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The Important Role

of Infrared |
in Br

aging
st Cancer

New Techno/ogy Improves Applications in
Risk Assessment, Detection, Diagnosis, and Prognosis

arly 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 Demoristra-
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, 2], 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

IEEE ENGINEERING IN MEDICINE AND BIOLOGY

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.
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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 adigitized 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 | 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, 1t is important (o note that the group
of patients with the smallest tumors (T1)
also had over 50% abriormal [R 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-

;T,a‘b‘!e 1
Infrared Imaging Patients
Results Screened Cancer Deceased
Normal 72 35 15
72% 35% 12%
Abnormal 28 65 11
28% 65% 88%

p < 0.0001, chi-square analysis for independence

Table 2. Comparison of Clinical Tumor Size and Infrar ging Results
Infrared Imaging Clinical Size Classification
Results T1 (<2cm) T2 (2-5 cm) T3 (>5cm)
Normal 9 14 0
Abnormal 10 31 10
% Abnormal 53 69 100

p < 0.05, chi-square analysis for independence

~ of Their Breasts at L.

Table 3. Infrared Imaging Ré‘sulyfé“ f

“- ' ‘and at Diagnosis

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

able 4. Lengt
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 34+ 19 24 23-56
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Table 5. Comparison of Resul
Infrared Im g ¢ |
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

i

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-

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

Table 6. Distribution of Abnormalities for First- and Second-Generation Infrared Imaging Systems |

Abnormality

First-Generation System
(Scanning)

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%)

| p=0.0054

70/220 (31.8%)

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. I, 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 (o 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

May/June 2000

Infrared imaging
results, which are
useful for risk
assessment, also have
prognosﬁc

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,
inan 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 cm 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
{nfrared 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 iinaging 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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2. Abnormal infrared image of the
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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.

IEEE ENGINEERING IN MEDICINE AND BIQLOGY

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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