontinued their
study of IR imaging, several studies were
published supporting the role of IR imag-
ing as a high-risk marker for breast cancer
[1, 21, in the diagnosis of breast cancer [1,
2, 3], and as a prognostic indicator for
breast cancer patients [3, 4]. The results
reported in this article further support the
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use of IR imaging in risk assessment, de-
tection, and as a prognostic indicator. We
present preliminary evidence showing
that the improvements in technology that
have been incorporated into second-gen-
eration, focal-plane, indium-antimonide
detector systems can significantly im-
prove breast IR images.

Methods

The normal and breast cancer patients
in the first part of this study were selected
from patients who had undergone breast
IR imaging as part of their breast exami-
nation at the Elliott Mastology Center be-
ginning in 1973. These exams also
included mammography and clinical ex-
amination. The study included three cate-
gories of patients: (1) 126 patients who
died of breast cancer during this period
and had breast IR imaging within the
one-year period leading up to diagnosis of
their breast cancer, (2) 100 randomly se-
lected living breast cancer patients who
also had IR imaging within the one-year
period previous to their diagnosis of
breast cancer, and (3) 100 patients who
had a variety of mastopathies but had not
been diagnosed as having breast cancer
during screening. If, during IR imaging
examination, asymmetric heat patterns
(diffuse heat, focal hot spots, areolar
and/or periareolar heat, vessel discrep-
ancy, or edge signs) were noted, the pa-
tient was considered at high risk of getting
breast cancer or to have a poor prognosis,
if already diagnosed. Clinical/pathologi-
cal staging (tumor size, nodal status, pres-
ence of metastasis), age, and location of
the cancer were also documented for all
these patients, and the results were com-
pared to IR imaging results.

0739:5175,/00/510.00©2000 May/June 2000




A second group of patients, being
screened with mammography, also under-
went IR imaging of their breasts. During
the study, normal and high-risk patients
had IR images of their breasts taken with
an Inframetrics (North Billerica, MA)
scanning mercury-cadmium-telluride de-
tector system (right oblique, left oblique,
and frontal views) and recorded as
hard-copy photographic images (a color
frontal isotherm view, and three black and
white views: frontal, left oblique, and
right oblique). For comparison, three ad-
ditional breast views (frontal, right
oblique, and left oblique) were recorded

. with an Amber (Raytheon, Inc., Dallas,
TX) focal-plane, indium-antimonide,
staring array system. IR images of 220 pa-
tients from both the scanning and fo-
cal-plane systems were digitized and
stored on computer hard disk, thus creat-
ing a digitized IR image database for later
image analysis.

Results

When the IR imaging results were
grouped into the three groups of screened,
cancer, and deceased cancer patients, there
was a significantly greater percentage of
abnormal IR images in breast cancer pa-
tients than in women being screened who
were at normal or high risk of developing
breast cancer (Table 1). There was a 28%
incidence of abnormal IR images in
screened patients and a significantly
greater incidence at diagnosis, 65%, for
living breast cancer patients. The 88% inci-
dence of abnormal IR images at diagnosis
in the deceased breast cancer patients was
also significantly higher than the 65% inci-
dence of breast cancer patients in general.
The data in Table 1 show that the increas-
ing incidence of abnormal IR images is sig-
nificantly related to the likelihood of
progression of the disease. Thus, IR imag-
ing results, which are useful for risk assess-
ment, also have prognostic significance.

The prognostic significance of the
components of the clinical/pathological
staging system has previously been dem-
onstrated in breast cancer patients. In this
study, we found that nodal status and pres-
ence of metastatic disease were not re-
lated to IR imaging results. However,
clinical tumor size (diameter of palpable
mass), but not pathological tumor size (di-
ameter of cross section of mass after sur-
gical removal), was significantly related
to IR findings, which resulted in patients
with larger tumors being more likely to
have an abnormal IR image (Table 2).
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Even though patients with larger tumors
were more likely to have abnormal IR im-
ages, it is important to note that the group
of patients with the smallest tumors (T1)
also had over 50% abnormal IR images.
The age of the patients (less than 50 com-
pared to greater than or equal to 50) and
location of the tumor (left compared to
right breast) were also found to be inde-
pendent of and therefore unrelated to IR
imaging results.

Table 3 presents the results from 20
cancer patients in this study who had se-
rial IR imaging and had at least one IR im-
age a minimum of one year before being
diagnosed with breast cancer. These 20
patients had IR results at diagnosis that are
representative of the larger group that
they were selected from, in that 50% (10
of 20 patients) had abnormal IR images,
which is similar to the 65% (65 of 100 pa-
tients) with abnormal IR images from Ta-

Infrared Imaging Patients
Resuits Screened Cancer Deceased
Normal 72 35 15
72% 35% 12%
Abnormal 28 65 111
28% 65% 88%
p < 0.0001, chi-square analysis for independence

Infrared Imaging Clinical Size Classification
Results T1 (<2cm) T2 (2-5 cm) T3 (>5 cm)
Normal 9 14 0
Abnormal 10 31 ’ 10
% Abnormal 53 69 100
p < 0.05, chi-square analysis for independence

Infrared Image Results at

Infrared Image Results at Diagnosis

Least One Year Prior to

Diagnosis

Normal

Abnormal

Normal 10

Abnormal 0

p < 0.005, chi-square analysis for independence

Infrared Imaging Results Number of Follow-up Time in Months
>1 Year At Diagnosis Patients Mean + SD Median Range
Before
Abnormal | Abnormal 7 95 + 46 87 18-158
Normal Normal 10 90 = 30 95 24-123
Normal Abnormal 3 3419 24 23-56
IEEE ENGINEERING N MEDICINE AND BIOLOGY 53



‘Table 5. Comparison of Results from First- and Sebond-eeneration .
Infrared Imaging Systems ~

Second-Generation

First-Generation System

System Subjective Thermographic Diagnostic Classification
Infrared Index Normal Slightly Abnormal
Abnormal
0 87/220 (39.5%) 12/220 (5.5%) 10/220 (4.5%)
1 23/220 (10.5%) 5/220 (2.3%) 4/220 (1.8%)
2 22/220 (10.0%) 16/220 (7.3%) 10/220 (4.5%)
3 10/220 (4.5%) 1/220 (0.5%) 4/220 (1.8%)
4 5/220 (2.3%) 0/220 (0.0%) 6/220 (2.7%)
5 1/220 (0.5%) 1/220 (0.5%) 3/220 (1.4%)
p

= 0.0001, chi-square analysis for independence

ble 1. All 10 of the patients who had
normal IR images at diagnosis had normal
IR images at least one year before diagno-
sis. A large proportion (70%) of the pa-
tients who had abnormal IR images at
diagnosis had abnormal IR images at least
one year prior to diagnosis. A small pro-
portion (30%) of patients with abnormal
IR images at diagnosis previously had
normal IR images.

The average times between earliest posi-
tive or negative IR images and diagnosis are
presented in Table 4. The seven patients
with abnormal IR images at diagnosis, who
also had abnormal IR images at least a year
earlier, had abnormal IR images for an aver-
age of almost eight years. The 10 patients
with normal IR images at diagnosis had nor-
mal IR images for an average of seven and a
half years. The few patients who changed
from normal to abnormal IR images at diag-
nosis had normal IR images at least 23
months before diagnosis.

In the second part of the study, the sec-
ond-generation, focal-plane, starring ar-
ray system was found to produce much

higher quality images than the first-gener-
ation scanning system. The first decision
made was to try to quantitate the six indi-
vidual asymmetric abnormalities present
in the focal-plane images and to create an
IR index by adding together the individual
scores for each abnormality (small hot
spot, score = 1; large hot spot, score = 2;
global heat, score = 3; vascular heat, score
=1, 2, 3; areolar heat, score = 1; edge heat,
score = 1). The images from the fo-
cal-plane starring array had IR indexes
that could range from zero to eight, but the
highest index computed was five. Previ-
ously, scanning IR images were consid-
ered abnormal if any of the six
asymmetric abnormalities were present,
and images that only had a borderline IR
asymmetry were called slightly abnormal
(three levels of results: normal, slightly
abnormal, abnormal).

The IR indexes derived from the sec-
ond-generation, focal-plane imaging re-
sults were compared to the levels of
abnormality from the scanning results on
the patients being screened for breast can-

Table 6. Distribution of Abnormalities for |

Abnormality

First-Generation System
(Scanning)

cer (Table 5). Chi-square analysis for in-
dependence showed that the two methods
produced results that were strongly asso-
ciated (p = 0.0001). The most interesting
result was an increase in the sensitivity for
asymmetric heat patterns with the fo-
cal-plane system: 50.5% (111 of 220) of
the patients without breast cancer had ab-
normal IR images, whereas only 32.7%
(72 of 220) of the patients had asymmetric
heat patterns with the first-generation
scanning system. Analysis of the six
asymmetric abnormalities individually
(Table 6) showed that most of the increase
in sensitivity could be attributed to a sig-
nificant (p = 0.0054) increase in vascular
asymmetry from 43 of 218 patients with
the scanning system to 70 of 220 with the
focal-plane system.

Next, the distribution of the IR index
was compared to the levels of abnormality
from the scanning images to determine if
the increase in ‘sensitivity of the sec-
ond-generation technology would create
small subsets with higher IR indexes that
could be used to refine risk assessment.
When an IR index of 1 is considered to be
so insignificant that a patient’s risk of get-
ting breast cancer is not increased, and 2 is
considered to only slightly increase risk,
then 14.1% (31 of 220) of the patients be-
ing screened for breast cancer would be
categorized at high risk. On the other
hand, 37 of 220 patients had abnormal IR
images with the scanning system, which
means that 16.8% of the screened patients
would be at high risk (Table 5).

Three known risk factors (family his-
tory of breast cancer, previous estrogen
hormone therapy, and previous breast bi-
opsy) were compared to the IR results
from the first-generation scanning and
second-generation focal-plane systems
(Table 7). None of these risk factors was
found to correlate with IR imaging results

d-Generation Infrared Imaging Systems |

Second-Generation System
(Focal Plane)

Asymmetric Small Focal Hot Spot

41/218 (18.8%)

28/220 (12.7%)

Asymmetric Large Focal Hot Spot

3/218 (1.4%)

35/220 (15.9%)

Asymmetric Global Heat

6/218 (2.8%)

2/220 (0.9%)

p=0.1434
Asymmetric Vascular Heat 43/218 (19.7%) 70/220 (31.8%)

p = 0.0054
Asymmetric Areolar Heat 6/218 (2.8%) 14/220 (6.4%)
Asymmetric Edge Heat 1/218 (0.5%) 0/220 (0.0%)
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from either system. Therefore, IR imag-
ing results were an independent risk factor
in breast cancer. The physician also as-
signed patients being screened into nor-
mal and high-risk categories by
subjectively integrating family history,
mastopathy, previous use of estrogen hor-
mones, and previous breast biopsy (Table
7). The results of this physician-integrated
risk assessment was also not related to the
results from either IR imaging system.

The final part of the study was an at-
tempt to apply image processing and com-
puter-vision techniques to produce
objective measures of asymmetric heat
patterns. Preliminary results showed that
comparative pixel statistics (mean, stan-
dard deviation, median, minimum, maxi-
mum temperatures) could be computed
for complete breasts, quadrants of the
breast (Fig. 1, schematic; Fig. 2, IR image
of breasts), and hot spots.

Discussion

To date, IR imaging of the breast has
not been adequately studied for conclu-
sions to be drawn about its role in the de-
tection and treatment of breast cancer. In
the BCDDP, IR imaging was originally
included in the study, but it was quickly
discontinued without collection of the
data necessary to determine its value in
detection and diagnosis of breast cancer.
The high false positive rate (found to be
28% in the present study) of IR imaging
compared to mammography in women
being screened for breast cancer has al-
ways been considered a major drawback.
The combination of this high false posi-
tive rate with the inability of IR imaging to
localize a lesion or tumor (abnormalities
found by IR imaging do not define an area
that can be surgically biopsied) has been
sufficient reason to prevent breast IR im-
aging from becoming a routine procedure.

The high false positive rate of IR imag-
ing of the breasts does suggest that this
technique might be useful in defining a
group of patients at high risk for develop-
ing breast cancer. Many of the women
who are undergoing mammography and
IR imaging at our breast clinic are symp-
tomatic, have a family history of breast
cancer, or have abnormalities discovered
by their primary care physicians. There-
fore, their risk exceeds the 10% lifetime
risk/occurrence of breast cancer for
women in the general population.
Gautherie and Gros [1] showed that 38%
(298/784) of patients with abnormal IR
images were diagnosed with breast cancer
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Infrared imaging
results,whlch are
useful}fcr risk
assessment also have
prognostic

significance.

in the four-year period following the ab-
normal IR images. Stark [2] found that
23% of patients with abnormal IR images
developed breast cancer within 10 years.
In the present study, the significantly (p <
0.0001, chi-square analysis for independ-
ence) higher percentage (65%) of patients
with abnormal IR images at the time of
breast cancer diagnosis compared to the
28% rate of abnormal IR images in the
screening group of normal and high-risk
patients suggests that an abnormal image
is a high-risk marker in breast cancer. Of
the screened patients, a much higher pro-
portion (approximately a two- to three-fold
increase in risk) with abnormal IR images
will develop breast cancer, as compared
with those with normal images. This sug-
gestion is reinforced by the data in Table
4, where it can be seen that 35% (7/20) of
the cancer patients had abnormal IR im-
ages 18 to 158 months prior to their diag-
nosis of breast cancer. These studies all
provide strong evidence that breast IR im-

aging, an inexpensive and completely
noninvasive procedure, has an important
role in defining a group of women at high
risk for breast cancer. These patients at in-
creased risk of developing breast cancer
should have mammography, IR imaging,
and clinical examination more frequently,
in an attempt to diagnose at an earlier and
more curable stage.

Since the mid 1980s, breast cancer re-
searchers have been searching for clini-
cal, pathological, and biochemical char-
acteristics that can be integrated to
provide a rational basis of selecting
node-negative (absence of spread of the
breast cancer to the axillary lymph nodes)
patients for adjuvant chemotherapy. It is
known that breast cancer will not recur
(and cause death) in approximately 90%
of node-negative patients with tumors less
than 2 c¢m in diameter. However, in the
10% where recurrence occurs, the cancer
will be less responsive to chemotherapy
than it would have been in the adjuvant
setting. IR imaging appears to provide
prognostic information that could be
used in combination with other clinical,
pathological, and biochemical parame-
ters in the selection of those patients for
adjuvant chemotherapy. Isard, et al.
[4], in a study of 70 breast cancer pa-
tients, showed that 30% of patients
with abnormal IR images survived five
years, compared to 80% of patients
with normal IR images. The present
study showed that 65% of the breast
cancer patients had abnormal IR im-
ages, but a significantly (p < 0.0001)
greater proportion (88%) of those who
had died of breast cancer had abnormal
IR images. This significantly greater pro-
portion of deceased breast cancer pa-
tients with abnormal IR images is further
evidence to support IR imaging as a prog-
nostic indicator.

Table 7. Comparison of Results of First- and Second-Generation
Infrared Imaging to Known Risk Factors in Breast Cancer

Risk Factors

First-Generation
Scanning
Infrared Imaging System

Second-Generation
Focal-Plane
Infrared Imaging System

p n p n
Family History 0.3903 213 0.7971 213
Previous Estrogen Therapy | 0.5357 210 0.8875 210
Previous Breast Biopsy 0.0747 212 0.3582 212
Physician’s Subjective 0.2399 220 0.9522 220
Integration

p = probability, n = number of cases compared; chi-square analysis for independence
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Although IR imaging of the breast has
been shown to have prognostic value, it is
important to determine if such results
have value independent of other previ-
ously identified prognostic indicators. We
have previously reported that when IR im-
aging was done at the same time as diag-
nostic mammography (prior to diagnostic
needle or surgical biopsy for breast can-
cer) and compared to the size, nodal sta-
tus, and presence of metastatic disease of
the TNM classification system (T, tumor
size; N, nodal status; M, presence of meta-
static disease), then IR imaging results
were only related to clinical tumor size
(see Table 2). It is important to note that
even though the percentage of patients
with abnormal IR imaging increased with
increasing tumor size, over 50% (10 of
19) of the patients with small tumors (less
than 2 ¢cm in diameter) had abnormal IR
images. This finding suggests that the risk
of recurrence could be related to IR imag-
ing results even in the group of patients
with tumors less than 2 cm in diameter.
When looking at all stages of breast can-
cer, IR imaging results were independent
of nodal status, but we do not, as yet, have
enough Stage I (a tumor less than 2 cm in
diameter, negative lymph nodes, and free
of metastatic disease) patients to analyze
IR imaging results for disease-free and
overall survival in relation to adjuvant
chemotherapy. Head, et al. [3], also
showed that IR imaging results were unre-
lated to age, tumor location (right or left
breast), and estrogen and progesterone re-
ceptor status. Many ‘more patients will
have to be analyzed to determine if IR im-
aging is an independent and useful prog-
nostic indicator. We feel that this would
be a worthwhile pursuit considering the
small cost and noninvasive nature of IR
imaging.

The growth rate of breast cancers, de-
termined by measuring the change in di-
ameter of breast tumors over time and by
calculating tumor volume doubling times,
has been shown to be one of the best pre-
dictors of disease-free and overall sur-
vival and therefore is a good prognostic
indicator. However, the clinician is rarely
able to follow a growing tumor in individ-
ual patients over a long enough period of
time to determine the volume doubling
time. It will be necessary to find a more
practical method of approximating
growth rate or other more easily deter-
mined prognostic indicators that are
highly correlated to and dependent on it.
Tumor growth rate [5], tumor ferritin con-
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centration [3], proliferation index by flow
cytometry [3], and semiquantitation of the
proliferation-associated antigen Ki-67 in
frozen sections by immunocytochemistry
{3] have all been shown to be related to IR
imaging results. The correlation of growth
rate and these proliferation-related pa-
rameters with IR imaging results suggests
that a breast cancer patient with an abnor-
mal IR image has a higher probability of
having a fast-growing tumor with in-
creased blood flow to it and its immedi-
ately surrounding tissue. This increased
blood flow is necessary to bring the nutri-
ents required to maintain the growth rate
of fast-growing tumors and is probably re-
sponsible for the IR abnormalities ob-
served. The most remarkable aspect of IR
imaging is that these abnormalities often
precede mammographic abnormalities as-
sociated with breast cancer by years and
sometimes even decades [1, 2]. We there-
fore believe that the higher metabolic rate
of faster-growing tumors and the associ-
ated increase in local vascularization
causes most of the abnormalities seen in
the IR image of breast cancer patients.
Since faster-growing tumors are known to
have a poorer prognosis, their association
with abnormal IR imaging results offers
significant prognostic value for breast
cancer patients.
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Comparison of IR images from the
first-generation scanning IR imaging sys-
tems to the results from a second-genera-
tion IR imaging system clearly showed the
higher quality of the images from the
newer technology. The improvement was
due to the greater thermal sensitivity,
greater number of elements, and greater
dynamic range of the focal-plane, staring
array imager. The proportion of patients
determined to be at increased risk of breast
cancer is probably a little high and there-
fore yields lower specificity, as determined
with the second-generation IR system.
However, the strength of using an IR index
is not in the overall proportion of patients
who are at increased risk, but with its abil-
ity to create a series of groups of patients
with semiquantitative increasing risk. This
grading can be done by adjusting the
weight of the different asymmetric IR ab-
normalities used in creating the IR index.
In future studies, we will be able to address
the independent values of the six IR abnor-
malities and to create an index where each
will be appropriately weighted. This pro-
cess of weighing the independent vari-
ables, the different asymmetric IR ab-
normalities, is not possible with the
three-level subjective analysis used with
the scanning IR system.

In this study, the lack of association
between IR imaging results and known
risk factors in patients being screened for
breast cancer confirms that IR results are
independent of known risk factors. There-
fore, in light of the evidence [1, 2, 3]
showing a strong association of asymmet-
ric IR abnormalities with a high risk of
getting breast cancer, it can be concluded
that such images are a significant inde-
pendent risk factor for breast cancer.

The objective measurements from our
initial image analysis need to be done on a
larger database of focal-plane images to
determine their utility. Hopefully, by re-
moving the subjectivity of current im-
age-analysis methods, there will be an
improvement in risk assessment, detec-
tion, and treatment of breast cancer.
Methods of analysis of the breast IR im-
ages need to be developed that reduce per-
spective distortions that are inherent to
imaging of three-dimensional shapes and
also to overcoming the lack of ideal body
symmetry due to both natural asymmetry
and also the spatial orientation of the
imager to the subject. Finally, the whole
analysis must be automated, as highly in-
teractive analysis is not conducive to the
typical practice of medicine.
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Conclusions

The role of IR imaging in breast cancer
risk assessment, detection, diagnosis, and
prognosis has not been fully determined.
The use of IR imaging for detection and di-
agnosis of breast cancer is limited by an in-
ability to localize the tumor. Therefore, IR
imaging can only be used to complement
mammography and physical exam in the
detection and diagnosis of breast cancer.

IR imaging does have an important
role in screening for breast cancer risk
assessment. The evidence presented in
this article further demonstrates that
women with abnormal IR images are at
increased risk, approaching 30%, of de-
veloping breast cancer. These high-risk
patients should be followed closely with
IR imaging, mammography, and clini-
cal examination in order to detect their
cancers early, when there is a higher
probability of cure. IR imaging also has
prognostic value for breast cancer pa-
tients. Further study in Stage I breast
cancer patients is needed to see if IR im-
aging results can be integrated with the
results of other prognostic indicators,
when deciding whether to give adjuvant
chemotherapy. Additional studies are
needed to better define the role of im-
proved second-generation IR imaging
instrumentation and computer-assisted
image-analysis techniques.
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Increasing the

Effective Resolution of
Thermal Infrared Images

An Algorithm Based on Mean-Field Annealing that Also
Removes Noise and Preserves Image Edges

hermal infrared (TTR) imaging is recog-
nized as the most efficient technique for
the study of skin temperature distribution.
Many studies have been performed that
show the anticipated normal pattern of
temperature in a thermal image [1]. In
specific diseases, characteristic changes
can be measured from target anatomical
sites. In this way, objective noninvasive
investigations can be of diagnostic value
[15]. TIR imaging of the breast for breast
cancer risk assessment is an example.
Clearly, the efficacy of TIR is greater
for surface or shallow lesions and for per-
fusion difficulties such as peripheral vas-
cular occlusive disease, particularly deep
venous thrombosis, in which TIR is 79%
sensitive and 84% specific [16]. Surpris-
ingly, even deep lesions of the breast in-
duce abnormalities in skin temperature
that can be detected by TIR. Anbar [1] ar-
gues that such abnormalities are due to ni-
tric oxide (NO)-induced increases in
perfusion throughout the breast, including
near the skin, and not due to hyper-
vascularization of the tumor itself. Studies
of breast cancer diagnosis using TIR have
shown sensitivities from 62% to 88% [6,

18, 19]. The current sensitivity of X-ray
mammography is still below 85% [14],
with most of the difficulty occurring in
women with dense breasts (about 25% of
the tested population) [13].

Acknowledging that TIR may not be
sufficiently mature to be considered a di-
agnostic tool for breast cancer, some re-
searchers [7, 10] have asked the question
of whether an abnormal TIR image of the
breast can be used for risk assessment
[11]. They compared abnormal TIR with
three other risk factors: family history of
breast cancer, previous estrogen hormone
therapy, and previous breast biopsy. None
of these risk factors was found to correlate
with the TIR result and therefore may be
considered independent risk factors. Fur-
thermore, TIR, when treated as a risk fac-
tor, was found to have excellent prognostic
capability.

Although TIR imaging possesses the
advantages of being noninvasive, risk
free, and considerably less expensive, it
suffers the disadvantage of a lack of reso-
lution due to blur compounded by rather
high levels of noise. A maximum a-poste-
riori probability (MAP) image restoration

1. System model of image corruption and reconstruction.
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philosophy is proposed in this article to
solve this problem of resolution. The ob-
jective is three-fold: to increase the reso-
lution of the measured image by using a
type of 2:1 zooming; to remove the noise;
and simultaneously to preserve the detail
of features, including, in particular, the
sharpness of edges.

Mathematical Approach

A system model is first constructed to
simulate the image-formation process and
the image-reconstruction process. Then,
the problem of increasing the resolution is
formulated into an optimization problem
using the approach of mean-field anneal-
ing (MFA).

System Model Construction
Figure 1 explains the system model un-
der the current study. In this model, image
f (resolution 2N x 2N) is first blurred by

the point-spread function (PSF) (h) and
then corrupted by noise (7). The resulting
blurred, noisy image is subsampled (2:1)
to produce the measured image g (resolu-
tion N X N).

The algorithm proposed in this article

reverses this process. That is, once we

know the measured image g, the system
PSF 4, and the noise model #, we can de-
termine an estimate f (resolution 2N X

2N) of image f, from the subsampled im-
age g. An optimal interpolation algorithm
is pursued to make f as close to fas possi-

ble. Before going into the problem formu-
lation, we first analyze, hypothetically,
the degradation that the measured image
suffers.

To estimate the PSF that produces the
image blur, a single point source of heat
was imaged at five different points in the
field of view by making small changes in

140

140

2. Space-variant blur. Three-dimensional drawings of the captured single point
source of heat with different camera angles. (a) Upper-left, (b) upper-right, (c) cen-

ter, (d) lower-left, and (e) lower-right.
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the camera angle (Fig. 2). The totally dif-
ferent shapes displayed from the five pic-
tures show us that the blur is space variant.
Optimal estimation of the PSF is beyond
the scope of this article.

To exploit the noise model, we select
a homogeneous area from the original
image and analyze its histogram. Figure
3 shows the histograms from two rela-
tively homogeneous areas in an original
image, both of which are approximately
Gaussian.

Problem Formulation

The problem of TIR image reconstruc-
tion with increased resolution can be
posed as an optimization problem. We
state our optimization as follows: Given
the subsampled measured image g, we
seek the zoomed image f that maximizes
the a-posteriori conditional probability
P(flg). According to Bayes’ rule, the
a-posteriori conditional probability can be
written as:

p(8lNP)

P(g) (1)
where the denominator P(g) is independ-
ent of f and therefore does not affect the
maximization process. Taking the loga-

rithm of both sides of Eq. (1), we then ob-
tain the objective function:

log p(f|g) = max ,(log p(g| f) + log P(f))

p(flg) = max,

2

We denote as the noise term the part
that involves the conditional probability
p(glf) and depends on the blur and the
noise process, and we denote as the prior
term the a-priori probability P(f), which is
independent of the measured image.

Noise Term

We have determined that the noise in the
thermal image is approximately Gaussian
and that the blur is space variant. Without
losing generality, we can assume that the
Gaussian is zero mean with variance ¢”. In
the experiments, we use asingle 5 X 5 con-
volution kernel at all points in the image,
instead of a space-variant nonisotropic
kernel to model the blur, which is effec-
tively a space-invariant assumption. Fu-
ture work will take spatial variation of the
PSF into account.

From the model constructed in Fig. 3,
we know that the difference between the
original image fand the measured image g
can only be due to the noise. Since the
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noise is an independent Gaussian function
with zero mean and variance 67, the con-
ditional probability p(g| f) can be written
as:

1
pelH=]]—
ij V2no

(f®M),; ;-2 )’
xXexp| — g -

(3)
where f ® h denotes a 5 x 5 sum of prod-
ucts (local convolution) centered at point
(& j)-

Taking the logarithm of Eq. (3) and
changing the sign allows one to convert
the maximization of the conditional prob-
ability to the minimization of a summa-
tion, which is what we called the noise

term H,:
H, = 2 (f® h)i,j2 8ij) )

i 20 @

In the case of 2:1 zooming, the measured
pixels exist on every other row and every
other column, so the summation is only
taken over pixels where g is measured.

Prior Term
Unlike the noise term, the prior term in-
corporates only the knowledge of the
properties of image f. One typical prop-
erty that f should have is smoothness. We
use a penalty function to express the prior
term H,, which penalizes the noise but
not the edges. Considerable literature [2,
5, 8, 12] has shown that the upside-down
Gaussian function in Fig. 4 produces
noise removal without blur of edges.
Based on this property, we derive the
prior term:

B (Vf)?;]
H =—2(—)exp(——]
roeAr 2T ) (5

where B is a constant weight selected de-
pendent on the noise variance and Vf is an
edge operator specific to the problem at
hand, operating in the vicinity of pixel (i,
J). Usually, the edge operator is imple-
mented as a convolution with a symmetric
edge operator kernel . We note that if Vf
is zero for the neighborhood of each pixel,
the prior term is maximally negative. The
“temperature” T will be gradually reduced
over the iterations of the algorithm to
T ¢nat » Which is a problem-dependent con-
stant property of the expected scenes that
specifies the “steepness” or maximum ex-
pected value of the edge operator between
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regions. It is important to point out that
this form of the prior is bounded, which
restricts the amount of blurring for the
edges in the image.

Since TIR images have features of
varying intensity and may be separated by
roof edges, we use a piecewise linear

prior model that preserves roof edges well
[4]. The piecewise linear model can be
implemented by a second derivative oper-
ator such as a Laplacian or a quadratic
variation. We choose the quadratic varia-
tion because this form is never negative,
making the edge more stable [Eq. (6)].

N WA O N

-

0 0
60 80 100 120 140 160 180 200 220 240 260 O 50 100 150

200 250

3. Gaussian noise (histograms of two homogeneous areas in a thermal image are

Gaussian).
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4. Estimated penalty function for the prior term. The horizontal axis is the differ-

ence in brightness of adjacent pixels.
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The quadratic variation operator can be
estimated by convolving with three ker-
nels i, hyy, and &, [Eq. (D)]:

25 (2fY (2°f)
VA =l =L | +] 22| +2
(VN [6}62] (ayz] (axayJ
6)
1"0 0 0]
h,=—=|1 -2 1],
Jg_o 0 0]
| [0 1 0]
hy=—|0 -2 0,
*/6_0 1 0]
. (-1 0 1
h,=—|0 0 O}
N ‘/61 0 -1
L - )
Optimization by

Mean-Field Annealing
With the noise term and the prior term,
the objective function can be written as
H=H,+H, andf is pursued such that
H can reach its minimum. To solve this
optimization problem, we use the MFA
technology [3, 4]. MFA follows a particu-

0,0) i
X X X
]
x4—DE L xglabx L[] ox
5 RN
X x| [x47]x [ex

5. Four distinct cases in the reverse con-
volution of Eq. (8), as indicated by the
centers of the four clusters: (1) when {
and j are both even, (2) when i is even
butj is odd, (3) when i is odd but; is
even, and (4) when i and j are both odd
(x indicate pixels with a measurement).

lar methodology (the mean-field approxi-
mation) to derive a minimization method
that will combine gradient descent and
annealing to find the global minimum. We
consider the noise term and the prior term
separately.

An initial estimate of the image and an
initial temperature T, must be made at
the start of the annealing process. In the
case of 2:1 zooming, since three-quarters
of the pixels do not have any correspond-
ing measurements, we use linear interpo-
lation to estimate the initial values of
those pixels.

The partial derivative of H with respect
to f; ; is required in order to perform the
gradient descent component of the MFA
optimization, resulting in:

?l']_,i: (fe® h)i,j —g,‘,j) ® h,,,

%, o? ®)
()
o,; \T°
f®n?
: ((f® r)exp(_?)]‘ . ® Fey
by
®
where the terms h,,, and r,, denote the

kernels 4 and r, with elements reversed
about the origin of the kernel, respec-
tively. When performing the reverse con-
volution in Eq. (8), four distinct cases
(Fig. 5) need to be identified, since convo-
lution can only be taken over pixels in g
where they are measured.

The gradient descent then can be car-
ried out as:

OH aH,,+8H,,

o, o, o,

See [20] for details on the selection of step
size.

The annealing minimization process
starts with large T and gradually reduces
the temperature over time. This process
avoids most local minima and produces
an optimal reconstructed image with in-
creased resolution based on the knowl-
edge of blur, noise, and the a-priori model
of the image. This is the optimal interpo-
lation that adopts MFA technology.

Experiments and Results

Fifteen studies were acquired, with
three breast TIR images in each study. In
order to increase the blood flow to the
skin, patients were cooled for 10 min in a
68° room and then moved into a 72° room
to be imaged. An Inframetrics 600M scan-
ner, which uses a scanning mirror for im-
age acquisition, was used. The images
include five patients with normal TIR
breast images, five patients who were nor-
mal but had abnormal TIR breast images
(therefore were at high risk for breast can-
cer), and five patients with breast cancer
confirmed positive by biopsy. All the im-
ages were zoomed using the above opti-
mal interpolation algorithm and two other
conventional zooming methods (pixel
replication and linear interpolation [9]).

Experiments were carried out on both
synthetic images and real images. This
article shows the comparison results
based on one synthetic image and one real
image. More results are presented in [20]
and at our website [17].

Performance Evaluation
Based on Synthetic Image
The simplest synthetic image is the
checkerboard. We created a checkerboard

(a) (b)

(e)

6. Results from checkerboard images. (a) Original image, (b) subsampled measured image, (c) zooming by pixel replication, (d)
zooming by linear interpolation, and (e) zooming by optimal interpolation.
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pattern of 64 squares with a resolution of
256 x 256, with intensity levels of 100 and
200. The original image was blurred by a
3 X 3 Gaussian Kkernel, corrupted by
zero-mean stationary Gaussian noise with
a signal-to-noise ratio (SNR) of 24 dB,
and subsampled to create the measured
image. Figure 6 shows the original syn-
thetic image, the subsampled measured
image, and the zoomed images from the
three zooming algorithms.

To quantitatively compare the perfor-
mance of the three zooming algorithms,
we used histograms, difference images,
and the mean-square error (MSE) to do
the analyses.

Figure 7 shows the histograms of the
three zoomed images. From the histo-
gram distributions, we can see that the
optimal interpolation generates a much
more favorable result in comparison
with the other two, with a distribution
having two narrow sharp peaks corre-
sponding to the original binary image.
In contrast, the image zoomed by pixel
replication has two side peaks that are
due to blur at the edge in addition to the
two main peaks. Linear interpolation
(Fig. 7, center) cannot correct the blur
and there is a continuous gray-level dis-
tribution between two peaks.

The difference image is another way to
detect if the zoomed images have kept
most of the characteristics of the original
and have removed much noise. If so, the
difference image should be much like a
plain surface with only noise on it. Figure
8 is the difference images obtained by
subtracting the zoomed image from the
original clear image.

MSE is computed by taking the aver-
age of the summation of squared er-
rors/difference. Figure 9 is a comparison
of MSE values under different SNR. We
can see that optimal interpolation always
has the smallest MSE. The MSE curve
from optimal interpolation tends to in-
crease slower than those from pixel repli-
cation and linear interpolation.

Performance Evaluation
Based on TIR Images

From the comparison results based on
the synthetic image, we observe that the
optimal interpolation has better perfor-
mance than the other two algorithms. Fig-
ure 10 presents one of the TIR images, its
subsampled version, and the images
zoomed by the three algorithms men-
tioned above. One can see that the image
zoomed by MFA has less noise than that
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(a) ©

8. Difference images between the zoomed images and the original image. (a) Pixel
replication, (b) linear interpolation, and (c) optimal interpolation.
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9. MSE from the three difference images with different SNRs.
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10. Results from TIR images. (a) Original image, (b) subsampled measured image,
(¢) zooming by pixel replication, (d) zooming by linear interpolation, and (e) zoom-
ing by optimal interpolation.
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from pixel replication or linear interpola-
tion. While the noise is removed to a great
extent, MFA performs better in preserv-
ing the detail characteristics of the origi-
nal image, especially the sharp edges.

To compare the results quantitatively,
we used two methods: row/column profile
comparison and difference images. We
did not use histograms in this test image
because the original image does not pos-
sess the obvious characteristics as from
the checkerboard.

The row/column profile comparison
draws the intensity profiles with respect to
the same row/column of the three zoomed
images. This method can discern in great
detail how each zooming algorithm pre-
serves the characteristics of the original
image, and how much noise can be re-
moved. Figure 11 displays the intensity
profiles of the four images in Fig. 10 at
row 40 and column 120, respectively. Itis
clear that the profiles from optimal inter-
polation [Fig. 11(d) and (h)] are much
smoother than the others, while at the
same time restoring the features of the
original profile very well.

Figure 12 shows the difference between
the zoomed images and the original. We
can see that (c) possesses the best effect.

Conclusion

We proposed to use the optimal inter-
polation algorithm to increase the resolu-
tion of TIR images by a factor of 2. The
algorithm is based on MAP, which esti-
mates the missing data based on the mea-
sured image. The quality of the estimation
is formulated into an objective function,
where MFA is used to solve the optimiza-
tion problem. The optimal interpolation
algorithm is compared with pixel replica-
tion and linear interpolation. From the
comparison results, both quantitatively
and qualitatively, we claim that the opti-
mal interpolation algorithm performs
better, especially with increasing noise. It
can increase the image resolution, while at
the same time reducing noise and preserv-
ing the edges of the original image.
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Cancer risk assessment with a second generation
infrared imaging system

Jonathan F. Head, Charles A. Lipari, Fen Wang, and Robert L. Elliott

Medical Thermal Diagnostics, LA Business & Technology Center., Baton Rouge, LA 70803

ABSTRACT

Infrared imaging of the breasts for breast cancer risk assessment with a second generation Amber indium antimonide focal
plane staring array system was found to produce images superior to a first generation Inframetrics scanning mercury
cadmium telluride system. The second generation system had greater thermal sensitivity, more elements in the image and
greater dynamic range, which resulted in a greater ability to demonstrate asymmetric heat patterns in the breasts of women
being screened for breast cancer. Chi-square analysis for independence of the results from 220 patients with both the
scanning and focal plane infrared imaging systems demonstrated that the results from the two systems were strongly
associated with each other (p=.0001). However, the improved image from the second generation focal plane infrared
imaging system allowed more objective and quantitative visual analysis, compared to the very subjective qualitative results
from the first generation infrared imaging system. The improved image also resulted in an increase in the sensitivity for
asymmetric heat patterns with the second generation focal piane system and yielded an increase in the percentage of
patients with an abnormal asymmetric infrared image of the breasts from 32.7% with the scanning system to 50.5% with
the focal plane system. The greater sensitivity and resolution of the digitized images from the second generation infrared
imaging system has also allowed computer assisted image analysis of both breasts, breast quadrants and hot spots to
produce quantitative measurements (mean, standard deviation, median, minimum and maximum temperatures) of
asymmetric infrared abnormalities.

Keywords: thermography, infrared imaging, breast cancer, focal plane array, risk assessment

1. INTRODUCTION

Early studies of infrared imaging of the breast concentrated on its ability to detect and diagnose breast cancer.
Mammography and infrared imaging, commonly called thermography in medicine, were compared for detection and
diagnostic ability in the United States during the Breast Cancer Detection and Demonstration Projects between 1973 and
1981, but infrared imaging was discontinued after only a few years. Collection of infrared images of the breast was
discontinued because of the poor quality of the infrared images being collected. The poor quality of the images was a
result of the lack of standardization of instrumentation, the lack of trained techmical personnel to maintain high quality
infrared imaging, and the lack of trained radiologists to interpret the infrared images. Unfortunately the collection of
infrared image was abandoned before enough data could be collected to be analyzed for significance in terms of detection
and diagnosis. Further no risk assessment or prognostic significance information for infrared imaging was generated from
the Breast Cancer Detection and Demonstration Projects.

Beginning in the 1980s studies supporting the use of infrared imaging in breast cancer risk assessment 23 began to be
published. Gautherie and Gros' in a study of 58,000 patients found 784 patients with normal physical, mammographic
and ultrasound findings who had abnormal infrared images of the breasts. Of these 784 patients 298 (38%) were
diagnosed with breast cancer within 4 years, and this was the first compelling evidence that asymmetric infrared
abnormalities of the breasts is a high risk marker for breast cancer. Stark? followed with a second study in 1985 which
demonstrated that 23% (346 of the 1499 women with abnormal infrared images of the breast, while screening a total of
11,249 women) of the women with abnormal infrared images of the breast were diagnosed with cancer within the next
ten years. This study further showed that women with abnormal infrared images of their breasts had a higher incidence
of breast cancer (23%) than nulliparitous women (8.1%) or women with a family history of breast cancer (8.6% with either
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one or two first degree relatives). Although women with breast biopsies containing extensive hyperplasia and atypia had
a30% to 50% incidence of breast cancer in this study? there were only 34 women who had previous breast biopsies, and
this is too small a number of woman at risk to allow major changes in incidence through prevention or intervention.

Although several studies have been reported supporting the application of infrared imaging for risk assessment in breast
cancer, there still remained an unacceptably high false positive rate (women with an asymmetric infrared abnormality and
a normal mammogram) of about 25% for infrared imaging of the breasts. This high false positive rate was due to the low
quality of the first generation infrared imaging technology and the very subjective qualitative visual analysis of the results.
We believe that the application of second generation infrared imaging systems, with greater sensitivity, improved resolution
and the ability to do sophisticated real time computer assisted image analysis of the digitized images of breast heat
patterns, should yield standard, reproducible qualitative and quantitative results, that will be applicable to risk assessment,
detection, diagnosis and prognosis of breast cancer. Thus, the present study was undertaken to determine if improvements
in infrared technology that have been incorporated into the second generation focal plane staring array Amber infrared
imaging system can improve the images used for risk assessment in breast cancer.

2. MATERIALS AND METHODS

We recorded 3 breast views (right lateral, left lateral and frontal views) of 220 patients with the Amber focal plane staring
array infrared imaging system at the Elliott Mastology Center. The 3 images were digitized and stored on computer hard
disk during the study period. We independently analyzed the same 220 patients with the Inframetrics scanning infrared
imaging system (right lateral, left lateral and frontal views) using hard copy photographic images (color frontal view and
the three black and white views comparable to the Amber digitized images) of the patients that were being screened with
mammography and routinely undergoing infrared imaging of their breasts during the study.

The first methodological decision we made, concerning infrared data analysis, was to try to quantitate the asymmetric
abnormalities that were present in the Amber images (Table 1). Previously, with the Inframetrics system, we called

TABLE 1
SCORING OF RESULTS FORM THE INFRAMETRICS AND AMBER SYSTEMS

ABNORMALITY l INFRAMETRICS SYSTEM AMBER SYSTEM
SCORE SCORE
ASYMMETRIC SMALL FOCAL HOT SPOT YES OR NO 0,1
ASYMMETRIC LARGE FOCAL HOT SPOT YES OR NO 0,2
ASYMMETRIC GLOBAL HEAT YES OR NO 0,3
ASYMMETRIC VASCULAR HEAT YES OR NO 0,1,2,3
ASYMMETRIC AREOLAR HEAT YES OR NO 0,1
ASYMMETRIC EDGE HEAT YES OR NO 0,1

breast infrared images abnormal if any of the six asymmetric abnormalities were definitely present. Inframetrics images
that only had a borderline infrared abnormality were called slightly abnormal (3 levels of results: normal, slightly
abnormal, abnormal). For the Amber data we created a quantitative index by adding together the individual scores (Table
1) for the six possible asymmetric abnormalities (small hot spot, large hot spot, global heat, vascular heat, areolar heat
and edge heat). The Amber Index could therefore range from 0 to 8 but the highest Amber Index that we computed was
five,
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3. RESULTS

Table 2 presents a comparison of the features of the Amber and Inframetrics imaging systems. The Amber system
produced a much better image because of the focal plane staring array that contained far greater elements, and increase
in dynamic range from 8 to 12 bits/element and an increase in thermal sensitivity from 100mK to 25mK. In addition the
Amber image was outputed in a digital format that lends itself to image analysis.

TABLE 2
COMPARISON OF FEATURES BETWEEN THE INFRAMETRICS AND AMBER SYSTEMS

INFRAMETRICS SYSTEM II AMBER SYSTEM

Second Generation

First Generation

Scanning Mercury Cadmium Telluride Detector Indium Antimonide Focal Plane Array

Liquid Nitrogen Cooler Stirling Cycle Cooler

175 Elements/Line @Line Rate: 7866Hz RS- 256 x 256 Elements - Staring Array

170/NTSC

Dynamic Ratings: 8 Bits/Element Dynamic Range: 12 Bits/Element

Thermal Sensitivity: 100mK@30°C Thermal Sensitivity: 25 mK@30°C

Spectral, Range: 8-12 Microns Spectral Range: 3-5 Microns

Extemal Calibration Internal Calibration

Video Output: Analog Video Output: Either Digital or Analog

The first comparison (Table 3) we made on the normal and high risk patients being screened for breast cancer was to

TABLE 3
COMPARISON OF INFRARED RESULTS WITH THE INFRAMETRICS AND AMBER SYSTEMS

AMBER SYSTEM INFRAMETRICS SYSTEM
AMBER INDEX NORMAL SLIGHTLY ABNORMAL
ABNORMAL

0 87/220 (39.5%) 12/220 ( 5.5%) 10/220 ( 4.5%)
1 23/220 (10.5%) 5/220 ( 2.3%) 4/220 ( 1.8%)
2 22/220 (10.0%) 16/220 ( 7.3%) 101220 ( 4.5%)
3 10/220 ( 4.5%) 1/220 ( 0.5%) 41220 ( 1.8%)
4 5/220 ( 2.3%) 0/220 { 0.0%) 6/220 ( 2.7%)
5 1/220 ( 0.5%) 1/220 ( 0.5%) | 30220 (14%)

p=-0001, chi-square analysis for independence
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determine if the results from the second generation Amber infrared imaging system differed from the results from the
Inframetrics system. Chi-square analysis for independence showed that the two methods produced results that were not
independent and therefore were strongly associated (p=.0001). The most interesting result was that there appeared to be
an increase in the sensitivity for picking up asymmetric heat patterns with the Amber system, as 50.5% (111 of 220
patients without breast cancer) had abnormal infrared imaging, whereas only 32.7% (72 of 220 patients) had asymmetric
heat patterns with the Inframetrics system. Analysis of the six asymmetric abnormalities individually (Table 4) showed

TABLE 4
DISTRIBUTION OF ABNORMALITIES FOR INFRAMETRICS AND AMBER INFRARED IMAGING SYSTEMS

ABNORMALITY INFRAMETRICS SYSTEM AMBER SYSTEM
ASYMMETRIC SMALL FOCAL HOT SPOT {{ 41/218 (18.8%) 28/220 (12.7%)
ASYMMETRIC LARGE FOCAL HOT SPOT 3/218 ( 1.4%) 35/220 (15.9%)
ASYMMETRIC GLOBAL HEAT 6/218 ( 2.8%) 2/220 ( 0.9%)

p=.1434
ASYMMETRIC VASCULAR HEAT 43/218 (19.7%) 70/220 (31.8%)

p=.0054 i
ASYMMETRIC AREOLAR HEAT 6/218 ( 2.8%) 14/220 ( 6.4%)
ASYMMETRIC EDGE HEAT 17218 ( 0.5%) 0/220 ( 0.0%)

that most of the increase in sensitivity could not be attributed to the small and insignificant (p=.1434) increase in small
hot spots, large hot spots and global heat from 22.9% (50 of 218 patients) with the Inframetrics system to 29.5% (65 of
220 patients) with the Amber system. However there was a significant increase (p=.0054) in vascular asymmetry from
19.7% (43 of 218 patients) with the Inframetrics scanning system to 31.8% (70 of 220 patients) with the Amber focal
plane system.

Two known risk factors (family history of breast cancer and previous breast biopsy) were compared to the infrared imaging
results from the Inframetrics scanning and Amber focal plane systems. Neither of these risk factors were found to
correlate with the infrared imaging results and therefore infrared imaging results were found to be an independent risk
factor in breast cancer. Women being screened for breast cancer, who come from a family with a history of breast
cancer, are at 2- to 5-fold increased risk of developing breast cancer, if one or more first degree female relatives (mother,
sister or daughter) have had breast cancer. In this study women were divided into two risk categories by etther the
presence or absence of a family history of breast cancer and compared by group to the results of their breast infrared
imaging. When patients’ results from infrared imaging, either levels determined by analysis of Inframetrics infrared
imaging (Table 5) or the Amber Index (Table 6), were compared to patients’ family history of breast cancer, it was found
that there was no relationship between having a family history of breast cancer and having an abnormal asymmetric
infrared pattern of the breasts. So it seems that an abnormal infrared image is a high risk marker for breast cancer that
is independent of family history of breast cancer.



TABLE 5

INFRAMETRICS SYSTEM RESULTS BY FAMILY HISTORY OF BREAST CANCER

INFRAMETRICS SYSTEM

RISK ASSESSMENT

NORMAL

NORMAL
(NO FAMILY HISTORY)

80/213 (37.6%)

~ (FAMILY HISTORY)

HIGH

641213 (30.0%)

SLIGHTLY ABNORMAL

21/213 (9.9%)

12/213 ( 5.6%)

ABNORMAL

17/213 ( 8.0%)

19/213 ( 8.9%)

L —r

p=3903, chi-square analysis for independence

: TABLE 6
AMBER SYSTEM RESULTS BY FAMILY HISTORY OF BREAST CANCER

RISK ASSESSMENT u

NORMAL HIGH
(NO FAMILY HISTORY) (FAMILY HISTORY)

AMBER SYSTEM
AMBER INDEX

NORMAL () 571213 (26.8%) 49213 (23.0%)
SLIGHTLY ABNORMAL (1,2) 45/213 (21.1%) 321213 (15.0%)
ABNORMAL ©c2) 16/213 ( 7.5%) 14/213 ( 6.6%)

p=7971, chi-square analysis for independence

The second risk factor that we looked at was previous breast biopsy. It has been clearly shown in studies done by other
investigators that patients who have had one or more previous breast biopsies are at increased risk of being diagnosed with
breast cancer. This increased risk of developing breast cancer, that has been associated with having had a previous breast
biopsy, is probably due to the ability of mammography to detect not only invasive cancerous lesions but also noninvasive
cancerous lesions and benign lesions (such as atypical hyperplasia and microcalcifications) that put woman at increased
risk of developing breast cancer. In other words, mammographic abnormalities, that lead to open surgical biopsy, are
highly associated with invasive carcinomas and further are often caused by precursors of invasive carcinoma that put
woman at increased risk of developing breast cancer. These abnormalities that are present in mammograms are probably
also the cause of abnormal infrared images in breast cancer screening and at diagnosis of breast cancer. The Inframetrics
analysis (Table 7) showed that there was a trend (p=.0747, chi-square analysis for independence) towards patients with
abnormal infrared images of the breast having breast biopsies. This trend was not confirmed (p=3582, Table 8) when
the infrared images were digitized and saved with the Amber infrared system and the Amber Index compared to the history
of breast biopsy.

Digitization of the higher quality infrared Amber images allowed quantitation of infrared abnormalities by computer
assisted image analysis. The location of cancer in the breast is not random and each quadrant of the breast has been
shown to have its own rate of occurrence with the upper outer quadrant containing the greatest proportion of tumors.
Therefore, we devised a computer analysis method that would quadrant the breast by a defined reproducible method. In
all the digital images a line is drawn from the chin to the nipple, then a second line is drawn to the lowest contour of the
breast, and finally a third and forth line are drawn horizontally to the left and right margins of the breast (Figure 1). The
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same is done for both the right and left breast and we determine the mean, standard deviation, median, minimum and
maximum temperatures for each quadrant of the breast. Then these quantitative measurements were compared between

the left and right breast to quantitate asymmetric infrared abnormalities.

SPEEE i Yiennt B _ TABLE 7 ,
INFRAMETRICS SYSTEM RESULTS BY HISTORY OF PREVIOUS BREAST BIOPSY

Fe—— e

TINFRAMETRICS SYSTEM RISK ASSESSMENT

NORMAL HIGH

(NO PREVIOUS BIOPSY) (PREVIOUS BIOPSY)
NORMAL 116/212 (54.7%) 28/212 (13.2%)
SLIGHTLY ABNORMAL 24/212 (11.3%) 9/212 (4.2%)
ABNORMAL . 22/212 (10.4%) 13/212 ( 6.1%)

p=.0747, chi-square analysis for independence

TABLE 8
AMBER SYSTEM RESULTS BY HISTORY OF PREVIOUS BIOPSY

AMBER SYSTEM RISK ASSESSMENT

NORMAL HIGH
(NO PREVIOUS BIOPSY) (PREVIOUS BIOPSY)

AMBER INDEX

NORMAL (0) 84/212 (39.6%) 22/212 (10.4%)

SLIGHTLY ABNORMAL (1,2) 58/212 (27.4%) 18/212 ( 8.5%)
ABNORMAL >2) 20/212 ( 9.4%) 10212 ( 4.7%)
p=23582 chi-square analysis for independence
FIGURE 1

GUIDELINES FOR BREAST QUADRANTS

Horizontal Left Horizontal Right

Lowest Contour Point
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4. DISCUSSION

Infrared imaging of the breast for breast cancer risk assessment with a second generation focal plane staring array system
was found to produce images superior to a first generation scanning system. The second generation system had greater
thermal sensitivity, more elements in the image and a greater dynamic range, which resulted in a greater ability to
demonstrate asymmetric heat patterns in the breasts of women being screened for breast cancer. Comparison of the
infrared images from the two systems showed that the 12 bit Amber image was better than the 8 bit Inframetrics image,
but the digitized images that were stored on the hard drive were not as good in either case as the analog output from either
system. The 16 bit capacity of the Amber system will probably be needed in order for the quality of the recalled digitized
image to reach that of the analog output, and for image analysis to reach its full potential. However we did conclude that
the second generation Amber infrared images both analog and digital are better for medical applications than the first
generation Inframetrics Images.

The improved imaging of the second generation infrared system increased the proportion of women with abnormal breast
infrared images in a group of women being screened for breast cancer, and also allowed more objective and quantitative
visual analysis, compared to the very subjective qualitative results of the first generation infrared system. Eventually we
hope to demonstrate that the application of a simple index (the summation of a semiquantitation of asymmetric hot spots,
global heat, vascularity, areolar heat and edge heat) and an appropriate cut-off level can decrease the high false positive
rate to an acceptable level. This will require us to determine what types, levels or combination of types and levels of
asymmetric abnormalities are most predictive of risk of developing breast cancer. The Amber Index seems to be more
suited to this purpose, than the 3-levels of results from the Inframetrics system, because there are many levels (0 to 8
levels) with the Amber Index and we actually had 6 levels of the Amber Index. In this study 50% (111 of 220) of the
patients were found to have some infrared abnormality of the breasts, when an Amber Index of zero was considered
normal, but if an index of one is considered to be such a small abnormality that a patient’s risk of developing breast cancer
is not significantly increased, then approximately 36% (79 of 220) of the patients being screened for breast cancer would
be categorized as high risk individuals. If an amber index of two is considered insignificant then 14% (31 of 220) of the
patients being screened for breast cancer would have sufficiently abnormal infrared images to be at increased risk of
developing breast cancer. We feel that 14% would be approximately the proportion of patients in our study group that
would be at increased risk of developing breast cancer and therefore an index greater than two would put a patient at
increased risk of developing breast cancer. However, a clinical follow-up study will be needed to determine how well
we have delineated the women at high risk of developing breast cancer. From Table 3 it can also be seen that the patients,
who are determined to be at increased risk of developing breast cancer, are different with the two systems, as 16 patients
who have completely normal breast infrared images with the Inframetrics system had abnormal images (Amber Index
greater than 2) with the Amber system and 24 other patients with normal Amber images (Amber Index less than or equal
to 2) were abnormal with the Inframetrics system. Thus 18% (40 of 220) of the patients had significantly different infrared
imaging results with the two systems and we are presently doing clinical follow-up studies to determine if the Amber
Index is a better predictor of risk of developing breast cancer than the previous results with the Inframetrics system.

In the past the major shortcoming of infrared imaging of the breast has been its high false positive rate which is typically
between 1/4 and 1/3 of women being screened for breast cancer. This seemingly high false positive rate is partly due
to mammographers calling all abnormal infrared images of the breast false positives in woman with normal mammograms,
instead of being considered at high risk of developing breast cancer -- mammographers have not accepted that an abnormal
infrared image is an early predictor of breast cancer. Even though women with an abnormal infrared image of their breasts
is very prevalent in the screening population and this would therefore require many high risk women to be followed at
shorter intervals with mammography and clinical breast exam, the fact that approximately 25% of the women with
abnormal infrared images will develop breast cancer warrants its inclusion in all breast cancer screening programs. We
also believe that further improvements in infrared imaging systems and analysis, such as the Amber Index, will eventually
allow the clinician to better define infrared abnormalities of the breast that translate into increased risk of breast cancer
and therefore decrease the high false positive rate of infrared imaging of the breast.

Patients found to have abnormal infrared images during screening for breast cancer have previously been shown to be at
higher risk of developing breast cancer!2>. This study has clearly shown that the presence of an abnormal infrared image
in patients being screened by mammography for breast cancer is a high risk marker independent of the commonly used
high risk markers of family history and previous breast biopsy. The improvement in risk assessment that could be
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achieved by integrating infrared image analysis with family history and previous breast biopsy results could have
significant impact on the selection of patients for breast cancer prevention studies. For example, in hormonal intervention
studies with the antiestrogen tamoxifen the addition of infrared imaging results to the other parameters presently used to
select patients for these hormonal therapy prevention study might define a group of women at high enough risk of
developing breast cancer to warrant the extension of hormonal therapy intervention from only postmenopausal women to
both premenopausal and postmenopausal women. This extension to premenopausal women would be possible because
of an increase in the therapeutic index of the hormone prevention therapy, caused by decreasing the number of women
treated (higher risk women being treated) and therefore increasing the proportion of women that benefit from the hormonal
therapy, while the side effects and toxicities remain the same.

The greater sensitivity and resolution of the digitized images of the second generation infrared system has allowed image
analysis of total breasts, breast quadrants and hot spots to produce mean, standard deviation, median, minimum and
maximum temperatures. This will allow future analysis to be both quantitative and objective as opposed to the subjective
qualitative analysis that has been the standard in the past for infrared imaging of the breasts.

In conclusion we believe that infrared imaging of the breast should be an integral part of any breast cancer screening
program due to its value as an independent risk factor for breast cancer and its value as a prognostic indicator?. The use
of improved second generation focal plane staring array infrared technology for breast cancer detection, diagnosis and as
a high risk and prognostic indicator should lead to both earlier detection of breast cancer, thus increasing the overall
survival of breast cancer patients, and aid in determining which node negative breast cancer patients should receive
adjuvant chemotherapy. Continued development of objective computer assisted analysis methods of infrared images of
the breast, that compare quantitative thermal parameters of the right and left breasts, will eventually eliminate the problems
inherent in the presently used subjective qualitative analysis methods. Accomplishment of these goals should significant
decrease the morbidity, mortality and overall cost of therapy for breast cancer patients.
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Breast Thermography Is a
Noninvasive Prognostic Procedure
That Predicts Tumor Growth Rate

in Breast Cancer Patients

JONATHAN E. HEAD, FEN WANG,
AND ROBERT L. ELLIOTT
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Baton Rouge, Louisiana 70816

INTRODUCTION

'The Breast Cancer Detection and Demonstration Projects (BCDDP) that
were carried out by the American Cancer Society and National Cancer Insti-
tute (USA) between 1973 and 1981 evaluated breast thermography as a diag-
nostic procedure for breast cancer. From the results of the BCDDP study the
American Radiology Society concluded that thermography was ineffective as
a diagnostic procedure in breast cancer. However, with the abandonment of
breast thermography in the United States further large-scale studies to deter-
mine its value in predicting the risk of breast cancer and as a prognostic in-
dicator were not pursued. This study demonstrates the prognostic significance
of breast thermography for the breast cancer patient and further relates the
thermal characteristics of the breast to the growth rate of the breast cancer
patient’s tumor.

MATERIAL AND METHODS

Two groups of patients were chosen to do the two parts of this study. The
first group consisted of 126 deceased breast cancer patients (all women who
had died of causes other than breast cancer were eliminated from the study),
100 randomly selected surviving breast cancer patients, and 100 randomly se-
lected normal or noncancer patients, all of whom had undergone breast
thermography in conjunction with mammography and clinical examination
as part of their breast examination at The Elliott Mastology Center since 1973.
The second group consisted of breast cancer patients that had thermography,
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clinical/pathological staging, and laboratory testing of known prognostic in-
dicators done since the beginning of 1989. Thermography was interpreted as
abnormal when asymmetric heat patterns (focal hot spets, areolar and/or peri-
arcolar heat, vessel discrepancy, diffuse global heat, or thermographic edge
signs) were found during routine thermographic exam. In the process of
clinical/pathological staging the following information was obtained: tumor
size (clinical and pathological}, nodal status (clinical and pathological), pres-
ence of metastatic disease, age and location of tumor (left or right breast). Lab-
oratory testing included the determination of the following prognostic indi-
cators: estrogen and progesterone receptors by both the DCC-cytosol (DuPont;
Billerica, MA) and immunocytochemical (Abbott Laboratories; Abbott Park,
IL) methods, tumor tissue ferritin (Hybritech Inc.; San Diego, CA), ploidy
and cell cycle analysis (S, G2M) by flow cytometry, and Ki-67 by immuno-
cytochemical method (Cell Analysis Systems; Lombardi, IL).

RESULTS AND DISCUSSION

In TABLE 1 are presented the results of thermography by paticnt disease
status. Patients without cancer that came through the clinic for routine breast
exams including clinical exam, thcrmography, and mammography had a high
false-positive rate of 28%, when the results of thermography were compared
to mammography. However, these false positives occurred in a population
that is at a higher risk than the normal risk of approximately 10%. Gauthcric
and Gros,! and Stark? have shown that this group of patients with abnormal
thermograms are at significantly higher risk for breast cancer, with occurrence
rates of 38% (298/784) in the 4-year period following thermography and 23%
(346/1499) in the 10-year period following thermography, respectively.

The prognostic significance of thermography is also demonstrated in TABLE
1, as the 126 deceased patients included a significantly higher proportion
(88%) of patients with abnormal thermograms than the 65% for surviving
cancer patients, a large proportion of which should have been cured by stan-

TABLE 1. Thermographic Results for Normal, Cancer, and Deceased Cancer
Patients

Thermographic Patients

Results Norrvnal Cancer Deceased

Normal 72 35 15
72% 35% 12%

Abnormal 28 65 11
28% 65% 88%

Note: p < $.0001, chi-square analysis for independence.
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dard surgery, radiotherapy, and chemotherapy. This is in agreement with a
study of 70 patients by Isard ez a/.3 that clearly demonstrated the prognostic
significance of thermography in breast cancer: 30% five-year survival of pa-
tients with abnormal thermograms compared to 80% survival with normal
thermograms.

To determine if thermographic findings are an independent prognostic in-
dicator, comparisons were made to the components of the TNM classification
system. No significant differences were found in the pathological size of the
tumor, clinical nodal status, pathological nodal status (number or % of posi-
tive nodes) between patients with normal and abnormal thermograms. There
were not enough patients with extension of tumor to chest wall or skin, or
with metastatic disease to evaluate thermography in relationship to these prog-
nostic indicators. Breast cancer patients with abnormal thermograms had sig-
nificantly (p = 0.006) larger tumors clinically than patients with normal
thermograms. TABLE 2 shows the distribution of these patients’ thermo-
graphic results by clinical size classification and clearly shows the increase in
the percentage of patients with abnormal thermograms as the tumor size in-
creases by T classification, so that all patients in this study with T3 tumors
(tumors with diameters greater than 5.0 ¢cm in diameter) had abnormal
thermograms. Also, it is interesting to note that 53% (10/19) of patients with
T1 tumors (less than 2.0 cm in diameter) had abnormal thermograms. Ad-
ditional studies will be needed to determine if thermography is an effective
prognostic indicator for stage I patients (54% of stage I patients had abnormal
thermograms), and to see if thermography is useful in determining which
stage I patients should be treated with adjuvant chemotherapy. Thermo-
graphic results were found to be unrelated to other information of prognostic
significance (age, menopausal status, estrogen receptor status, and proges-
terone receptor status).

A correlation between the growth rate of tumors and their metabolic heat
pattern has been demonstrated, and this results in patients with faster-growing
tumors being more likely to have abnormal breast thermograms.* In TABLE 3
are the growth rate-related tissue ferritin concentrations for patients with
normal and abnormal thermograms. There was a significantly higher (p =

TABLE2. Chi-Square Analysis for Independence of Clinical Tumor Size and Ther-
mographic Results

Clinical Size Classification

Thermographic —_

Rusults Tl T2 T3
Normal 9 14 0
Abnormal 10 31 10
% Abnormal 53 69 100

NotE: p = 0.0323, chi-square analysis for independence.
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TABLE 3. Comparison of Proliferation-Related Parameters to Thermographic
Results

Thermographic Results

Normal Abnormal Significance

Ferritin 762 + 620 (21)8 1512 + 2027 (50) p = 0.021¢
Ploidy, % diploid 41 (7117) 41 (9/22) NS¢
S-phase

Diploid or aneuploid 290 £ 0.94 (11) 6.05 £ 4.13 (20) P = 0.004%

Diploid and ancuploid 4.18 + 2.27 (11) 9.35 £ 5.96 (20) p = 0.002°
S-phase + GM-phase

Diploid or ancuploid 5.63 £ 3.35 (11) 10.45 + 6.65 (20) P = 0.012¢

Diploid and aneuploid 7.63 + 4.15 (11) 14.65 + 7.61 (20) p = 0.0020

A Mcan % standard deviation (number of patients).
Y Probability from Student’s -test.
¢ NS, not significant; chi-squarc analysis for independence.

0.021) concentration of ferritin in the tumors from patients with abnormal
thermograms, which supports the concept that patients with abnormal ther-
mograms have faster-growing tumors and poorer prognosis.® Ploidy analysis
by flow cytometry showed no relationship to thermographic findings. Both
the percent of cells in DNA synthesis (S-phase) and the percent of cells dividing
(prolifcrative index = % S-phase + % GzM-phase) were strongly associated
with thermographic results (TABLE 3), and this was true when the S-phase and
proliferative index were calculated by two different methods. In one method
the percentages of S-phase and GaM-phase cells were determined either from
the diploid or ancuploid population, whereas in the second method the per-
centages from both the diploid and ancuploid populations were added together
in ancuploid tumors. The results of immunocytochemical determination of
Ki-67, a third method for determining cell proliferation,® are found in TABLE 4.
The cxpression of this proliferation-associated antigen is related to thermo-
graphic results: paticnts with abnormal thermograms had a significantly higher
proportion of tumors that were highly proliferative (greater Ki-67 expression).
The association of all three of thesc proliferation-related prognostic indicators
with thermographic results suggests that.thermography is a noninvasive prog-

TABLE 4. Chi-Square Analysis of Ki-67 and Thermographic Results

Thermographic Ki-67

Results Low High
Normal 3 2
Abnormal 3 8

Note: p = 0.021, chi-square analysis for independence.
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nostic proccdure that is able to predict the growth rate of breast tumors, and
could be uscful for determining which stage 1 breast cancer patients would

benefit from adjuvant chemotherapy.

SUMMARY

Our recent retrospective analysis of the clinical records of patients who had
breast thermography demonstrated that an abnormal thermogram was asso-
ciated with an increased risk of breast cancer and a poorer prognosis for the
breast cancer patient. This study included 100 normal patients, 100 living
cancer patients, and 126 deceased cancer patients. Abnormal thermograms in-
cluded asymmetric focal hot spots, arcolar and periareolar heat, diffuse global
heat, vessel discrepancy, or thermographic edge sign. Incidence and prognosis
were dircctly related to thermographic results: only 28% of the noncancer
patients had an abnormal thermogram, compared to 65% of living cancer pa-
tients and 88% of deccased cancer patients. Further studies were undertaken
to determine if thermography is an independent prognostic indicator. Com-
parison to the components of the TNM classification system showed that only
clinical size was significantly larger (p = 0.006) in patients with abnormal
thermograms. Age, menopausal status, and location of tumor (left or right
breast) were not related to thermographic results. Progesterone and estrogen
receptor status was determined by both the cytosol-DCC and immunocyto-
chemical methods, and neither receptor status showed any clear refationship
to the thermographic results. Prognostic indicators that are known to be re-
lated to tumor growth rate were then compared to thermographic results. The
concentration of ferritin in the tumor was significantly higher (p = 0.021) in
tumors from paticnts with abnormal thermograms (1512 + 2027, n = 50)
compared to tumors from paticnts with normal thermograms (762 + 620,
n = 21). Both the proportion of cclls in DNA synthesis (S-phase) and prolifer-
ating (S-phase plus G:M-phase, proliferative index) were significantly higher
in patients with abnormal thermograms. The expression of the proliferation-
associated tumor antigen Ki-67 was also associated with an abnormal thermo-
gram. The strong rclationships of thermographic results with these three
growth rate-related prognostic indicators suggest that breast cancer paticnts
with abnormal thermograms have faster-growing tumors that arc morc likely
to have metastasized and to recur with a shorter discase-free interval.
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ABSTRACT

Infrared imaging of the breast for breast cancer risk
assessment with a second generation focal plane staring
array system was found to produce images superior to a first
generation scanning system. The second generation system
had greater thermal sensitivity, more elements in the image
and greater dynamic range, which resulted in a greater
ability to demonstrate asymmetric heat patterns in the
Preasts of women being screened for breast cancer. The
improved imaging of the second generation infrared system
allowed more objective and quantitative visual analysis,
compared to the very subjective qualitative results of the
first generation infrared system. The greater sensitivity and
resolution of the digitized images of the second generation
infrared system also allowed image analysis of total breasts,
breast quadrants and hot spots to produce mean, standard
deviation, median, minimum and maximum temperatures.

KEY WORDS: Thermography, Infrared Imaging, Breast
Cancer, Risk Assessment, Diagnosis

INTRODUCTION

Early studies of infrared (IR) imaging of the breast
concentrated on its ability to diagnose breast cancer.
Mammography and IR imaging, commonly called
thermography in medicine, were compared for diagnostic
ability during the Breast Cancer Detection and
Demonstration Projects (USA) between 1973 and 1981, but
IR imaging was discontinued after only a few vears and no
risk assessment or prognostic information was collected.
_Begirming in 1980 studies supporting the use of IR imaging
in breast cancer risk assessment (1, 2, 3] and prognosis [3,
4] began to appear. The present study was designed to
determine whether the improvements in IR technology that
have been incorporated into the second generation focal
plane indium antimonide detector IR imaging systems can
improve the images used in breast cancer risk assessment.

METHODS

Patients at The Elliott Mastology Center (Baton Rouge. LA),
who were being screened with mammography for breast
cancer, underwent [R imaging of their breasts as part of
their breast cancer risk assessment. During the study normal
and high risk patients had IR images of their breasts taken

with an Inframetrics scanning mercury cadmium telluride
detector IR imaging system (right lateral, left lateral and
frontal views) and recorded as hard copy photographic
images (a color frontal isotherm view and three black and
white views: frontal, left lateral and right lateral). For
comparison 3 additional breast views (frontal, right lateral
and left lateral) were recorded with an Amber focal plane
indium antimonide staring array IR imaging system. IR
images of 220 patients from both the scanning and focal
plane systems were digitized and stored on computer hard
disk, thus creating a digitized IR image database for later
image analysis.

RESULTS

The focal plane array system produced much higher quality

images than the scanning system. However the focal plane

system often placed a great proportion of the patient’s IR

heat pattern beyond the upper limit of the heat range being

recorded and thus blacked out the patient (black is hot in

medical applications). The blacking out occurred because

the averaging window for determining the temperature range

had too much cool background when imaging thin patients.

The first decision made was to try to quantitate the six

individual asymmetric abnormalities that were present in the

focal plane images and then to create an IR index by adding
together the individual scores for each abnormality (small

hot spot, score=1; large hot spot. score=2; global heart,

score=3; vascular heat, score=1,2,3; areolar heat, score=1;

edge heat, score=1). The focal plane images had IR indexes

that ranged from 0 to 8 but the highest index computed was
five. Previously, scanning IR images were abnormal if any
of the six asymmetric abnormalities were present, and
images that only had a borderline IR asymmetry were called
slightly abnormal (3 levels of resuits: normal, slightly
abnormal, abnormal).

The [R indexes derived from the second generation focal
plane imaging results were compared to the levels of
abnormality from the scanning results on the patients being
screened for breast cancer.  Chi-square analysis for
independence showed that the two methods produced results
that were strongly associated (p=.0001). The most
interesting result was an increase in the sensitivity for
asymmetric heat patterns with the focal plane system. as
50.5% (111 of 220) of the patients without breast cancer had
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abnormal [R images, whereas only 32.7% (72 of 220) of the
patients had asymmetric heat patterns with the scanning
system. Analysis of the six asymmetric abnormalities
individually showed that most of the increase in sensitivity
could be attributed to a significant (p=.0038) increase in
vascular asymmetry from 43 of 218 patients with the
scanning system to 70 of 220 with the focal plane system.
Next the distribution of the IR index was compared to the
levels of abnormality from the scanning images to determine
if the increase in sensitivity of the second generation
technology would create small subsets with higher IR
indexes that could be used to refine risk assessment. When
an IR index of 1 is considered to be so insignificant that a
Patient’s risk of gerting breast cancer is not increased and 2
is considered to only slightly increase risk, then 14.1% (31
of 220) of the patients being screened for breast cancer
would be categorized as high risk individuals. On the other
hand 37 of 220 patients had abnormal IR images with the
scanning system and this would mean that 16.8% of the
screened patients would be at high risk.

Three known risk factors (family history of breast cancer,
px.'evious estrogen hormone therapy and previous breast
biopsy) were compared to the IR resuits from the scanning
and focal plane systems. None of these risk factors were
found to correlate with the IR imaging results and therefore
IR imaging results were found to be an independent risk
fagtor in breast cancer. The physician also assigned patients
being screened for breast cancer into normal and high risk
categories by subjectively integrating family history,
mastopathy, previous use of estrogen hormones and previous
breast biopsy. The results of this physician integrated risk
assessment was also not related to the IR imaging resuits.
The final part of the study was an attempt to apply image
processing and computer vision techniques to produce
objective measures of asymmetric heat patterns present in
second generation IR images empioyed in breast cancer risk
assessment. Preliminary results showed that comparative
pixel statistics (mean, standard deviation, median, minimum,
maximum temperatures) could be computed for complete
breasts, quadrants of the breast and hot spots.

DISCUSSION

The improved image of the second generation IR imaging
system was due to the greater thermal sensitivity, greater
number of elements and greater dynamic range of the focal
Plane array imager. The one major drawback encountered
in this study was blacking out of patients and this will be
corrected in the future by adjusting the center of the
temperature range (set at either 7.5 or 10°C) of the focal
plane imager to optimally take in the temperature range of
the patients. This procedure for temperature focusing has
been routinely used with scanning IR imagers and has
worked very well in breast cancer risk assessment.

The proportion of patients at increased risk of breast cancer

is probably still a little high with the second generation IR
system, but the strength of the IR index is not in the overall
proportion of patients that are at increased risk but with its
ability to create different groups of patients at increased risk
by adjusting the weight of the different abnormalities being
inputted into the index. Fumre studies will be able to
address the independent value of the 6 abnormalities and to
create an index whers the value of each abnormality will be
appropriately weighted. This process of weighing the value
of independent variables is not possible with the 3 level
subjective analysis used with the scanning system.

In this study the lack of association between IR imaging
results and known risk factors in patients being screened for
breast cancer confirms that IR results are independent of
known risk factors. Therefore, in light of the evidence [,
2, 3] showing a strong association of asymmetric IR
abnormalities of the breasts with a high risk of getting
breast cancer, it can be concluded that abnormal IR images
are a significant independent risk factor for breast cancer.
The comparative measurements resuiting from the initial
image analysis need to be done on a large database of focal
plane images to determine their utility. Hopefully by
removing the subjectivity of the present analysis and by
providing additional information to the physician there will
be an improvement in risk assessment by IR imaging.
Models for the analysis of the breast IR images need to be
developed that reduce perspective distortions that are
inherent to imaging of 3 dimensional shapes and also to
overcome the lack of ideal body symmetry due both to the
natural asymmetry of the human body and also the spatial
orientation of the imager to the subject. Finally the whole
analysis must be automated, as highly interactive analysis is
not conducive to the typical practice of medicine.
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DETERMINATION OF MEAN TEMPERATURES OF NORMAL WHOLE
BREAST AND BREAST QUADRANTS BY INFRARED
IMAGING AND IMAGE ANALYSIS
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Absmract-In clinical testing it is standard to determine the normal range,
and then to determine if a test can differentiate normal from diseased
patlents. Now with the advent of uncooled staring array digital
infrared imaging systems (Prism 2000; Bioyear Group, Houston, TX)
and image analysis, numerical results (mean temperatures of the whole
breast and quadrants of the breast) can be used to determine the
normal range and cutoff temperatures for risk assessment and
detection of breast cancer. In this. study we determined mean
temperatures of whole breast and breast quadrants of women being
screened for breast cancer. The mean temperatures for the right
breast, left breast, right upper outer quadrant (UOQ), Left UOQ,
right upper inner quadrant (UIQ), left UIQ, right lower outer
quadrant (LOQ), left LOQ, right lower inner quadrant (LIQ), and left
LIQ were 32.79, 32.65, 32.60, 32.46, 32.91, 32.69, 32.28 32.12,
33.29,and 33.00°C, respectively. Temperature differences were
calculated between the right and left breasts and quadrants, and
temperature differences greater than 0.5°C for whole breasts and
1.00°C for breast quadrants were considered asymmetric and
abnormal. This resuited in 4 (17%) patients with differences in whole
breast temperatures and 3 (13%) patients with quadrant differences
from the 23 screened patients. These resuits are consistent with our
previous results with both objective image analysis and subjective
visual analysis (15% of screened patients have asymmetric breast
infrared patterns), Further objective infrared measurements in breast
cancer patients are needed to determine the sensitivity and specificity
of this objective method for risk assessment and detection of breast
cancer. .

Keywords - Breast cancer, infrared imaging, cancer detection, risk
assessment, image analysis

I. INTRODUCTION

Infrared imaging in breast cancer has been around since the early
l?70s, but was not widely accepted because of the lack of large
clinical trials to prove its utility. In recent years the availability to
the civilian sector of infrared systems with high thermal sensitivity,
focal plane staring arrays, and digital output, that can be exported
to a personal computer for image analysis, has caused many
investigators to re-evaluate infrared imaging in breast cancer. This
renaissance of infrared imaging in breast cancer has again focused
on the ability of infrared imaging to contribute to breast cancer
detection [1] but other areas such as risk assessment [2-7], breast
cancer prognosis [8-10] and the monitoring of antihormone and
chemotherapy have also been investigated.

The ability to export data as a two dimensional amay of
radiometric temperatures, that represent numerically the
information that is displayed in the pictorial images, combined with
the ability to designate areas within the arrays, has allowed
computer assisted image analysis. Thus medical researches, often
working with algorithms developed in the military for target
recognition, are able to develop and test a wide variety of methods
for their applicability to medical problems and specifically breast
cancer.

Although much research has already been done to determine what
an abnormal asymmetric infrared image of the breast means in
terms of breast cancer risk assessment, detection, prognosis and
therapeutic response, there has not been adequate determination of
what is a normal breast infrared image. This is true for individual
breasts or when two breasts are compared to each other for
asymmetry. Therefore this study was undertaken to determine what
are the temperature parameters of the breasts of normal women and
this was done by using a group of women being screened for breast
cancer who did not have breast cancer.

II. METHODOLOGY

Twenty-three women being screened for breast cancer by infrared
imaging, physical exam, mammography and ultrasound (when
appropriate) were included in this study. Three infrared images of
each patient’s breasts were taken with a Prism 2000 infrared
imaging system (Bioyear Group, Houston, TX). The three black
and white views of both breasts with black being hot included front,
right oblique and left oblique views. The front view was also
rendered in a colorized isotherm for improved viewing and size
determination of breast areas with asymmetric increased heat.

The digital infrared images and the associated temperatures were
exported for additional analysis. Proprietary software was used to
access the radiometric information that is included with each
image. For each patient the mean, standard deviation, minimum,
median and maximum temperatures were determined for each
breast and these quantitative parameters were compared between
the two breasts in order to find temperature asymmetry. Then each
breast was divided into quadrants (upper outer, upper inner, lower
outer and lower inner) by drawing a line from each nipple to the
chin, lines horizontally left and right from the nipple to the edge of
the breast, and a line from the nipple to the lowest contour of the
breast. Quantitative temperature parameters (mean, standard
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TABLE 1
TEMPERATURES OF BREAST AREAS

BREAST AREA BREAST AREA MEAN DIFFERENCE IN
TEMPERATURE (°C) TEMPERATURE BETWEEN
~TWO BREAST AREAS
RIGHT LEFT ‘
WHOLE BREAST 3279 32.65 +0.14
UPPER OUTER QUADRANT 32.60 32.46 +0.14
UPPER INNER QUADRANT 3291 32.69 +0.22
LOWER OUTER QUADRANT 3228 32.12 +0.16
LOWER INNER QUADRANT 3329 33.00 +0.29

deviation, minimum, median, maximum temperatures) were
determined for each quadrant of both the right and left breasts.
Then temperature comparisons were made between the quadrants
of the right and left breasts, and among the quadrants of each
individual breast.

III. RESULTS

The mean temperatures of the two breasts (see Table 1) in this
population of women being screened for breast cancer were
32.79°C for the right breast and 32.65°C for the left breast, and the
two breasts were not significantly different by Student’s t-test. Also
there was no significant difference between the mean quadrant
temperatures between the right and left breasts. There seems to be
a trend toward higher temperatures on the right side (See Table 1)
with the whole breast and all four quadrants of the breast having
slightly higher temperatures for the right breast. However the
difference for the whole breasts is less that 0.25°C, and for the
breast quadrants is less than 0.50°C.

We then decided to use a 0.50°C difference between the right and
left whole breasts in mean temperatures as the cutoff for asymmetry
of the breast temperature, and therefore patients with greater than a
0.50°C difference between breasts would be at increased risk of
having or getting breast cancer. For the quadrants we used a cutoff
of 1.00°C difference to put the women being screened for breast
cancer at increased risk. Using these cutoffs we found that 4 (17%)
of the patients had asymmetric whole breast temperatures and 3
(13%) had asymmetric quadrant breast temperatures.

IV. DISCUSSION

Infrared imaging in medicine has failed to reach its full potential
due to a variety of reasons, but two of the most important reasons
are the lack of sensitivity of the infrared imagers and the lack of
objective analysis of the temperature data present in the images.
Within the past five years state of the art focal plane staring array

infrared imaging systems with true digital output have become
available for medical applications. This has allowed the medical
research community the opportunity to process the digital
radiometric information from the infrared images [11-13] and to
develop and test algorithms based on objective measurements
obtained from image analysis of the digital data.

One of advantages of using objective numerical criteria to
describe asymmetric abnormalities is that it allows the
determination of what is normal by the same objective numerical
criteria. Thus if a breast infrared image is analyzed by several
readers at different locations the results will be the same, and this is
not true of subjective visual analysis. An additional advantage of
the easy export of the digital radiometric information is that test
sets can be developed and easily analyzed by amy available
algorithm that can use digital numerical information. Therefore
civilian medical researchers can develop and apply new algorithms,
while many of the algorithms already developed by the military for
target recognition can also be tested.

In the present study we have used a previously developed analysis
method [14,15] to determine several numerical parameters of the
whole breast and quadrants of the breast, and further to compare
the numerical results (temperatures) from the right and left breasts.
The mean whole breast temperatures from a group of 23 control
women (normal without diagnosed breast cancer) did not
significantly differ between the right (32.79°C) and left (32.65°C)
breasts. There also was no significant difference between the
comparable quadrants of the right and left breasts (See Table 1).
However the right breast whole temperature and four quadrant
temperatures (range 32.28°C to 33.29°C) were all slightly greater
(range 0.14°C to 0.29°C) than those found for the left breast (range
32.12°C to 33.00°C). The lower inner quadrants had the highest
temperatures of all the quadrants (33.29°C right and 33.00°C left),
and this is probably due to heat from the heart.

Several conclusions can be drawn from this study when viewed in
the context of our preliminary data on screened patients with and



without breast cancer. Our previous studies [14,15] have looked at
numerical breast infrared data from very small groups of women
and suggested that increases of 0.50°C for whole breast would be
t!}e best cutoff to distinguish asymmetry that would best
dfﬂ'crentiate normal from breast cancer. In the present study on a
dffferent data set of only noncancer patients we again found that the
differences between the right and left whole breasts and all four
quadrants are less than 0.50°C and therefore differences greater
than this would be associated with high risk, breast cancer and poor
prognosis of breast cancer patients. Due to the higher differences
(0.14 10 0.29°C for quadrants compared to 0.14°C for whole breast)
we chose to use a 1.00°C cutoff for quadrants. This again reflects
well on our previously reported cutoffs, but the cutoffs presented
here will be more useful in clinical practice as they are simpler than
the ones used in our previous algorithms.

%m using the objective cutoffs, that are similar to the cutoffs
preYlou.sly found to both improve sensitivity and specificity over
sub!e.ctlvc visual infrared image analysis by lowering both the false
positive and false negative rate [16), in this study, we were able to
def_ine a subgroup of women with asymmetric breast heat patterns.
Thxs. resulted in 17% (4 of 23) of the women, who were screened
by infrared imaging for breast cancer, being found to have
abnormal asymmetric whole breast mean temperatures, and 13% 3
of 23) of these women being found to have abnormal asymmetric
quadx"ant mean temperatures. This suggests that these cutoffs may
function well to distinguish in an objective manner the women at
increased risk of getting breast cancer or who already have breast
cancer, from women at reduced or normal risk of getting or having
breast cancer.

V. CONCLUSION

The use of infrared imaging with state of the art focal plane staring
am}y infrared systems, that can export digital images for computer
assisted analysis of radiometric information, has only recently
become available for medical application. The application of these
new state of the art infrared imaging systems to breast cancer risk
assessment, detection, prognosis and monitoring of therapy must be
further investigated and developed before it will become widely
accepted in clinical practice. The future promises the development
ot: o!:jective parameters, based on numerical analysis, which will
elmnatc the very subjective visual analysis presently done by
physicians. This could possibly remove the long learning curve for
medical infrared interpretation as well as diminish the inheremtly
variable results from subjective visual analysis.
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IMAGE ANALYSIS OF DIGITIZED INFRARED IMAGES OF THE BREASTS
FROM A FIRST GENERATION INFRARED IMAGING SYSTEM

. Jonathan F. Head, Charles A. Lipari, Fen Wang and Robert L. Elliott
Medical Thermal Diagnostics, LBTC, South Stadium Drive, Baton Rouge, LA 70803-6100
E-mail: thermal@premier.net

ABSTRACT

Infrared imaging, often called thermography in medicine, of
the breasts has been shown to be of value in risk
assessment, detection, diagnosis and prognosis of breast
cancer. However, infrared imaging has not been widely
accepted for a variety of reasons, including the lack of
standardization of the subjective visual analysis method.
The subjective nature of the standard analysis makes it
difficult to achieve equivalent results with different
equipment and different interpreters of the infrared patterns
of the breasts. Therefore, this study was undertaken to
develop more objective methods of analysis of infrared
images of the breasts by creating objective semiquantitative
and quantitative analysis of computer assisted image
analysis determined mean temperatures of whole breasts and
quadrants of the breasts. When using objective quantitative
data on whole breasts (comparing differences in means of
left and right breasts), semiquantitative data on quadrants of
the breast (determining an index by summation of scores for
each quadrant), or summation of quantitative data on
quadrants of the breasts there was a decrease in the number
of abnormal patterns (positives) in patients being screen for
breast cancer and an increases in the number of true
positives in the breast cancer patients. It is hoped that the
decrease in positives in women being screened for breast
cancer will translate into a decrease in the false positives but
larger numbers of women with longer follow-up will be
needed to clarify this. Also a much larger group of breast
cancer patients will need to be studied in order to see if
there is a true increase in the percentage of breast cancer
patients presenting with abnormal infrared images of the
breast with these objective image analysis methods.

KEYWORDS: Thermography, Infrared Imaging, Breast
Cancer, Risk Assessment, Image Analysis

INTRODUCTION

Infrared imaging of the breast, usually referred to as
thermography in medicine, has been shown to be efficacious
in risk assessment [1,2,3] and prognostic determination in
breast cancer [3,4]. Infrared imaging has also been shown
to be a useful in conjunction with mammography and
ultrasound for the detection and diagnosis of breast cancer.
However, the subjective visual analysis of asymmetric
abnormalities in infrared images of the breast for risk

assessment, detection, diagnosis and prognosis in breast
cancer has hindered acceptance of this technology as it has
been very difficult to standardize and to learn the subjective
analysis method. Therefore it has been very difficult to
obtain reproducible results among investigators and
clinicians, who are determining the presence or absence of
asymmetric infrared abnormalities of the breasts. The
introduction of digital output in a variety of both proprietary
and standard formats has allowed image analysis by both
proprietary image capturing cards and software, and also
standard image capturing formats.  Standard imaging
formats that can export standard files are more useful as
they can be submitted to a variety of commercially available
image analysis software that are very good at target
identification and for creating automated image analysis
programs.

Although early attempts at standardizing the analysis
procedure of analogue exported images by creating scoring
systems by which patients could be categorized in term of
risk, detection, diagnosis and prognosis were a great
improvement that allowed highly trained thermographers to
detect and semiquantitate the infrared abnormalities, they
were still quite subjective. These semiquantitative results
were quite reproducible by highly trained thermographers,
but training was still quite an involved and time consuming
experience. The present study is an attempt to totally
automate the process so that thermographers can look at an
infrared image of the breasts and combine the information
that is subjectively processed by their minds with
quantitative numerical data derived from image analysis of
digitized images that were derived from the analogue output.
Eventually we hope to develop an image analysis method
that will eliminate the highly subjective nature of the present
day infrared image reading by thermographers with an
automated procedure that will only require qualified
thermographers to over-read the image analysis results.

METHODS

Infrared images from 13 patients (10 women without breast
cancer, 5 with normal infrared patterns and 5 with abnormal
infrared patterns, and 3 breast cancer patients, 1 with a
normal infrared pattern and 2 with abnormal infrared
patterns) were taken with a first generation, liquid nitrogen
cooled, scanning mercury cadmium telluride detector,
Inframetrics S00M infrared imaging system with an 8 bit
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dynamic range, 100 mK sensitivity@30° and a spectral
range of 8-12 microns. Although there was proprietary
software, we chose to export the digitized images in a TIF
file and used customized image analysis software to derive
quantitative data on infrared patterns that previously had
been subjectively visually analyzed by an expert
thermographer.  For each patient the mean, standard
deviation, minimum, median and maximum temperature was
determined for each breast and comparisons were made
between the two breasts. Then, each breast was divided into
upper outer, upper inner, lower outer and lower inner
quadrants (Figure 1) by drawing lines on the infrared images

FIGURE 1
GUIDELINES FOR BREAST QUADRANTS

Chin

Horizomal Left Horizontal Right

Lowcst Contour Point

from the chin of the patient to each nipple and then two
horizontal lines left and right to the edge of the breast and
finally a forth line to the lowest contour of the breast.
Again the mean, standard deviation, minimum, median and
maximum temperatures were determined for each quadrant
of both breasts, and comparative statistics were generated
between the left and right breasts.
Three objective quantitative methods of determining
asymmetric abnormalities of the breast were developed. The
first method (Method 1) compared. the difference in mean
temperature between the right and left breasts and if this
mean temperature was equal to or greater than 0.50°C then
‘ the patient was considered to have an abnormal asymmetric
breast infrared heat pattern. The second method (Method 2)
involved calculating a score based on addition of scores to
create an index, if the mean temperature of a quadrant was
0.50 to 1.00°C higher than the same quadrant of the
opposite breast then a score of 0.5 is assigned, and when a
quadrant has a mean temperature that is greater than 1.00°C
higher then a score of 1.0 is assigned. An index is created
by adding together the scores for the comparisons of all four

quadrants and the index can have a value from 0.0 to 4.0.
For purposes of this study patients with an index greater
than 1.0 were considered to have abnormal asymmetric
breast infrared heat patterns. The third method was the
simple addition of the mean differences of the quadrants
comparing the left and right breasts and absolute differences
greater than 1.00 were considered to represent abnormal
asymmetric infrared patterns. Comparison of the results
from these three objective determinations of asymmetry of
infrared heat patterns of the breasts were then compared to
the subjective results of an expert thermographer.

RESULTS

Figure 2 shows the quadrants of the breasts of a patient
{(patient #1 in Table 1) with a normal infrared heat pattern
of the breasts and Figure 3 shows a patient (patient #2 in
Table 1) with a highly abnormal asymmetric infrared heat
pattern of the breasts. In both Figures 2 and 3 the quadrant

FIGURE 2 :
NORMAL INFRARED PATTERN IN PATIENT BEING
SCREENED FOR BREAST CANCER
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FIGURE 3
ABNORMAL INFRARED PATTERN IN PATIENT
BEING SCREENED FOR BREAST CANCER
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TABLE 1

SUBJECTIVE AND OBJECTIVE DETERMINATION OF ASYMMETRIC INFRARED ABNORMALITIES

IN Pé_TIENTS BEING SCREEN FOR BREAST CANCER

PATIENT # SUBJECTIVE METHOD 1 METHOD 2 METHOD 3

(°C) (INDEX) °0)

IN? NP -0.42 1.0 -1.00
2N L+ -1.30° 35 -8.68
3N N +0.33 1.0 +0.94
4N N +0.20 0.0 +0.74
SN L+ +0.10 1.0 -0.46
6N N -0.26 0.0 -0.60
N L+ -0.24 0.5 -0.56
8N L+ -0.79 2.0 -2.95
9N N -0.28 0.0 -0.87
10N L+ -0.45 1.5 -0.88
11CA N +0.10 0.5 +0.36
12CA R+ +0.59 1.5 +1.99
13CA N +0.65 1.5 +2.60

N, normal patient; CA, breast cancer patient

®N, normal infrared breast pattern; L+, abnormal left infrared breast pattern; R+, abnormal right infrared breast pattern

®bold numbers signify abnormal values for infrared images

images from the patients with normal and abnormal infrared
images of their breasts. The patient in Figure 2 with the
normal infrared heat pattern has vascularity demonstrated in
both breasts but they are approximately equivalent, as there
are no major asymmetries in either breast. The patient in
Figure 3 has a generally hotter (black is hot) left breast with
periareolar heat and a large hot spot on the outer quadrants,
and vascular asymmetry on the inner quadrants.

Table 1 presents the results from the subjective whole breast
analysis, quantitative whole breast analysis (Method 1),
semiquantitative quadrant analysis (Method 2) and
quantitative quadrant analysis (Method 3) of the 13 patients
in this study. While doing the subjective analysis the
thermographers were not sure if patient 9 had a normal or
a slightly abnormal left breast and for patient 11 there was
some uncertainty whether the right breast was abnormal.
When the objective quantitative Method 1 was used, that
compared the difference in mean temperature between the
two breasts, there was a decrease from 50% abnormal
infrared patterns in the 10 patients being screened for breast
cancer (chosen to be half normal and half abnormal) by 3 so

that only 20% (2 of 10) of the patients being screened for
breast cancer had abnormal asymmetric heat patterns of the
breasts. Both the objective semiquantitative Method 2 and
quantitative Method 3, decreased the abnormal asymmetric
infrared images in the patients being screened for breast
cancer to 3 patients (a 20% decrease in the positive rate for
this group of patients). In the 3 breast cancer patients one
of the three patients with a normal infrared pattern by
subjective analysis was found to have an abnormal infrared
pattern by all three objective analysis methods.

DISCUSSION

The subjective method of determining whether an
asymmetric infrared abnormality of the breasts is significant,
that is presently being utilized by most physicians, is hard
to learn, and not adequately reproducible. In a previous
study [5] we attempted to use a semiquantitative method of
determining when an asymmetric infrared heat pattern of the
breasts was sufficiently different to be called abnormal.
Although this method seemed to produce a greater



continuum of abnormalities through the creation of an
abnormality index from ! to 8 (summation of scores that
reflected the severity of hot spots, global heat, vascularity,
areolar/periareolar heat and edge sign), it still had major
shortcomings. The method required highly trained
thermographers to rate the abnormalities and the exact cut-
off index for abnormal was not obvious or easy to
determine. Further it would be almost impossible to create
a computer assisted analysis program that could do this
analysis without subjective input by a highly qualified
thermographer.

The present study used a computer assisted image analysis
program that presently requires significant operator
interaction but will be made operator independent. We
believe that eventually whole breast or quadrant temperature
differences will be inputed into one of the three methods of
analyses presented in this paper, or some other method of
analysis, and that the subjective methods presently used by
thermographers will be replaced by an objective method of
analysis. Initially the results from objective analysis will
probably be used as another piece of information in the
present subjective analysis, but, if successful, the results of
the whole breast or quadrant image analysis should become
the most important information used in determining whether
patients, being screened for breast cancer or presenting with
breast cancer, have abnormal asymmetric infrared patterns
of their breasts.

Image analysis for determination of mean temperatures of
the whole breast or quadrants of the breast, followed by a
simple method of numerical analysis and finally the
application of numerical cut-offs for a normal range of
temperature difference was aiso undertaken in this study to
determine if this type of analysis could decrease the high
false positive rate found in women being screened for breast
cancer with infrared imaging. The results from this study
show that all three objective methods, based on image
analysis for temperature differences in either whole breast or
quadrant comparisons, significantly reduced the number of
patients being screened for breast cancer with abnormal
asymmetric infrared heat patterns. The two methods
(Methods 1 and 3), where 0.50°C and 1.00°C are the normal
cut-offs for whole breast and summation of quadrant
differences, respectively, seem to be very promising
methods of analysis and could easily transform the infrared
pattern analysis from a subjective visual analysis into a
purely objective quantitative analysis. One somewhat
surprising finding in this study was the increase in the
number of patients with breast cancer that had positive
infrared patterns of the breast. Although these objective
quantitative results suggest that their application will reduce
the number of false positives in women being screened for
breast cancer with infrared imaging, while also increasing
the true positive rate for women found to have breast cancer
during screening with infrared imaging, larger studies must

be undertaken to better clarify if the objective methods are
better than the subjective methods and, if the objective
methods are better, then which objective method is the best.

ACKNOWLEDGEMENT
Partial financial support was provided through a SBIR
contract with the Army Night Vision Laboratory.

REFERENCES

. Gautherie M, Gros CM. Breast thermography and
cancer risk prediction. Cancer 1980;45:51-6.

2. Stark AM. The value of risk factors in screening for
breast cancer. Eur J Cancer 1985;11:147-50.

3. Head JF, Wang F, Elliott RL. Breast thermography is
a noninvasive prognostic procedure that predicts tumor
growth rate in breast cancer patients. 4dnn N Y Acad Sci
1993;698:153-8.

4, Isard HJ, Sweitzer CJ, Edelstein GR. Breast
thermography: A prognostic indicator for breast cancer
survival. Cancer 1988;62:484-8.

5. Head JF, Lipari CA, Wang F, Elliott RL. Cancer risk
assessment with a second generation infrared imaging
system. Proc Int Soc Optical Eng 1997; In press.



PROCEEDINGS OF SPIE REPRINT

@) SPIE—The international Society for Optical Engineering

Reprinted from

Infrared Technology
and Applications XXV

5-9 April 1999
Orlando, Florida

Volu

©1999 by the Society of Photo-Optical Instrumentation Engineers
Box 10, Bellingham, Washington 98227 USA. Telephone 360/676-3290.



Infrared imaging of burn wounds to determine burn depth

Andrew G. Hargroder®, James E. Davidson®, Donald G. Luther®, and Jonathan F. Head®

“Baton Rouge General Regional Burn Center, Baton Rouge, LA 70806
®Medical Thermal Diagnostics, Baton Rouge, LA 70803

ABSTRACT

Determination of burn wound depth is at present left to the surgeons visual examination. Many burn wounds are
obviously, by visual inspection, superficial 2° burns or true 3° burns. However, those burn wounds that fall between
the obvious depth burns are difficult to assess visually, and therefore wound depth determination often requires
waiting 5 to 7 days postburn. Initially, 10 burn patients underwent infrared imaging at various times during the
evaluation of their burn wounds. These patients were followed to either healing or skin grafting. The infrared
images were then reviewed to determine their accuracy in determining the depth of the wound. Infrared imaging
of burn wounds with focal plane staring array midrange infrared systems appears promising in determination of burn
depth one to two days postburn. This will allow clinical decisions regarding operative or nonoperative intervention
to be made earlier, thus decreasing hospital stays and time to healing.

Keywords: thermography, infrared imaging, injuries, burns, wound healing

1. INTRODUCTION

Determination of burn depth in some burn patients can be difficult. Often 5-7 days are required before a decision
is made as to whether the burn will heal or surgical intervention will be necessary. This delay prolongs patient
discomfort, increases the need for wound care and dressing changes, and increases hospital stay.

Over the years several techniques (fluorescein dye flow studies, ultrasound, and laser doppler imaging) have been
investigated as means of early determination of burn depth. None of these techniques have been proven to be
beneficial. In Europe infrared imaging was also investigated'” for the determination of burn depth but was not
sufficiently studied to prove the utility of infrared imaging for this purpose.

Using more sensitive infrared equipment that produces infrared images with greater resolution, we undertook the
collection of preliminary infrared images. Results from analysis of these digitized infrared images were compared
and combined with the visual evaluation by the burn surgeon to determine if infrared images would be useful in early
determination of burn depth.

2. MATERIALS AND METHODS
2.1. Patients

The burns from 10 burn patients were recorded with a camcorder for later visual comparison to images recorded with
a video recording of infrared images of the burn made within the first seven days after the patients received the burn
trauma. In one patient no infrared digital images were stored so the patient’s infrared data could not be analyzed..
For two patients complete patient information has not been obtained. One patient’s infrared data was not analyzable
as she had burns to her feet and we did not know what is the normal infrared pattern of the foot. Also her other foot
was bandaged and was not available for comparison. This left us with 6 patients with 16 separate burns for infrared
analysis.

Part of the SPIE Conference on Infrared Technology and Applications XXV
Orlando, Florida e April 1999 SPIE Vol. 3698 e 0277-786X/99/$10.00
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2.2. Infrared images

Infrared images were taken with an Amber imaging system: indium antimonide focal plane staring array (256 x 256
elements) radiometer, Stirling cycle cooler, dynamic range of 12 bits/element, thermal sensitivity of 25 mK@30°C,
spectral range 3-5 microns, internal calibration, and both analog and digital output. Color isotherms were generated
with 2°F ranges for skin temperature analysis, which consisted of comparing the temperature of the surround
unburned area to the lowest temperature within the burned area.

3. RESULTS

Figure 1 shows both the visual picture and infrared isotherm image of the right forearm of patient G.W. and the
relative severity of the burn and the 8.7°F decrease in temperature that occurs at the center of the burn, respectively.
These visual results and infrared isotherms are representative of the images obtained in all the burn patients. Figure
2 graphically demonstrates the decrease in temperature associated with deep second and third degree burns, as each
line connects the temperature surrounding a burn with the lowest temperature within the burn. In Table 1 are the
results from all the patients who had isotherm analysis performed on their digitized infrared images. It is obvious
that patients with deep second and third degree burns have a significant decrease in the temperature at the surface
of their burns within hours of sustaining the burn and that this decrease in temperature was maintained for up to
seven days. However L.W.2 did have a second degree burn on his right forearm that was actually increased in
temperature at day seven.

The average skin temperature of the unburned area surrounding a burned area (excluding face, fingers and toes) was
90.1+1.7 (15 burns), and the average temperature of the area of lowest temperature of the burns was 84.3+3.0 (14
burns, excludes the second degree burn on L.W.2, that had a 3.9°F increase over surrounding unburned skin). The
bumned areas had significantly (p<.0001, paired t-test) lower temperatures. Patient W.J. had a facial burn that
required skin grafting of the right side of the face, and this side was 10.6°F colder (basal temperature of the face was
a much higher 97.7°F).

4. DISCUSSION

In this study we demonstrated that patients with burns that require monitoring for 5 to 7 days in order to determine
whether they are deep second degree or true third degree burns, have a significant decrease in the surface temperature
of the burned areas from 90.1 to 84.3°F. We divided the patients’ burns into three groups: burns whose dept could
not be initially determined but after monitoring were found to be second degree, burns whose depth could not be
initially determined but after monitoring were found to be third degree, and burns that were initially third degree.
The mean+SD temperature differences of the burns from the surrounding normal nonburned skin were -3.9+5.0
(n=5), -5.842.3 (n=9) and -7.4 (n=2) for these three types of burns, respectively. This shows that there is a greater
decrease in skin temperature of burns as they get deeper and require skin grafting. We believe that the destruction
of the vasculature under the third degree burns caused the dramatic decrease in temperature on the surface of these
wounds. However, the maintenance of blood flow to the area of the deep second degree burns allows healing and
inflammatory responses that maintain the surface temperature or even increase it.

Some authors>® have expressed concern that evaporation from burns can introduce an evaporative cooling artefact,
and that this can be corrected by covering the wound with a water impermeable polyvinylchloride film. We did not
do this but we do feel this should be investigated in future studies. Also we need to determine temperature
differences in a wider range of second degree burns and in obvious third degree burns in order to better quantify the
increasing temperature loss associated with increasing depth of burn. Further we must develop the best method with
greatest utility of analyzing the digitized infrared images taken at presentation or within the first 2 to 3 days
postburn, and integrate the infrared results with the burn surgeons visual evaluation to produce an accurate way of
determining which burns should be grafted. We believe, that by integrating early objective determination of which
burns require skin grafts into the patient’s treatment plan, we could greatly improve and shorten the treatment of burn



patients. However many more bumn patients will have to be studied before an infrared method is work out that can
become a routine part of burn analysis.
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Figure 1

VISUAL PHOTOGRAPHIC (UPPER) AND INFRARED (LOWER)
IMAGES OF G.W.’s RIGHT FOREARM BURN
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NORMAL ADJACENT SKIN AND BURN TEMPERATURE

Degrees Fahrenheit

Figure 2
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Asymmetry Analysis Using Automatic Segmentation and Classification
for Breast Cancer Detection in Thermograms

Hairong Qi! , Jonathan F. Head?

Abstract— Thermal infrared imaging has shown effective
results as a diagnostic tool in breast cancer detection. It
can be used as a complementary to traditional mammog-
raphy. Asymmetry analysis are usually used to help detect
abnormalities. However, in infrared imaging, this cannot
be done without human interference. This paper proposes
an automatic approach to asymmetry analysis in thermo-
grams. It includes automatic segmentation and pattern
classification. Hough transform is used to extract the four
feature curves that can uniquely segment the left and right
breasts. The feature curves include the left and the right
body boundary curves, and the two parabalic curves indi-
cating the lower boundaries of the breasts. Upon segmen-
t.ation, unsupervised learning technique is applied to clas-
sify each segmented pixel into certain number of clusters.
A.symmetric abnormaiities can then be identified based on
p.lxe! distribution within the same cluster. Both segmenta-
tion and classification results are shown on images captured
from Elliott Mastology Center.

Keywords— asymmetry analysis, breast cancer detection,
thermogram, Hough transform, pattern classification, un-
supervised learning

I. INTRODUCTION

Making comparisons between contralateral images are
routinely done by radiologists. When the images are rela-
tively symmetrical, small asymmetries may indicate a sus-
picious region. This is the underlying philosophy in the
use of asymmetry analysis for mass detection in breast
cancer study [2]. Unfortunately, due to various reason
like short of radiologists, fatigue, carelessness, or simply
because of the limitation of human visual system. these
small asymmetries might not be easy to detect. There-
fore, it is important to design an automatic approach to
eliminate human factors.

There have been a few papers addressing techniques for
asymmetry analysis of mammograms (2}, [7], (8], 9], {10],
[11]. (3], [5] recently analyzed the asymmetric abnormal-
ities in infrared images. In their approach, the thermo-
grams are segmented first by operator. Then breast quad-
rants are derived automatically based on unique point of
reference, i.e. the chin, the lowest, rightmost and leftmost
points of the breast. In an earlier paper we published [6],
Hough transform is used to segment the image, and cur-

1 Electrical and Computer Engineering Department, University of
Tc-:znneta‘see, Knexville, TN 37996, USA, Email: hqi@utk.edu
Elliott Mastology Center, Baton Rouge, LA 70806, USA, Email:
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Fig. 1. Procedure of automatic asymmetry analysis of thermogram.

vature analysis is proposed to identify the abnormalities.
This paper extends our work on using Hough transform
for segmentation. New experimental resuits are provided.
Instead of using curvature analysis which is very sensitive
to noise, this paper describes a pattern classification ap-
proach which uses unsupervised learning to identify abnor-
malities. k-means algorithm is applied on the segmented
images.

Testing images are obtained using the Inframetrics
600M camera, with a thermal sensitivity of 0.05°K.

1I. APPROACH

Figure 1 is a block diagram of the five procedures in-
volved in the proposed approach: (1) Edge wmage detec-
tion by Canny edge detector; (2) Feature curve extraction
including the left and right body boundary curves, and
the two lower boundaries of the breasts. Hough trans-
form is used to detect the parabolic shaped lower breast
boundaries; (3) Segmentation based on the intersection
of the two parabolic curves and the line formed by the
two armpits; (4) Pattern classification using unsupervised
learning to group each pixel of the segments into certain
clusters; and (3) Pizel distribution of each cluster is ana-
lyzed and abnormalities can then be identified.

A. Edge detection by Canny edge detector

Edge image is first derived by using Canny edge detector
(1). The standard deviation is chosen to be equal to 2.5
so that only strong edges are detected.
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B. Feature curve eztraction by Hough transform

) There are four dominant curves appeared in the edge
image which we called the feature curves: the left and
right body boundaries, and two lower boundaries of the
breasts. The body boundaries are easy to detect. Diffi-
culties lie in the detection of the lower boundaries of the
breasts. We observe that the breast boundaries are gen-
farally in parabolic shape. Therefore, Hough transform (4]
is used to detect the parabola.

C. Segmentation

Segmentation is based on three key points: the two
armpits (P, Pgr) derived from the left and right body
boundaries by picking up the point where the largest
curvature occurs, and the intersection (O) of the two
parabolic curves derived from the lower boundaries of the
Preasts. The vertical line that goes through point O and
is perpendicular to line P Pg is the cne used to separate
the left and right breasts.

D. Unsupervised learning

Pixel values in a thermogram represent the thermal ra-
diation resulting from the heat emanates from the human
body. Different tissues, organs and vessels have differ-
ent amount of radiation. Therefore, by observing the heat
pattern, or in another word, the pattern of the pixel value,
we should be able to discover the abnormalities if there are
any.

Usually, in pattern classification algorithms, a set of
training data are given to derive the decision rule. All the
samples in the training set have been correctly classified.
The decision rule is then applied to the testing data set
where samples have not been classified yet. This classi-
fication technique is also called supervised learning. In
lunsupervised learning, however, data sets are not divided
into training sets or testing sets. No a-prior: knowledge
is known about which class each sample belongs to.

In asymmetry analysis, none of the pixels in the seg-
ment knows its class in advance, thus there will be no
training set or testing set. Therefore, this is an unsuper-
vised learning problem. We use k-means algorithm to do
the initial clustering. k-means algorithm is described as
follows:

1. Begin with an arbitrary set of cluster centers and assign
samples to nearest clusters;

2. Compute the sample mean of each cluster;

3. Reassign each sample to the cluster with the nearest
mean,;

4. If the classification of all samples has not changed, then
stop, else go to step 2.

E. Within cluster pizel distribution

After each sample is relabeled to a certain cluster, the
cluster mean can then be calculated. The segmented im-
age can also be displayed in labeled format. From the

difference of mean distribution, we can tell if there is any
asymmetric abnormalities.

III. EXPERIMENTAL RESULTS

Testing images are obtained using the Inframetrics
600M camera, with a thermal sensitivity of 0.05°K. The
image are collected at Elliott Mastology Center. Results
from two testing images (I, nb) are shown here.

Figure 2 shows the intermediate resuits from edge de-
tection, feature curve extraction, to segmentation. From
the figure, we can see that Hough transform can derive
the parabola at the accurate location.

Figure 3 provides the histogram of pixel value from each
segment with 10-bin setup. We can tell just from the
shape of the histogram that Ir shows a more apparent
abnormalities than nb. However, histogram only reveals
global information.

Figure 4 displays the classification results for each seg-
ment in its labeled format. Here, we choose to use four
clusters. The figure also shows the mean difference of
each cluster in each segmented image. From Fig. 4, we
can clearly see the much bigger difference shown in the
mean distribution or image ir which can also be observed
from the labeled image.

1V. CONCLUSION

This paper describes an automatic approach for asym-
metry analysis in thermograms to help identify abnormal-
ities. It includes an automatic segmentation using Hough
transform and an unsupervised pattern classification for
segment comparison. From the experimental resuits, we
can see that Hough transform can accurately extract the
feature curves, and k-means algorithm provides useful in-
formation in the analysis of abnormalities.
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ABSTRACT

Breast infrared imaging (IRI) for detection of breast cancer
has been unfairly maligned as having unacceptably high
false positive and false negative rates. IRI actually has
statistical performance characteristics that are similar to
mammography. The false positive rate of 14% is about
twice as high as mammography but surgical intervention is
not possible (no increase in invasive procedures). Also, the
false negatives of IRI do not hinder the detection of breast
cancer by physical exam, mammography and ultrasound.
Finally, the ability of IRI to predict who will develop breast
cancer is not appreciated and IRI results should be used to
select patients for prevention trials.

KEY WORDS: breast cancer, thermography, infrared
imaging, mammography, risk assessment, detection.
INTRODUCTION

Use of IRI of the breasts for detection of breast cancer has
been criticized because of its presumed high false positive
and false negative rates. However, few clinicians can
enumerate the percentage of patients being screened for
breast cancer that are false positive or false negative for
either mammography or IRI. In this paper we are reporting
the statistical performance characteristics of mammography
and IRI found through a literature search.

METHODS. The sensitivity, specificity, false positives,
false negatives, positive predictive value, and negative
predictive value for mammography were found (1-7) in a
Pubmed/medline search, and for breast IRI from a 10 year
follow-up study on 11,240 women screened for breast
cancer reported by Stark (8) in 1985.

RESULTS. The reported performance characteristics of
mammography are: sensitivity from 69 to 94% (mean 86%,
median 87%), specificity from 59 to 94% (mean 79%,
median 84%), false positives of 18%, false negatives of 6%,
positive predictive value from 15 to 40% (mean 28%,
median 23%) and negative predictive value of 92%. From
Stark’s study (8) on IRI of the breasts with 10 years of
follow-up the performance characteristics were: sensitivity
of 86%, specificity of 89%, false positive rate of 11%, false
negative rate of 14%, positive predictive value of 23%, and
negative predictive value of 99.4%.

DISCUSSION. Sensitivity, specificity, false positive rate,
positive predictive value and negative predictive value for
breast IRI are as good as or better than those found for

mammography. The approximately 2 times higher false
negative rate for breast IRI than for mammography (14% vs
6%) might at first concern the physician. However the
resulting clinical decisions are quite different: abnormal IRI
results in only following the patient closer in their screening
(noninvasive), whereas an abnormal mammogram often
results in a surgical biopsy (invasive). Therefore the finding
of the abnormal infrared image without localization by an
abnormal mammogram or uitrasound, does not result in an
increase in the number of invasive surgical procedures.
CONCLUSION. Infrared imaging has performance
characteristics similar to mammography for detection of
breast cancer. Therefore IRI should be re-evaluated for risk
assessment and detection of breast cancer.
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Computerized image analysis of digitized infrared images
of the breasts from a scanning infrared imaging system

Jonathan F. Head, Charles A. Lipari, and Robert L. Elliott

Medical Thermal Diagnostics, LA Business & Technology Center,.Baton Rouge, LA 70803

ABSTRACT

Infrared imaging of the breasts has been shown to be of value in risk assessment, detection, diagnosis and prognosis of breast
cancer. However, infrared imaging has not been widely accepted for a variety of reasons, including the lack of standardization
of the subjective visual analysis method. The subjective nature of the standard visual analysis makes it difficult to achieve
equivalent results with different equipment and different interpreters of the infrared patterns of the breasts. Therefore, this
study was undertaken to develop more objective analysis methods for infrared images of the breasts by creating objective
semiquantitative and quantitative analysis of computer assisted image analysis determined mean temperatures of whole breasts
and quadrants of the breasts. When using objective quantitative data on whole breasts (comparing differences in means of
left and right breasts), semiquantitative data on quadrants of the breast (determining an index by summation of scores for each
quadrant), or summation of quantitative data on quadrants of the breasts there was a decrease in the number of abnormal
patterns (positives) in patients being screen for breast cancer and an increases in the number of abnormal patterns (true
positives) in the breast cancer patients. It is hoped that the decrease in positives in women being screened for breast cancer
will translate into a decrease in the false positives but larger numbers of women with longer follow-up will be needed to
clarify this. Also a much larger group of breast cancer patients will need to be studied in order to see if there is a true
increase in the percentage of breast cancer patients presenting with abnormal infrared images of the breast with these objective
image analysis methods.

Keywords:  thermography, infrared imaging, breast, breast disease, breast neoplasms, risk assessment, image analysis

1. INTRODUCTION

Infrared imaging of the breast, usually referred to as thermography in medicine, has been shown to be efficacious in risk
assessment'> and prognostic determination in breast cancer’®. Infrared imaging has also been shown to be a useful in
conjunction with mammography and ultrasound for the detection and diagnosis of breast cancer. However, the subjective
visual analysis of asymmetric abnormalities in infrared images of the breast for risk assessment, detection, diagnosis and
prognosis in breast cancer has hindered acceptance of this technology as it has been very difficult to standardize and to learn
the subjective analysis method. Therefore it has been very difficult to obtain reproducible resuits among investigators and
clinicians, who are determining the presence or absence of asymmetric infrared abnormalities of the breasts. The introduction
of digital output in a variety of both proprietary and standard formats has allowed image analysis by both proprietary image
capturing cards and software, and also standard image capturing formats. Standard imaging formats that can export standard
files are more useful as they can be submitted to a variety of commercially available image analysis software that are very
good at target identification and for creating automated image analysis programs.

Although early attempts at standardizing the analysis procedure of analogue exported images by creating scoring systems by
which patients could be categorized in term of risk, detection, diagnosis and prognosis were a great improvement that allowed
highly trained thermographers to detect and semiquantitate the infrared abnormalities, they were still quite subjective. These
semiquantitative results were quite reproducibie by highly trained thermographers, but training was still quite an involved and
time consuming experience. The present study is an attempt to totally automate the process so that thermographers can look
at an infrared image of the breasts and combine the information that is subjectively processed by their minds with quantitative
numerical data derived from image analysis of digitized images that were derived from the analogue output. Eventually we
hope to develop an image analysis method that will eliminate the highly subjective nature of the present day infrared image
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reading by thermographers with an automated procedure that will only require qualified thermographers to over-read the image
analysis results.

2. MATERIALS AND METHODS

Infrared images from 13 patients (10 women without breast cancer, 5 with normal infrared patterns and 5 with abnormal
infrared patterns, and 3 breast cancer patients, 2 with normal infrared patterns and 1 with an abnormal infrared pattern) were
taken with a first generation, liquid nitrogen cooled, scanning mercury cadmium telluride detector, Inframetrics S00M infrared
imaging system with an 8 bit dynamic range, 100 mK sensitivity@30° and a spectral range of 8-12 microns. Although there
was proprietary software, we chose to export the digitized images in a TIF file and used customized image analysis software
to derive quantitative data on infrared patterns that previously had been subjectively visually analyzed by an expert
thermographer. For each patient the mean, standard deviation, minimum, median and maximum temperatures were determined
for each breast and comparisons were made between the two breasts. Then, each breast was divided into upper outer, upper
inner, lower outer and lower inner quadrants (Figure 1) by drawing lines on the infrared images from the chin of the patient

FIGURE 1
GUIDELINES FOR BREAST QUADRANTS

Chin

Horizomtal Lefl Horizontai Rigit

Lowcest Contour Point

to each nipple and then two horizontal lines left and right to the edge of the breast and finally a forth line to the lowest
contour of the breast. Again the mean, standard deviation, minimum, median and maximum temperatures were determined
for each quadrant of both breasts, and comparative statistics were generated between the left and right breasts.

Three objective quantitative methods of determining asymmetric abnormalities of the breast were developed. The first method
(Method 1) compared the difference in mean temperature between the right and left breasts and if this mean temperature was
equal to or greater than 0.50°C then the patient was considered to have an abnormal asymmetric breast infrared heat pattern.



The second method (Method 2) involved calculating a score based on addition of scores to create an index, if the mean
temperature of a quadrant was 0.50 to 1.00°C higher than the same quadrant of the opposite breast then a score of 0.5 is
assigned, and when a quadrant has a mean temperature that is greater than 1.00°C higher then a score of 1.0 is assigned. An
index is created by adding together the scores for the comparisons of all four quadrants and the index can have a value from
0.0 to 4.0. For purposes of this study patients with an index greater than 1.0 were considered to have.abnormal asymmetric
breast infrared heat patterns. The third method was the simple addition of the mean differences of the quadrants comparing
the left and right breasts and absolute differences greater than 1.00 were considered to represent abnormal asymmetric infrared
patterns. Comparison of the results from these three objective determinations of asymmetry of infrared heat patterns of the
breasts were then compared to the subjective results of an expert thermographer.

3. RESULTS

Figure 2 shows the quadrants of the breasts of a patient (patient #1 in Table 1) with a normal infrared heat pattern of the
breasts and Figure 3 shows a patient (patient #2 in Table 1) with a highly abnormal asymmetric infrared heat pattern of the
breasts. In both Figures 2 and 3 the quadrant lines have been overlaid on the actual digitized infrared images from the

FIGURE 2
-NORMAL INFRARED PATTERN IN PATIENT BEING
’ SCREENED FOR BREAST CANCER

FIGURE 3 a,
ABNORMAL INFRARED PATTERN IN PATIENT
BEING SCREENED FOR BREAST CANCER




TABLE 1
SUBJECTIVE AND OBJECTIVE DETERMINATION OF ASYMMETRIC INFRARED ABNORMALITIES
: IN PATIENTS BEING SCREEN FOR BREAST CANCER

—— w

| PATIENT # SUBJECTIVE METHOD 1 METHOD 2 " METHOD 3
C) (INDEX) §®)
N N 0.42 10 -1.00
2N L+ -1.30° 35 -3.68
IN N +033 1.0 +0.94
aN N +020 0.0 +0.74
5N L+ +0.10 1.0 0.46
6N N 026 0.0 -0.60
TN . 024 0.5 -0.56
N L+ 0.79 20 2.95
ON N -0.28 0.0 -0.87

10N L+ -0.45 1.5 088
11CA N +0.10 0.5 +0.36
12CA R+ +0.59 15 +1.99
13CA N +0.65 15 +2.60

*N, normal patient; CA, breast cancer patient
*N, normal infrared breast pattern; L+, abnormal left infrared breast pattern; R+, abnormal right infrared breast pattern
“bold numbers signify abnormal values for infrared images

patients with normal and abnormal infrared images of their breasts. The patient in Figure 2 with the normal infrared heat
pattern has vascularity demonstrated in both breasts but they are approximately equivalent, as there are no major asymmetries
in either breast. The patient in Figure 3 has a generally hotter (black;is hot) left breast with periareolar heat and a large hot
spot on the outer quadrants, and vascular asymmetry on the inner quadrants.

Table 1 presents the results from the subjective whole breast analysis, quantitative whole breast analysis (Method 1),
semiquantitative quadrant analysis (Method 2) and quantitative quadrant analysis (Method 3) of the 13 patients in this study.
While doing the subjective analysis the thermographers were not sure if patient 9 had a normal or a slightly abnormal left
breast and for patient 11 there was some uncertainty whether the right breast was abnormal. When the objective quantitative
Method | was used, that compared the difference in mean temperature between the two breasts, there was a decrease from
50% abnormal infrared patterns in the 10 patients being screened for breast cancer (chosen to be half normal and half
abnormal) by 3 so that only 20% (2 of 10) of the patients being screened for breast cancer had abnormal asymmetric heat
patterns of the breasts. Both the objective semiquantitative Method 2 and quantitative Method 3, decreased the abnormal
asymmetric infrared images in the patients being screened for breast cancer to 3 patients (a 20% decrease in the positive rate
for this group of patients). In the 3 breast cancer patients one of the three patients with a normal infrared pattern by
subjective analysis was found to have an abnormal infrared pattern by all three objective analysis methods.



4. DISCUSSION

The subjective method of determining whether an asymmetric infrared abnormality of the breasts is significant, that is
presently being utilized by most physicians, is bard to learn, and not adequately reproducible. In a previous study’ we
attempted to use a semiquantitative method of determining when an asymmetric infrared heat pattern of the breasts was
sufficiently different to be called abnormal. Although this method seemed to produce a greater continuum of abnormalities
through the creation of an abnormality index from 1 to 8 (summation of scores that reflected the severity of hot spots, global
heat, vascularity, areolar/periareolar heat and edge sign), it still had major shortcomings: The method required highly trained
thermographers to rate the abnormalities and the exact cut-off index for abnormal was not obvious or easy to determine.
Further it would be almost impossible to create a computer assisted analysis program that could do this analysis without
subjective input by a highly qualified thermographer.

The present study used a computer assisted image analysis program that presently requires significant operator interaction but
will be made operator independent. We believe that eventually whole breast or quadrant temperature differences will be
inputed into one of the three methods of analyses presented in this paper, or some other method of analysis, and that the
subjective methods presently used by thermographers will be replaced by an objective method of analysis. Initially the results
from objective analysis will probably be used as another piece of information in the present subjective analysis, but, if
successful, the results of the whole breast or quadrant image analysis should become the most important information used in
determining whether patients, being screened for breast cancer or presenting with breast cancer, have abnormal asymmetric
infrared patterns of their breasts.

Image analysis for determination of mean temperatures of the whole breast or quadrants of the breast, followed by a simple
method of numerical analysis and finally the application of numerical cut-offs for a normal range of temperature difference
was also undertaken in this study to determine if this type of analysis could decrease the high false positive rate found in
women being screened for breast cancer with infrared imaging. The results from this study show that all three objective
methods, based on image analysis for temperature differences in either whole breast or quadrant comparisons, significantly
reduced the number of patients being screened for breast cancer with abnormal asymmetric infrared heat patterns. The two
methods (Methods 1 and 3), where 0.50°C and 1.00°C are the normal cut-offs for whole breast and summation of quadrant
differences, respectively, seem to be very promising methods of analysis and could easily transform the infrared pattern
analysis from a subjective visual analysis into a purely objective quantitative analysis. One somewhat surprising finding in
this study was the increase in the number of patients with breast cancer that had positive infrared patterns of the breast.
Although these objective quantitative results suggest that their application will reduce the number of false positives in women
being screened for breast cancer with infrared imaging, while also increasing the true positive rate for women found to have
breast cancer during screening with infrared imaging, larger studies must be undertaken to better clarify if the objective
methods are better than the subjective methods and, if the objective methods are better, then which objective method is the

best.
fa'
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Thermography

Its Relation to Pathologic
Characteristics, Vascularity, Proliferation
Rate, and Survival of Patients with
Invasive Ductal Carcinoma of the Breast

We were very surprised to see that Sterns et al.! had
results that contradicted those presented by our
group which demonstrated an association between
three growth rate—related prognostic indicators for
breast carcinoma and findings from infrared imaging.?
Careful review of the Sterns et al. article' showed that
they performed the infrared imaging with a different
and outdated technology, did not quantitate actual
growth rate with serial measurements from mammog-
raphy, and looked at only one of the three growth
rate—related parameters reported by our group® to be
associated with abnormalities found in infrared im-
ages of the breast.

In reviewing the two articles by Sterns et al."* on
contact thermography, we noted that they reported
that 56% of the breast carcinoma patients from the
initial 214 patients who were screened with thermog-
raphy had an abnormal breast thermogram, whereas
only 19% had abnormal breast thermography when
420 women were enrolled in the study. This inconsis-
tency is due to the fact that in the initial study the
patients with equivocal thermal patterns were consid-
ered abnormal, whereas in the recent expanded study
equivocal patients were considered normal. This
clearly demonstrates that the authors are not sure
what level of abnormality is really significant when
attempting to relate infrared images to growth rate
and growth rate-related parameters. In our study,” in
which telethermography was used, 65% of the breast
carcinoma patients had abnormal thermograms (in-
cluding both the small number of patients with slightly
abnormal thermograms and all the patients with
definitely abnormal thermograms), and Isard et al.*
found that 54% of their patients had either PF2- or
PF3-level abnormalities. In both of these studies, the
presence of an abnormal breast thermogram had a
significant impact on survival.

It is not appropriate to compare contact thermog-
raphy results, produced by a technology that is over
20 years old and was not used in either our study or
that of Isard et al.,”* with the results from infrared
telethermography (a newer, more sensitive technology
with much better image quality). It appears that the
superior image quality of infrared telethermography
may be necessary to demonstrate that abnormal infra-
red images of the breast (asymmetric hot spots, global



heat, vascularity, areolar/periareolar heat, or edge
sign) are related to survival and growth rate-related
prognostic indicators. Our emphasis at present is to
improve our sensitivity and image quality further by
using second-generation infrared imaging technology,
which has previously been used only by the military.
The second-generation infrared imaging system that
we have been evaluating is more sensitive than scan-
ning telethermography units and produces a better
image, with a 256 X 256 element focal plane array
sensor. In addition, we are currently developing meth-
ods of analyzing the infrared images of the breast with
computerized image analysis software that compares
the heat pattern of one breast with that of the other
to delineate the asymmetric infrared abnormalities.
This computer analysis is an attempt to automate the
process, but it will initially only be used to aide the
image reader by pointing out possible asymmetric
areas. Eventually, we hope to quantitate different pa-
rameters of the infrared abnormalities in order to de-
fine the significance of the different abnormalities bet-
ter, partly in terms of their presence and partly to
allow for the assignment of a numerical value to each
abnormality in an attempt to create an infrared abnor-
mality index by adding together the numerical results.
None of this computer-assisted image analysis can be
done with the images from contact thermography, as
the images from contact thermography cannot be eas-
ily digitized for image analysis.

Reevaluation of the authors’ data with the chi-
square test, comparing the three levels of thermo-
graphic abnormality (normal, equivocal, and abnor-
mal) to the levels of previously demonstrated prognos-
tic indicators, showed that there were significant asso-
ciations of thermographlc results with a patient’s age
(P = 0.0113), tumor size (P = 0. 0078) lymph node
involvement (P = 0.0023), stage (P.= 0.0001), hlStOlOglC
grade (P = 0.0028), and estrogen receptor status (P =
0.0429), but there was only a trend toward association
with ultrasound vascularity (P,= 0.0663) and nq associ-
ation with Ki67 (P = 0.2898). It seems that if thermo-
graphic abnormalities are,so strongly associated with
so many known prognostlc 1nd1cators then it is un-
likely that thermographic results of the breasts would
not ;have prognostic s1gn1ﬁcance and not be a pre-
dictor of disease free and overall survival. The number
of patients that were actually followed in the study to
-determine 5-year dlsease free and overall survival was
not given in the article, .but infrared imaging results
were very significantly correlated with 5-year disease
free survival (P = 0.0009) as well as tumor size (P =
0.0001), lymph node status (P = 0.0001), stage (P =
0.0001), and grade (P = 0.0001). Overall survival was
not significantly selated to thermographic abnormality
but again was strongly associated with tumor size,
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lymph node status, stage, and grade. However, disease
free and overall survival were quite different between
the groups of breast carcinoma patients with normal
and abnormal infrared images of the breast, with dif-
ferences in disease free and overall survival of 21%
and 9%, respectively. Establishing a significant differ-
ence in survival may require a larger follow-up study,
with more patients enrolled and followed for 5 years.
It may even be necessary to follow the patients for a
longer period of time, as it is common for differences
in disease free survival to predate significant differ-
ences in overall survival, and thus significant differ-
ences in overall survival are often only reached when
the study groups are followed for a few extra years
beyond the point at which significant differences are
found in disease free survival.

The first analysis suggesting that the results from
breast thermography were related to the growth rate
of breast carcinomas was reported in a paper by
Gautherie and Gros.® That analysis clearly showed that
tumors classified as T1 and T2 (with diameters be-
tween 0.9 and 3.7 cm) had greater heat production
than normal breast tissue and that the heat production
correlated with the growth rate of the tumor. We have
recently provided further evidence® that the thermo-
graphic results are related to the growth rate of a breast
carcinoma by showing that the result of three growth
rate—related prognostic indicators (biochemical assay
of tumor ferritin concentration, immunocytochemical
analysis of Ki67, and determination of S-phase/growth
fraction by flow cytometry) are strongly associated
with thermographic results. Sterns et al.' compared
one of these prognostic indicators, Ki67, to results
from contact thermography and concluded that ther-
mographic results are not related to the growth rate
of breast tumors. However, they did not attempt to
make an actual clinical determination of growth rate
with serial measurements, nor did they semiquantitate
or quantitate the two other prognostic indicators that
have been related to thermographic results from tel-
ethermography.

Additional studies will be needed either to confirm
or disprove a relationship between the results of breast
thermography and survival and/or the growth rate of
breast carcinomas. These studies must attempt to re-
peat the original studies and not rely on outdated tech-
nology, such as contact thermography, that was not
even state of the art at the time of the original publica-
tions,'~® let alone today. Future investigators should
not do any more studies on single growth-related
prognostic indicators, as this will only further confuse
the issue. It would be best to undertake large prospec-
tive studies that look at thermographic abnormalities
determined with state-of-the-art telethermography
and then compare the results to the growth rate of
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Infrared Imaging:

4 Making Progress in
Fulfilling Its Medical Promise

Past, Present, and Future Applications of

Infrared Imaging in Medicine

nfrared imaging in medicine has been
around since the early 1970s, but its
utility for any medical application has not
been clearly demonstrated. Therefore, in-
frared technology is not widely accepted
in medicine. Over the past ten years im-
provements in infrared systems (includ-
ing staring array sensors, true digital
output, sophisticated image processing,
and analysis using target recognition
software) have allowed objective analy-
sis of digital radiometric information for
a variety of medical applications.
Current medical applications that
have supporting documentation in the
peer-reviewed medical literature include
breast cancer risk assessment and prog-
nosis, analysis of burn trauma, and battle-
field application of a helmet-mounted
infrared imager for use by medics. Other
promising areas for medical application
of infrared imaging in medicine include
coronary artery bypass surgery, diabetes,
deep vein thrombosis, and areas involv-
ing angiogenesis (wound healing and mi-
crosurgery). However, some classic uses
of infrared imaging that have achieved
some amount of widespread use, such as
pain management, probably will not sur-
vive rigorous scientific scrutiny. This ar-
ticle looks at where current applications
of medical imaging started and promising
future uses as the technology improves.

Applications
Breast Cancer
Initial studies of the application of in-
frared imaging to breast cancer concen-
trated on trying to use breast infrared
imaging (contact or telethermography) as
a stand-alone technology for the detection
of breast cancer in a screening environ-
ment. The early Breast Cancer Detection
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and Demonstration Projects (BCDDP),
which were done between 1973 and 1981
by the American Cancer Society and Na-
tional Cancer Institute of the United States,
clearly demonstrated the shortcomings of
both mammography and infrared imaging
of the breast but also showed that mam-
mography was a superior stand-alone de-
tection technology, if only because it
localized a lesion that could be then surgi-
cally resected and examined by the pathol-
ogist to determine if the patient had breast
cancer. In other words, even if infrared im-
aging was able to tell the surgeon that the
patient was very likely to have breast can-
cer, its inability to tell the surgeon where
the lesion was, because it is a physiological
measurement and not a physical view as in
mammography, made it unacceptable as a
stand-alone detection device.

The ability of infrared imaging to be
used in a multimodality-screening envi-
ronment has not received the attention that
it deserves. Although physical exam and
ultrasound examination are widely ac-
cepted as techniques that complement
mammography and are routinely used in
the differential detection/diagnosis of
breast cancer, this has not happened with
breast infrared imaging. This is despite
support for this concept by physicians who
routinely use infrared technology. Re-
cently Keyserlingk et al. [1] have shown
that in their hands infrared imaging can
help confirm the diagnosis of breast can-
cer, but larger studies are needed to deter-
mine if the false positive rate of 66 to 80%
in the present clinical setting (physical
exam, mammography and/or ultrasound)
[2] can be reduced by integrating routine
infrared imaging into breast cancer screen-
ing programs.
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An application of infrared imaging in
breast cancer that has been extensively
studied with very positive results is the
use of breast infrared imaging in risk as-
sessment (determining whether a female
is at average or high risk of getting breast
cancer during her lifetime). Other imag-
ing technologies (such as mammography,
breast ultrasound, magnetic resonance
imaging (MRI), and positron emission to-
mography (PET) scans) have not been
found to be useful for predicting whether a
woman will develop breast cancer in her
lifetime. In addition, infrared imaging
was not studied during the Breast Cancer
Detection and Demonstration Projects to
determine its ability to define a subgroup
of women at increased risk of developing
breast cancer, as this was not considered
important. However, in more recent times
intervention or prevention trials have be-
come a reality, specifically the use of the
anti-estrogen tamoxifen in patients who
have not been diagnosed with breast can-
cer but are believed to be at a higher than
normal risk of getting breast cancer due to
their genetic makeup and/or environmen-
tal factors. Presently, the Gail Model is
used to determine if a woman is at in-
creased risk of getting breast cancer. This
model uses age, age at first menstrual pe-
riod, number of first-degree relatives who
have had breast cancer, whether the
woman had a previous breast biopsy
(number and presence of atypical hyper-
plasia), and race to determine the risk of
getting breast cancer for a woman who has
received regular clinical breast exams and
screening mammography. This risk as-
sessment model does not apply to geneti-
cally predisposed women or women who
have previously had a biopsy that con-
tained DCIS (ductal carcinoma in situ) or
LCIS (lobular carcinoma in situ). How-
ever, even by combining all these factors,
less than half of the women at risk of get-
ting breast cancer can be identified, and
the women at increased risk only have
about a two- to four-fold increase.

Several studies have shown that infra-
red imaging is a good, and perhaps the best,
method for risk assessment in breast can-
cer. Gautherie and Gros [3] demonstrated
in a prospective study of 58,000 women
being screened for breast cancer that there
were 784 patients that had an abnormal
asymmetric infrared image of their breasts
with normal physical exams, mammo-
grams, and ultrasounds, and that 298
(38%) of these 784 patients were diag-
nosed with breast cancer within four years.
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This is in contrast to expecting only 1-2%
of women from the general population be-
ing diagnosed with breast cancer in a
four-year period, and thus the presence of
an abnormal asymmetric infrared heat pat-
tern of the breasts probably increases a
woman’s risk of getting breast cancer at
least ten-fold. In a second study Stark [4]
followed 11,249 women who were being
screened for breast cancer and found that
1,499, or about 15%, of the women had ab-
normal asymmetric heat patterns of their
breasts. Stark further found that in the next
ten years 346, or 23%, of the women with
abnormal asymmetric infrared images of
their breasts were diagnosed with breast
cancer. Stark further found that only 8.1%
of women who had not had any children
and 8.6% of women with one or two
first-degree relatives who had breast can-
cer (family history) developed breast can-
cer during the same period of time.
Therefore, two of the major criteria used to

enroll patients in the tamoxifen prevention
trial were poorer risk assessment tools than
the presence of an abnormal asymmetric
breast infrared image. The presence of
atypical hyperplasia in a biopsy sample
was found by Stark to resultin 30 to 50% of
these patients being diagnosed with breast
cancer, but only 34 women had this risk
marker, and this is too small a proportion of
the overall population to be a significant
risk assessment tool. In our own studies
[5]-[10], we have found that approxi-
mately 28% of women have abnormal
asymmetric breast infrared patterns (Fig-
ure 1) and are therefore at increased risk of
getting breast cancer, and this is supported
by the fact that a much higher proportion
(65%) of breast cancer patients at presenta-
tion have an abnormal asymmetric breast
infrared pattern (Table 1).

Although these studies support the use
of breast infrared imaging in breast cancer
risk assessment, it will be necessary for the

1. A patient with an abnormal asymmetric breast infrared image.

Table 1. Infrared results from normal, cancer, and
deceased cancer patients.

Infrared Results Patients
Normal Cancer Deceased
Normal 72 35 15
72% 35% 12%
Abnormal 28 65 111
28% 65% 88%

p < 0.0001, chi-square analysis for independence
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results to be confirmed in large multi-insti-
tutional studies done in the United States in
order to obtain FDA and HCFA approval.
This approval is necessary in order for any
new technology to be reimbursed by both
Medicare and private insurance, and with-
out reimbursement no new technology can
achieve wide acceptance. Also, if infrared
imaging is determined to be a viable tool
for risk assessment, then further multi-in-
stitutional studies will be needed to see if
the subset of patients being screened for
breast cancer, which have an abnormal
asymmetric infrared image of their breasts,
are better candidates for the tamoxifen pre-
vention/intervention trial or any other pre-
vention/intervention trial. It will be
necessary to show that the group contain-
ing the higher proportion of women at in-
creased risk of getting breast cancer (those
with abnormal breast infrared images) re-
spond to tamoxifen prevention/interven-
tion. Hopefully, this will allow less women
to be treated with tamoxifen in order to
reach the women that will be prevented
from getting breast cancer by the preven-
tion/intervention strategy.

Another application of infrared imag-
ing in breast cancer is for predicting prog-
nosis. Isard [11] has shown by following
70 breast cancer patients for five years that
breast cancer patients presenting with ab-
normal asymmetric breast infrared images
had only a 30% chance of surviving the
five years, whereas breast cancer patients
presenting with normal symmetric breast
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infrared images had an 80% survival at five
years. Head et al. {5], [6] provided addi-
tional evidence that the results of infrared
imaging have prognostic significance
when they found that 65% of breast cancer
patients at diagnosis had abnormal asym-
metric breast infrared images but 88% of
breast cancer patients that succumbed to
breast cancer had abnormal asymmetric
breast infrared images. Thus, breast cancer
patients with abnormal asymmetric breast
infrared images are more likely to die of
breast cancer, and they therefore have a
poorer prognosis at diagnosis.

Gautherie [12] was the first to show
that breast cancer patients with abnormal
asymmetric breast infrared images had tu-
mors with faster growth rates. Head et al.
[13] further showed that the results from
three growth-rate-related clinical labora-
tory tests were associated with the find-
ings from breast infrared imaging. Higher
tumor ferritin concentrations were found
in breast tumors from patients with abnor-
mal asymmetric infrared breast images
and tumors with faster growth rates had
previously been shown to have greater
concentrations of ferritin. Also, the per-
centage of cells in S-phase (DNA synthe-
sis) and G,M (mitosis/cell division) were
also greater in breast tumors from patients
with abnormal asymmetric infrared im-
ages of the breasts, thus showing that tu-
mors with greater cell proliferation are
more likely to occur in patients with ab-
normal asymmetric breast infrared im-
ages. Finally, the proliferation-associated
antigen Ki-67 was higher in tumors from
women with abnormal asymmetric breast
infrared images. Therefore, the results
from two studies by different investiga-
tors have shown that four growth-rate and
proliferation-rate associated parameters
were related to breast infrared image re-
sults. This supports the use of infrared im-
aging results in determining prognosis, as
growth rate is one of the few documented
and accepted prognostic indicators in
breast cancer.

Helmet-Mounted Infrared for
Battlefield Medical Application

Military medical personnel, specifi-
cally the forward battlefield medics, have
not seen any significant improvement in
nighttime visual assistance since the ad-
vent of the flashlight. Thus, medics during
night operations or when medical assis-
tance to wounded military personnel ex-
tends into the night, always expose
themselves to enemy identification when
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they illuminate the battlefield with light
from their flashlights to find wounded mil-
itary personnel, make triage decisions, or
treat the wounded personnel in need of im-
mediate care. Of course after the enemy
spots and identifies the medic, the medic is
immediately subjected to enemy gunfire,
which hinders and often curtails battlefield
medical treatment. Further, the spotting
and identification of the medic by the en-
emy requires only the use of a free, always
available, very high tech sensing de-
vice—the human eye.

Since the 21st century warrior concept
for the United States military envisions
every military helmet on the battlefield
being equipped with an infrared imager,
we became interested in the possibility of
using this infrared capability to the benefit
of the medic and wounded on the battle-
field [14]-[16]. Itimmediately became ap-
parent that the optics on the prototype
models of the 21st century warrior hel-
mets were inadequate for battlefield med-
ical applications. The major limitation
was that the infrared imagers were not re-
quired or able to be focused any closer
than 5 feet, a distance that would allow
combat personnel to see from their feet to
infinity but not allow them to work with
their hands. Thus either the optics had to
be altered or new optics made. We found
that we were able to modify our prototype
in order to focus down to 18 inches and
then proceeded to determine if the hel-
met-mounted infrared imager would be
useful for medical applications.

We found that variations in heat pat-
terns were associated with a wide range of
medical conditions. Living wounded mili-
tary personnel can be found on the battle-
field in complete darkness due to their
much higher body temperature compared
to their surroundings. Infrared can also be
used to distinguish between an uncon-
scious and dead battlefield casualty, for if
the person is only wounded the infrared
image of the nostrils will alternate between
hot and cold as the person breathes in and
out. Also, living individuals have a mottled
infrared pattern on their skin that becomes
a smoother, more consistent pattern with
death due to the lack of movement of the
blood and its associated heat to the surface
of the body. Bleeding associated with
sharp trauma can easily be found because
of the higher temperature of the blood than
the surface of the body, and arterial bleed-
ing can be distinguished from venous by its
higher temperature. Blunt trauma can be
distinguished by an increase in heat associ-
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ated with inflammation. First- and sec-
ond-degree burns can be detected and the
area determined by the increase in temper-
ature at the site, and third-degree burns are
visualized as areas with significantly de-
creased temperature (see next section for
an in-depth discussion). This is not an ex-
haustive list of what can be seen, but it does
help one envision the possibilities.

Helmet-mounted infrared imagers can
also be used to allow medics to see their
hands and the instruments necessary to do
the initial first aid in the dark. Therefore,
the medic can perform the necessary first
aid that the wounded individual needs to
survive removal from the battlefield, with-
out being spotted by the enemy and being
subjected to enemy fire.

Burns

In 1990 Cole et al. [17] reported on in-
frared assessment of hand burns in an at-
tempt to stage the burns with temperature
measurements. Although they thought
that infrared imaging had great potential
for differentiating a second-degree burn
from a third-degree burn at presentation,
they were not able to clearly demonstrate
its efficacy. Thus, the problem has re-
mained that many burn patients for whom
the physician cannot initially determine
whether the burn is a second- or third-de-
gree burn have to wait 5 to 7 days before a
decision on grafting can be made. If infra-
red imaging could be used to differentiate
third-degree burns at presentation, then
average hospital time for burn patients
could be significantly reduced. Problems
of evaporation and the associated cooling
of badly burned areas, which could possi-
bly lower the temperature of a second-de-
gree burn to that of a third-degree burn,
were addressed by Cole et al. [18] by us-
ing a sterile nonpermeable plastic wrap to
cover the wound before infrared imaging.
The same group of investigators [19] has
also followed the infrared signature of
burns over time.

In 1999 Hargroder et al. [20] performed
infrared imaging on the burns of ten pa-
tients (Figure 2) with burns that could not
be staged by visual analysis; that is, the
burns could be either second- or third-de-
gree. They found that in third-degree burns
the area of the burn had reduced tempera-
tures compared to the surrounding normal
unburned skin, but that an obvious sec-
ond-degree burn had an increased tempera-
ture, probably due to inflammation (Figure
2). They also concluded that the surface
temperature of the body, arms, and legs of

November/December 2002

patients were quite constant, whereas nor-
mal surface temperature of the feet, hands,
and face were quite variable. They con-
cluded that the temperature decreases oc-
curring with third-degree burns are due to
the destruction of the vasculature below the
skin, and that a 2 °C (4 °F in the study) de-
crease in temperature at presentation,
which is within the first 24 hours, was a
good diagnostic characteristic of a
third-degree burn. This suggested that any
burn area greater than one square inch in
area with a greater than 2 °C decrease in
temperature will require grafting and can
be grafted immediately without waiting
until a definite visual diagnosis can be
made. Further study is needed on a much
larger population of burn patients in order
to confirm these findings and to refine the
distinctions between true second- and
third-degree burns in terms of their infra-
red images.

Other Promising Applications

Other promising areas of medicine for
which infrared imaging may have signifi-
cant applications include any disease in
which there is a vascular component. The
diabetic foot has complications that infra-
red imaging might be able to detect, such as
the subtle decrease in blood flow, which is
the harbinger of serious problems that too
often lead to amputation of the foot. Also,
the use of infrared imaging in surgery is un-
der utilized, as it is obvious that blood flow
can easily be monitored with infrared im-
aging. Therefore, infrared imaging should
be available to the coronary bypass sur-
geon and the microsurgeon, so that the
quality of the vascular connections can be
monitored and checked during the surgery
by the quantity of heat being brought to the

First Generation

newly attached blood vessels or reattached
appendage. Deep leg thrombosis also ap-
pears to be able to be diagnosed with infra-
red imaging. One exciting new area of
study that has recently arisen is the ability
to detect angiogenesis with infrared imag-
ing [21] and the possible application of in-
frared imaging to monitoring the response
of breast cancer or skin cancer patients to
anti-angiogenic drugs. This is far from a
complete list of promising medical appli-
cations but does point out some of the ma-
jor areas into which medical infrared imag-
ing may grow.

Image Analysis and
Algorithm Development

State-of the-art infrared imaging instru-
ments and the associated computers and
software for analysis have not been ade-
quately used in or applied to medicine.
Even today, the instrumentation used in
medical applications is almost exclusively
first-generation (Table 2). Thus, most of
the published research with infrared im-
aging used scanning instrumentation with
visual analysis of a very poor quality infra-
red image. The use of visual analysis has
hindered the acceptance of infrared imag-
ing in medicine because it requires that
there be a pool of experts that are willing to
set standards (agree on diagnostic stan-
dards) and to train other individuals in the
art of visual analysis.

The most obvious way to improve in-
frared imaging would be to bring the in-
strumentation at least to the level of
second-generation instrumentation. This
would mean that the sensitivity would be
increased to 50 mK or below at 37 °C, and
the output would be digitized. True digital
output from a focal plane staring array in-

Second Generation

Scanning Mercury Cadmium
Telluride Detector

Indium Antimonide Focal Plane Array

Liquid Nitrogen Cooler

Stirling Cycle Cooler

175 Elements/Line @Line Rate: 7866 Hz
RTS-170/NTSC

256 x 256 Elements/Staring Array

Dynamic Rating: 8 Bits/Element

Dynamic Rating: 12 Bits/Element

Thermai Sensitivity: 100 mK@30 °C

Thermal Sensitivity: 25 mK@30 °C

Spectral Range: 8-12 Microns

Spectral Range: 3-5 Microns

External Calibration

Internal Calibration

Video Output: Analog

Video Output: Either Digital or Analog
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frared imaging system would eliminate the
necessity of improving scanned images by
the manipulation of the multi-image scans
that are pieced together to form one image
[22], [23].

Today’s focal plane staring array digital
imagers are able to assign temperatures to
every point in the pictorial array.
State-of-the art radiometric infrared imag-
ing instruments can now save images on
flash cards so that they can be imported into
personal computers for image analysis us-
ing a variety of mainly proprietary software.
The inability to access and interpret the ra-
diometric information that is encoded in the
image file is one of the shortcomings of the
present-day systems, and standardization of
the encoded image will be necessary for the
information to be analyzed by a wide vari-
ety of already developed algorithms, such as
algorithms developed by the military for
target recognition. Therefore, one of the
most pressing problems in infrared image
analysis is that the radiometric information,
which is saved and exported, is done in a
proprietary format that is not easily, if at all,
imported into already developed (or under
development) computer analysis programs.
This means ‘that already-developed algo-
rithms cannot be tested on radiometric in-
frared image data sets from state-of-the-art
infrared instrumentation.

When investigators have been allowed
to access proprietary radiometric informa-
tion, they have been able to develop image
analysis software to analyze the infrared
images. Using test infrared image data sets,
they have developed algorithms for infra-
red medical applications. Head et al.
[24]-[28] have been able to export the ra-
diometric information from digitized in-
frared images of the breast and to perform
image analysis on them. The analysis in-
volved the dividing of each of the two
semi-spherical breasts into four quadrants
(Figure 3) and then deriving numerical pa-
rameters for the quadrants (mean tempera-
ture, median temperature, highest
temperature, lowest temperature, etc.).
They then compared the four quadrants
from the two breasts looking for higher
temperatures in a quadrant that would sig-
nal that the patient being screened for
breast cancer was at increased risk of get-
ting breast cancer or, if she has breast can-
cer, that she has a poorer prognosis. Anbar
et al. [29] have developed dynamic area
telethermometry (DAT), which is an im-
age analysis system that integrates radio-
metric information from a series of
infrared images. DAT has been applied to a
variety of medical applications but seems
to be most promising in the area of diagno-
sis of breast cancer.

Horizontal Left

Lowest Contour Point

Horizontal Right

3. Quadrants used for analysis of breast temperatures.
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The future of infrared imaging in medi-
cine will be dependent on the ability of the
engineering and medical research commu-
nity to integrate infrared imaging instru-
ments with computer-assisted image
processing and then to create dedicated in-
frared imaging systems that will be appli-
cable to specific applications in medicine.
This will require the development of algo-
rithms that can be tested in standard clini-
cal trials to determine the efficacy of
infrared imaging in any specific medical
application.

Conclusions

Infrared imaging was introduced into
medicine in the second half of the 20th
century. Early studies using contact
thermography (infrared imaging) and
scanning thermography produced results
that suggested there were applications of
the technology in areas as diverse as de-
tection of breast cancer and malfunctions
of the nervous system. However, the early
instrumentation was not sensitive enough
to detect the subtle changes in temperature
needed to accurately detect and monitor
disease.

In recent years the military has greatly
improved the sensitivity of infrared in-
struments so that it now approaches 0.025
°C, alevel at which 0.50 °C to 1.00 °C dif-
ferences or changes in temperature can
now be reliably measured. The further de-
velopment of focal plane staring array in-
frared sensors has allowed very high
quality imaging as well as the export of
digital temperature measurements amia-
ble to computer-assisted image analysis
and algorithm development.

The medical community has only re-
cently acquired the new state-of-the-art
focal plane staring array instrumentation
and is now beginning to investigate the
applications of this state-of-the-art instru-
mentation and computer-assisted image
analysis to today’s most difficult medical
problems. These applications include
breast cancer (risk assessment, detection,
prognosis and therapeutic monitoring),
burn trauma (staging), diabetes, vascular
problems, and neurological problems.
The future is here and promises to produce
new algorithms for the use of infrared im-
aging in prevention, diagnosis, and treat-
ment of many diseases.
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Detecting Breast Cancer from Infrared Images by Asymmetry Analysis

Hairong Qi!, Wesley E. Snyder?, Jonathan F. Head?, Robert L. Elliott?

Abstract—Infrared imaging of the breast (also called ther-
mography) has shown effective results in both risk assess-
ment and prognostic determination of breast cancer. This
paper proposes an automated approach to detect asym-
metric abnormalities in thermograms. Canny edge detec-
tor is first used to derive the edges from the original im-
age. Hough transform is then applied to the edge image
to recognize the four feature curves, which include the left
and the right body boundary curves, and the two parabol-
ic curves indicating the lower boundaries of the breasts.
Segmentation is conducted based on the intersection of the
two parabolic curves and the body boundaries. Bézier his-
togram is then derived from each segment. Curvature in-
formation is finally computed from the histogram to be
used to easily indicate the asymmetry.

Keywords— asymmetry analysis, thermography, Hough
transform, Bézier histogram, curvature analysis

I. INTRODUCTION

AKING comparisons between contralateral images

are routinely done by radiologists. When the im-
ages are relatively symmetrical, small asymmetries may
indicate a suspicious region. This is the underlying philos-
ophy in the use of asymmetry analysis for mass detection
[1].

There have been a few papers addressing techniques
for asymmetry analysis of mammograms [1}, (2], [3], 4],
[5]. [6] also proposed an interesting approach which used
computer-generated mammogram-like images to compare
images from two viewing modalities. [7], [8] recently an-
alyzed the asymmetric abnormalities in infrared images.
In their approach, the thermograms are segmented first
by operator. Then breast quadrants are derived automat-
ically based on unique point of reference, i.e. the chin, the
lowest, rightmost and leftmost points of the breast.

In this paper, we propose an automated asymmetry
analysis technique on thermograms, which include auto-
mated segmentation and automated asymmetric abnor-
mality detection. It involves 5 steps: (1) Edges are first de-
tected by Canny edge detector. (2) Four feature curves in
the edge image are distinguished: the left and right body
boundary curves, and the two lower boundaries of the

1Electrical and Computer Engineering Department, University of
Tennessee, Knoxville, TN 37996, USA, hqi@utk.edu

2Center for Advanced Computing and Communication,
North Carolina State University, Raleigh, NC 27695, USA,
wes@eos.ncsu.edu

3Elliott Mastology Center, Baton Rouge, LA 70806, USA, emcm-~
ri@iamerica.net
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Fig. 1. Procedure of automatic asymmetry analysis of thermogram.
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breasts. Hough transform is used to detect the parabol-
ic shaped lower breast boundaries. (3) Segmentation is
based on a line and an intersection. The line is formed by
the two armpits which can be obtained by curvature analy-
sis of the left and right body boundaries. The intersection
is the point that intersects the two parabolic curves. (4)
After segmentation, Bézier histogram is derived from each
segment. (5) Curvature can then be computed from the
two histograms which can easily indicate the asymmetric
hot pattern if there are any.

Testing images are obtained using the Inframetrics
600M camera, with a thermal sensitivity of 0.05%K.

II. APPROACH

Figure 1 is a system guideline of the steps involved in
the proposed approach: edge image obtained by Canny
edge detector, feature curves detected by Hough transfor-
m, segmentation based on the feature curves, Bézier his-
togram derived from the segments, and curvature curve
computed from the histograms.

A. Edge detection by Canny edge detector

Edge image is first derived by using Canny edge detector
[9]. The standard deviation is chosen to be equal to 2.5
so that only strong edges can be detected.

B. Feature curve detection by Hough transform

There are four most important curves appeared in the
edge image which we called the feature curves: the left
and right body boundaries, and two lower boundaries of

0-7803-6468-6/00/$10.00 (c)2000 IEEE



the breasts. The body boundaries are easy to detect. D-
ifficulties lie in the detection of the lower boundaries of
the breasts. We observe that the breast boundaries are
generally in parabolic shape. Therefore, Hough transform
[10] is used to detect the parabola.

C. Segmentation

Segmentation is based on three key points: the two
armpits (P, Pgr) derived from the left and right body
boundaries by picking up the point where the largest cur-
vature occurs, and the intersection (O) of the two parabol-
ic curves derived from the lower boundaries of the breasts.
The line goes through point O and is perpendicular to line
P;, Pg is the line to separate the left and right breasts.

D. Bézier histogram of segments

Histogram provides us a view of brightness distribution.
But pure histogram would not help us much in asymmetry
analysis because the curve usually zig-zags a lot. To make
it smoother, we use Bézier splines [11].

We have 256 rounded brightness levels, and the his-
togram values of these levels are used as the control-point
positions: px = (zx,¥k), with k& and z varying from 0 to
255. These coordinate points are blended to produce the
position vector P(u) (Eq. 1), which describes the path of
an approximating Bézier polynomial function between pg

and P2s5 -
255

P(u) = ZpkBEZk,QE’)S(U)- (1)
k=0
Here 0 < u < 1. The Bézier blending functions
BEZj, 255(u) are the Bernstein polynomials (Eq. 2):

BEZy, 255(u) = C(255, k)u* (1 — u)™* @)
and the C(255,k) are the binomial coefficients (Eq. 3):
255!
C(255,k) = 7255 F)! (3)

E. Curvature curve of Bézier histogram

The vector equation in Eq. 1 represents a set of two
parametric equations for the individual curve coordinates,
as shown in Eq. 4,

r(u) = ;z;zo 2y BE Zj, 255 (u)
y(u) = 3420 Yk BEZy 255 (u)
Once the Bézier histogram is represented as the form of

z(u) and y{u), local curvature (k) can then be computed
by Eq. 5,

(4)

_ (w)ii(w) — §(u)i(u) (5)
INCIOEESTDRE

where z(u) and y(u) represents the first derivatives, and
Z(u) and §(u) represents the second derivatives.

The two curvature curves from the two histograms are
compared. A threshold is chosen based on testing images
which can be used to decide if a difference is large enough
to indicate the abnormality.
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It is now well-recognized that angiogenesis, the growth of new blood vessels, is a turn-
key event for the growth, invasion and metastases of solid tumors. Over the past three
decades, major cellular and molecular pathways of tumor angiogenesis have been elucidated.
Clinical studies have further correlated disease severity and patient outcome (prognosis) with
several histological and serum markers of angiogenesis for a wide variety of cancer types.
More than forty antiangiogenic agents have been developed by the biopharmaceutical
industry and are now in human clinical trials. Emerging from these efforts is a new
requirement for imaging technologies for detecting, quantifying and evaluating the angiogenic
process for the purposes of conducting basic research, preclinical studies and human clinical
trials.  Ultimately, such technologies will find primary clinical use in assessing the
antiangiogenic treatment of cancer.

Infrared (IR) sensing is a highly-sensitive imaging modality with present-day
applications in the aerospace and military sectors. Early IR medical applications (in the 1960s)
were limited by: 1) lack of commercially-available, sufficiently sensitive sensors; 2) little to no
knowledge of the molecular and physiological basis for diseases (such as cancer); and 3) the
development of alternative imaging techniques (x-ray, ultrasound, computed tomography,
magnetic resonance) which were globally adopted by radiologists. Recently, we have re-
examined the potential for adapting high sensitivity IR imaging techniques to detect

pathological features of disease (tumor angiogenesis), in order to fulfill an unmet scientific and
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clinical need in cancer research and therapy. Data from early preclinical studies will be
presented and discussed.

A significant body of clinical work, employing IR imaging for breast cancer risk
assessment, detection and as a prognostic indicator, further supports the rational of
investigating the application of IR imaging to tumor angiogenesis. Comparison of older
scanning IR technology with state of the art focal plane staring array technology has
demonstrated that focal plane technology has greater ability to image the vasculature of the
breasts, and to demonstrate the vascular asymmetry that is associated with both an increased
risk as well as presence of breast cancer, and poor prognosis. Data from clinical studies of
breast cancer will be presented and discussed.

In summary, the infrared sensor is an a important new research tool for exploring the
biological and clinical correlates of tumor angiogenesis. Advances can be made by integrating
the current knowledge and efforts of specialists in the multiple disciplines of engineering,

molecular and cellular biology, oncology, radiology, and biotechnology.
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