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Abstract. Active infrared thermography is a fast, painless, noncontact, and noninvasive imaging method, com-
plementary to mammography, ultrasound, and magnetic resonance imaging methods for early diagnosis of
breast cancer. This technique plays an important role in early detection of breast cancer to women of all
ages, including pregnant or nursing women, with different sizes of breast, irrespective of either fatty or
dense breast. This proposed complementary technique makes use of infrared emission emanating from the
breast. Emanating radiations from the surface of the breast under test are detected with an infrared camera
to map the thermal gradients over it, in order to reveal hidden tumors inside it. One of the reliable active infrared
thermographic technique, linear frequency modulated thermal wave imaging is adopted to detect tumors present
inside the breast. Further, phase and amplitude images are constructed using frequency and time-domain data
analysis schemes. Obtained results show the potential of the proposed technique for early diagnosis of breast
cancer in fatty as well as dense breasts. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.3

.037001]
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1 Introduction
Infrared thermography (IRT) has proved to be an important
screening tool for early diagnosis of various diseases such as
diabetes, thyroid, skin cancer, breast cancer etc. Nowadays,
breast cancer is one of the major disease affecting women world-
wide. It is a curable disease with higher chances of survival if
diagnosed in its early stages.1–3 Among different medical imag-
ing modalities like mammography, ultrasound, and magnetic
resonance imaging, mammography is known to be a widely
used method for detecting breast cancer. But this method
shows its limitations in detecting tumors present in the dense
breast. Dense breasts have less fat and more gland tissue in com-
parison to the fatty breasts, which restricts mammography to
detect tumors easily. Also, mammography provides discomfort
to the patient and the exposure to harmful ionizing radiation lim-
its its applicability. So, in this respect, IRToutperforms the stan-
dard method of mammography by providing patient friendly
diagnostic technique.

IRT is a non-invasive, noncontact diagnostic tool that is eco-
nomic, quick, radiation free, and painless to the patient. It is
rather a precise imaging method that detects the temperature var-
iations on the surface of the human skin. The tumor cells have a
higher temperature than the normal cells due to their high meta-
bolic activity. IRT is hence well suited to detect asymmetrical
temperature distributions as well as the presence of hot and
cold spots, which indicates subsurface abnormalities.

The present work highlights a simulation study for the iden-
tification of tumors at an early stage in dense as well as in fatty
breasts. It can be implemented in two ways: either in passive or
active.4–10 The preferred approach is passive, as it does not
involve any active heating or cooling of the breast. However,

with passive approach, the obtained sensitivity is not enough
unless an external energy (heating or cooling) source is utilized
to create significant thermal contrast on the skin surface.7–10 The
present study is emphasized on an active thermography tech-
nique to detect tumors with significant thermal contrast over
the breast. In this approach, an external thermal stimulus
from the heat source is directed towards the breast to be
inspected for creating temperature differences in the infrared
images. The thermal stimulus can be applied either in a pulsed
form (pulse and pulse-phase thermography) or in a harmonic
modulated way (lock-in thermography). Pulse thermography
(PT) demands a higher peak power heat source and has the addi-
tional drawback of nonuniform heating.5 In lock-in thermogra-
phy (LT), to detect the abnormalities present at different depths
in the test specimen, repetition of the experiment is required,
which makes it a time consuming process.6 In pulse phase ther-
mography (PPT), though the experimental procedure is similar
to PT, the postprocessing is performed using Fourier transform
resulting in both amplitude and phase of the obtained thermal
response over the surface of the test specimen.4 But still, the
demand of high peak power heat sources remains.7

In order to overcome some of the traditional limitations with
the aforementioned conventional thermographic techniques
(peak power, resolution, and depth of penetration), the present
work focuses on linear frequency modulated thermal wave im-
aging (LFMTWI).7–10 In contrast to lock-in thermography, vary-
ing depth resolution can be achieved in frequency modulated
thermal wave imaging by probing band of wavelengths. This
band of wavelengths is directly decided by the modulation
frequencies obtained from the heat source, leading to the detec-
tion of tumors present at different depths in the breast. Using
LFMTWI technique, a frequency-modulated heat stimulus
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with frequencies varying within a predefined band having equal
magnitude is imposed over the breast. Thermal waves generated
due to applied heat stimulus diffuse into the breast and produce a
similar temporal temperature distribution on the skin surface of
the breast. The presence of tumors inside the breast alters the
heat flow resulting in temperature gradients over the surface.
This resultant thermal response over the skin surface of the
breast is recorded and further processed using Fourier transform
and matched filter approach.8–14

2 Theory
Postprocessing approaches adopted frequency domain (magni-
tude and phase) and time domain (matched filter), which are
described in Secs. 2.1 and 2.2.

2.1 Fourier Transform Approach

The frequency-domain analysis (mangnitude and phase informa-
tion) has been carried out on the recorded thermal response over
the skin surface using discrete Fourier transform (DFT). One
dimensional DFT is computed for each pixel on the zero mean
(mean removed) temperature distribution ½Tmean removedðx; y; tÞ�
(where x, y are the spatial coordinates, and t is the index of
image sequence) in the field of view as

EQ-TARGET;temp:intralink-;e001;63;490Tðx; y; kÞ ¼
XN−1

n¼0

Tmean removedðx; y; tÞe−
j2πkn
N

¼ Re½Tðx; y; kÞ� þ j Img½Tðx; y; kÞ�; (1)

where k is the bin number, N is the total number of frames,
Re½Tðx; y; kÞ� and Img½Tðx; y; kÞ� are the real and imaginary
parts of the Tðx; y; kÞ.

The magnitude images are then reconstructed from the com-
puted real and imaginary components as

EQ-TARGET;temp:intralink-;e002;63;367jTðx; y; kÞj ¼ ðfRe½Tðx; y; kÞ�g2 þ fImg½Tðx; y; kÞ�g2Þ1∕2:
(2)

Further, the phase images are reconstructed using the real and
imaginary components as

EQ-TARGET;temp:intralink-;e003;63;300∠Tðx; y; kÞ ¼ tan−1
�
Img½Tðx; y; kÞ�
Re½Tðx; y; kÞ�

�
: (3)

2.2 Matched Filter Approach

A matched filter approach is based on the assumption of com-
plex signals. The thermal response obtained on the skin surface
is a real signal. So, it is convenient to transform this real temper-
ature signal to a complex form. This complex form can then be
matched and used to compute phase and amplitude information.
To achieve this, Hilbert transform is applied to create an “ana-
lytic signal.” The Hilbert transform H½Tmean removedðx; y; tÞ� of a
mean removed thermal signal ½Tmean removedðx; y; tÞ� to construct
the analytic signal is defined as

EQ-TARGET;temp:intralink-;e004;63;126xhðtÞ ¼ H½Tmean removedðx; y; tÞ�

¼ 1

π

Z þ∞

−∞

Tmean removedðx; y; τÞ
t − τ

dτ; (4)

EQ-TARGET;temp:intralink-;e005;326;752¼Tmean removedðx; y; tÞ �
1

πt
: (5)

Thus, Hilbert transform xhðtÞ of Tmean removedðx; y; tÞ can be
described as the convolution (*) of Tmean removedðx; y; tÞ with
the signal 1∕πt. From this, the analytic signal is obtained as

EQ-TARGET;temp:intralink-;e006;326;687xaðtÞ ¼ Tmean removedðx; y; tÞ þ jxhðtÞ: (6)

The phase information is then calculated as

EQ-TARGET;temp:intralink-;e007;326;645ϕðtÞ ¼ tan−1
xhðtÞ

Tmean removedðx; y; tÞ
: (7)

Further, the amplitude or correlation coefficient (CC) images
are constructed using

EQ-TARGET;temp:intralink-;e008;326;578CCðtÞ ¼ Tmean removedðx; y; tÞΘxrefðx; y; tÞ; (8)

where xrefðx; y; tÞ is chosen reference thermal signal, and “Θ”
denotes the circular convolution operator.

This approach concentrates the total applied energy into a
narrow duration pulse using matched filtering and improves
depth resolution.

3 Method
The proposed work deals with the numerical modeling of fatty
and dense breast tissues using finite element method. Two three-
dimensional (3-D) models of human breast (one showing dense
breast and other being a fatty breast) are created as the semiel-
lipsoid multilayered structures with seven tissue layers (epider-
mis, papillary dermis, reticular dermis, fat, gland, muscle, and
chest wall) having different thermophysical properties.15–20

Thermophysical properties of the mentioned layers are given
in Table 1.15–17 Both the models (dense and fatty) are different
in terms of fat and gland layer thickness. Models are generated
with a normal mesh using tetrahedral elements to illustrate quan-
titative thermal analysis of breast cancer.

Here, k is the thermal conductivity, ρ is the density, c is the
specific heat,Qm is the metabolic heat generation rate, and ωb is
the blood perfusion rate.

A typical schematic of the experimental setup for the pro-
posed numerical study of active frequency modulated thermal

Table 1 Thermophysical properties of different tissue layers.15–17

Tissue layer
k

(W∕m:K)
ρ

(kg∕m3)
c

(J∕kg:K)
Qm

(W∕m3)
ωb

(m3∕s∕m3)

Epidermis 0.235 1200 3589 0 0

Papillary dermis 0.445 1200 3300 368.1 0.0002

Reticular dermis 0.445 1200 3300 368.1 0.0013

Fat 0.21 930 2770 400 0.0002

Gland 0.48 1050 3770 700 0.0006

Muscle 0.48 1100 3800 700 0.0009

Chest wall 0.48 1100 3800 700 0.0009

Tumor 0.48 1050 3852 10,000 0.012
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wave imaging is as shown in Fig. 1. The source control unit
controls dynamic heating and also synchronizes the camera
data capturing (thermograms capture rate). To test the capability
of LFMTWI approach, the 3-D finite element analysis (FEA) is
performed by considering two different types of external heat
fluxes, i.e., LFM (LFMTWI) and a pulse (PT) type heat fluxes.
The results are computed for both the approaches (LFMTWI
and PT) and further compared to prove the potential capabilities
of the proposed approach.

In case of LFMTWI, the 3-D FEA is performed by imposing
an LFM heat flux of 40 W∕m2 with frequency sweep of 0.002 to
0.02 Hz for duration of 500 s over the skin surface of both the
modeled breast samples. The imposed LFM heat flux is as
shown in Fig. 2.

In case of PT, a pulse signal of duration 300 s by keeping the
average energy same as that of the LFM excitation signals
imposed over the skin surface of both the modeled breast sam-
ples (dense and fatty). The schematic of the imposed pulsed heat
flux is as shown in Fig. 3.

The process of heat transfer in breast tissues is described
using Pennes bioheat equation as1–3

EQ-TARGET;temp:intralink-;e009;326;752ρ:c
∂T
∂t

¼ ∇ðk:∇tÞ þ ωb:cb:ρbðTa − TÞ þQm; (9)

where ρb and cb are density and specific heat of the blood,
respectively, ωb is the blood perfusion rate, Ta is the arterial
blood temperature, T is the local temperature of the breast tissue,
and Qm is the metabolic heat generation rate. The density and
the specific heat of blood are taken to be as 1055 kg∕m3 and
3660 J∕kg:K, respectively. The arterial blood temperature is
considered to be the core temperature of the human body,
i.e., 310.15 K. The resultant thermal response over the surface
of the skin is captured at a rate of 5 frames per second. Additive
white Gaussian noise (AWGN) with signal to noise ratio (SNR)
of 30 dB is artificially added to the captured data for testing the
detection capabilities of the proposed technique in presence of
noise (i.e., in real-time experiments). The constructed noisy
thermal data are further processed to obtain a zero mean thermal
profile by fitting the temporal temperature data with an appro-
priate polynomial.

4 Results and Discussions
Obtained thermal responses over the breast (both fatty and dense
breasts) have been processed and analyzed using frequency-
domain (Fourier transform) and the time-domain (matched fil-
ter) approaches in the following sections:

4.1 Modeling and Analysis of the Dense Breast
Tissue

The schematic of the modeled dense breast is as shown in Fig. 4.
Fat layer has a thickness of 2 mm and gland has thickness of
45 mm. Four tumors (denoted as a, b, c, and d in Fig. 4)
each with 20 mm diameter are artificially kept at different loca-
tions inside the gland layer of the breast.18–21 Each tumor is
placed at different depths in order to test the resolution capabil-
ities of the proposed approach.

The respective depths of tumors from the top surface are as
given in Table 2.

Resultant images are constructed for both the approaches
(LFMTWI and PT) and results are further compared by consid-
ering SNR as a figure of merit.

Image constructed from the fitted noisy data for dense breast
is as shown in Fig. 5(a) using LFMTWI and Fig. 5(b) using PT.
The obtained results for the dense breast after processing zero
mean noisy thermal data are as shown in Figs. 6–9. Figures 6(a)
and 6(b) represent the phase images obtained at a frequency of
0.004 Hz reconstructed by applying Fourier transform on the
fitted noisy temporal temperature profiles for LFMTWI and
PT, respectively.

Figure 7 shows the amplitude images obtained at a frequency
of 0.004 Hz reconstructed by applying Fourier transform on
the fitted noisy temporal temperature profiles for both the
approaches. Figure 7(a) shows the reconstructed image using
LFMTWI and Fig. 7(b) using PT.

The phase and amplitude (CC) images constructed as a result
of matched filter approach are shown as Figs. 8 and 9. The phase
image as shown in Fig. 8(a) is obtained at 333 s using LFMTWI,
and Fig. 8(b) is obtained at 543 s using PTapproach whereas the
amplitude image [Fig. 9(a)] is obtained at 21 s for LFMTWI and
Fig. 9(b) obtained at 822 s for PT.

Results are further compared using SNR as a figure of merit.
SNR is computed by

Fig. 1 Schematic of the typical experimental arrangement for the fre-
quency modulated thermal wave imaging for breast cancer screening.

Fig. 2 The imposed LFM heat flux.

Fig. 3 The imposed pulsed heat flux.
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EQ-TARGET;temp:intralink-;e010;326;555

SNR

¼ 20Log

�
mean of tumor region−mean of sound region

standard deviation of sound region

�

. (10)

Table 3 shows the calculated SNR values for all applied post-
processing techniques obtained using LFMTWI and PT.

Fig. 4 The schematic of the modeled dense breast.

Table 2 Tumor depth from the surface.

Tumor Depth (mm)

a 5.75

b 6.75

c 7.75

d 8.75

Fig. 5 Fitted noisy image: (a) with LFMTWI and (b) with PT.

Fig. 6 Phase images obtained at a frequency of 0.004 Hz computed using Fourier transform: (a) with
LFMTWI and (b) with PT.
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CC peak amplitude versus depth of the tumor from the sur-
face has been empirically fitted as shown in Fig. 10. This graph
is shown for LFMTWI approach.

4.2 Modeling and Analysis of the Fatty Breast Tissue

The dimensional layout of the modeled fatty breast with each
layer is shown in Fig. 11.

Here, the fat layer has a thickness of 67.5 mm, which makes it
different from the dense breast and gland has thickness of 45 mm.
Four tumors (denoted as a, b, c, and d in Fig. 11), each with 20 mm
diameter, are placed at different depths as in dense breast. The
respective depths in case of fatty breast are as given in Table 4.

Resultant images are constructed for both the approaches
(LFMTWI and PT) and results are further compared by consid-
ering SNR as a figure of merit.

Fig. 7 Amplitude images obtained at a frequency of 0.004 Hz computed using Fourier transform: (a) with
LFMTWI and (b) with PT.

Fig. 8 Phase images computed using matched filter approach obtained at a time instant of: (a) 333 s with
LFMTWI and (b) 543 s with PT.

Fig. 9 Amplitude images computed using matched filter approach obtained at a time instant of: (a) 21 s
with LFMTWI and (b) 822 s with PT.
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Image constructed from the fitted noisy data for fatty breast
is as shown in Fig. 12(a) using LFMTWI and Fig. 12(b) using
PT. The results obtained after processing the fitted noisy tem-
poral profile while considering fatty breast are as shown in
Figs. 13–16.

Figures 13(a) and 13(b) represent the phase images obtained
at a frequency of 0.004 Hz reconstructed by applying Fourier
transform on the fitted noisy temporal temperature profiles
for LFMTWI and PT, respectively.

Figure 14. shows the amplitude images reconstructed
by applying Fourier transform on the fitted noisy temporal

temperature profiles. Figure 14(a) shows the reconstructed
image using LFMTWI obtained at a frequency of 0.004 Hz
and Fig. 14(b) using PT obtained at a frequency of 0.002 Hz.

The obtained matched filter-based phase and amplitude
images are as shown in Figs. 15 and 16. Figure 15(a) shows
the constructed phase image at the time instant of 141 s
using LFMTWI and Fig. 15(b) is obtained at 448 s using PT
approach whereas the amplitude image [Fig. 16(a)] is obtained
at 131 s for LFMTWI and Fig. 16(b) obtained at 376 s for PT.

Results are further compared using SNR as a figure of merit.
Table 5 shows the calculated SNR values for all applied post-
processing techniques obtained using LFMTWI and PT.

Table 3 Computed SNRs for dense breast.

Resultant image → Fitted noisy FT phase FT amplitude Time-domain phase
Time-domain
amplitude

Heat flux →

LFM Pulse LFM Pulse LFM Pulse LFM Pulse LFM PulseTumor ↓

A 24.3970 15.5576 83.5924 55.9579 90.1401 40.3323 95.2826 57.5852 97.5410 76.1571

B 22.6669 8.1771 82.4549 52.1136 83.1416 34.5850 91.7190 54.0593 90.5214 72.8336

C 21.3895 6.4873 79.9532 40.3897 73.6728 11.5876 85.3641 42.4366 83.2957 65.7893

D 17.6640 3.7826 77.7071 35.9439 64.4901 6.9087 77.1455 38.9958 75.4992 61.7965

Fig. 10 CC peak amplitude of the tumor from the surface.

Fig. 11 The schematic of the modeled fatty breast.

Table 4 Tumor depth from the surface.

Tumor Depth (mm)

a 3.75

b 4.75

c 5.75

d 6.75
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CC peak amplitude versus depth of the tumor from the sur-
face of the fatty breast has been empirically fitted as shown in
Fig. 17. It shows that as the depth of the tumor from the surface
increases CC decreases.

5 Conclusion
In this work, a 3-D model of the breast was introduced
and simulated using an aperiodic thermal excitation scheme

Fig. 12 Fitted noisy image: (a) with LFMTWI and (b) with PT.

Fig. 13 Phase images obtained at a frequency of 0.004 Hz computed using Fourier transform: (a) with
LFMTWI and (b) with PT.

Fig. 14 Amplitude images computed using Fourier transform obtained at a frequency of: (a) 0.004 Hz
with LFMTWI and (b) 0.002 Hz with PT.
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for detection of breast cancer in fatty and dense breasts.
The surface temperature distributions for tumors located at
various depths are analyzed using frequency- and time-
domain analysis schemes. Results obtained highlight the suit-
ability of the proposed scheme and associated postprocess-
ing methods for examining dense as well as fatty breasts
for identification of tumors with improved detection resolu-
tion and sensitivity in comparison with the conventional
pulse phase thermography. Furthermore, the obtained SNR
supports the effectiveness of LFMTWI over the conventional
widely used pulse phase thermography for breast cancer
detection.

Fig. 15 Phase images computed using matched filter approach obtained at a time instant of: (a) 141 s
with LFMTWI and (b) 448 s with PT.

Fig. 16 Amplitude images computed usingmatched filter approach obtained at a time instant of: (a) 131 s
with LFMTWI and (b) 376 s with PT.

Fig. 17 CC peak amplitude versus depth of the tumor from the sur-
face of the fatty breast.

Table 5 Computed SNRs for fatty breast.

Resultant image → Fitted noisy FT phase FT amplitude Time-domain phase Time-domain amplitude

Heat flux →

LFM Pulse LFM Pulse LFM Pulse LFM Pulse LFM PulseTumor ↓

A 58.8886 22.6756 85.0903 56.7431 91.4664 74.7838 79.6221 64.7611 93.4652 77.6069

B 46.3714 15.7693 84.0656 54.9883 88.8571 70.8440 74.6534 61.5004 89.1135 74.0461

C 44.3998 10.9007 81.3584 53.3072 78.1171 65.5291 68.2060 56.5706 81.8909 67.8488

D 26.7616 2.4756 77.4901 47.5928 66.1416 61.7565 61.5136 48.1879 77.0979 60.5856
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