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1

Introduction

Terahertz (THz) imaging and spectroscopy have been applied
to a wide range of biomedical applications since the advent
of reliable THz sources.1,2 In addition to being biologically
safe, THz has been shown to have a strong interaction with
water in tissues.3 Furthermore, THz imaging has shown inherent
differentiation between healthy and diseased tissues even for
dehydrated samples, especially malignant cancers.2 Recently,
several works investigated the use of THz imaging and spectroscopy in differentiating between cancerous and surrounding
healthy tissues of the breast.4–16 Some reported results involved
THz imaging of dehydrated breast cancer tissues,7,8,10 and
others were reported on investigating THz imaging of freshly
excised human breast tissues4–6,9 and breast cancer of animal
models.12,15,16 Other methods being investigated for margin
assessment include optical techniques such as optical spectroscopy, fluorescence, and developing techniques such as structured light imaging.17,18
Two common surgical treatments of invasive breast cancer
are currently practiced. The first treatment is mastectomy, which
is a full removal of the breast, and the second is lumpectomy,
which is partial removal limited to the tumor mass and tumor
margins.19–21 Detection of cancer on the surgical margin is critical for successful lumpectomy. The success of lumpectomy surgery is contingent on the successful pathology assessment of the
healthy tissue margin excised around the cancerous tumor.19
While pathology continues to be the gold standard of margin
assessment, it takes 2 to 3 weeks to produce the margin assessment report. With existing surgical methods, the rate of positive
margins, where cancer extends to the surgical edge and therefore
requires repeat excision, has been observed to be 20% to 40%
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across several studies.20 Improving the success rate of breast surgery via rapid intraoperative margin assessment can greatly
reduce emotional and financial stress on patients, in addition
to reducing the overall costs associated with the surgical process
and the time required from medical care providers.21
The ultimate goal of using THz or optical imaging is to
rapidly assess the margins of excised tumors while the patient
is still in the operation room (i.e., intraoperatively). Based on the
guidelines of the American Society for Radiation Oncology
(ASTRO), an effective margin assessment technique needs to
only detect cancer on the surgical edge of the tissue, as detecting
wider margin widths does not significantly lower the risk of
cancer recurrence.22 The most common established technology
for this purpose is specimen radiography, or transmission x-ray
imaging of the excised lumpectomy tissue. This technology has
been shown in a study over 224 lumpectomy procedures to permit more conservative tissue excisions by determining margin
status intraoperatively.23 However, other studies have shown
limitations in the technique. Most notably, a study of 178
patients cited only 50% sensitivity for detection of invasive
ductal carcinoma on the margin.24 Furthermore, specimen radiography is achieved through just two transmission images at
orthogonal angles on the sample, from which a radiologist must
attempt to determine where cancer is present on the margin.
A more direct realization of the ASTRO guidelines would be
assessment of the surface of the excised tumor bulk alone, such
as the approach used in optical and infrared fluorescence.
However, this technique often requires some sort of contrast
agent to be injected into the patient.25 These contrast agents
often require injection, can be harmful to patients in large
amounts, and increase both the time and cost of the surgery.
THz imaging has key qualities of being biologically safe and
has sufficient resolution to give an initial assessment of excised
2329-4302/2019/$25.00 © 2019 SPIE
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tissue prior to pathology. As such this work focuses on the
development of surface-level THz imaging performed without
contrast agents, as investigating the deeper penetration of
THz signals into the excised tumor does not significantly contribute to the surgical needs of margin assessment.
The authors’ previous work successfully investigated THz
imaging of human breast cancer tissues fixed in formalin and
embedded in paraffin (dehydrated).7,8,10 Further development
looked at THz imaging of xenograft and transgenic animal models for freshly excised breast tumors.12,15,16 While investigating
THz imaging on dehydrated breast tissue has led to understanding the signal interacting with thin tissue (20 to 30 μm thick)
versus tissue block of thickness 5 mm,7,8,10 the actual challenge
lies in imaging freshly excised tumors. In the latter case, fluid
and air bubbles are often present on the tissue surface causing
noise in the THz image due to the high contrast with the tissue.
Furthermore, the pathology images to which THz images are
compared are taken at a different surface of the tissue due to
the deformation and slicing that arise during the histopathology
procedure.12,13,15,16 While our previous work has looked intensively into dehydrated human tissues and freshly excised animal
tumors, this work focuses on extending the work toward freshly
excised human breast cancer tissue, which few works investigated in the literature. This is a critical step in approaching the
ultimate application of intraoperative imaging. More importantly, this work investigates the electrical properties of the tissue at each pixel in the image obtained from the inversion of
transmitted or reflected THz signals as an additional analysis
beyond looking at simple reflection intensity, which has been
common in most previous works in the literature.
The work on THz imaging of freshly excised human breast
cancer tissue has been reported sparingly in the literature. One
group has compared the physical area of cancer in pathology to
that seen in pulsed THz images across 22 samples,4 and a continuation of the same work used classification algorithms on 51
samples.6 Another recent publication looked at 16 samples of
healthy and cancerous tissue from 11 surgeries.14 As with
THz imaging, THz spectroscopy of freshly excised breast cancer
has been mostly limited, consisting of 74 total points from 20
patients in a single study with pulsed THz transmission spectroscopy,5 reflection spectroscopy derived from images in the
300 to 600 GHz range,14 and classification of spectroscopic data
of 257 pixels from 46 samples using a handheld tool.9 These
works have made a good case for THz detection of cancer using
classification and learning algorithms to segment the spectroscopy data. In all published THz imaging cases, cancer and fatty
healthy tissue showed inherent contrast without additional contrast agents. However, differentiation between cancerous and
nonfatty healthy tissues, such as fibroglandular or collagen,
remains a challenge. Healthy collagen is mature (i.e., welldifferentiated) collagen that is part of the normal fibro-fatty or
fibroglandular support stroma in breast tissue. This is in contrast
to reactive or induced collagen. Reactive tissue may accompany
any type of lesion such as inflammation (mastitis) or repair
(scarring). Abnormal collagen may also be induced (e.g., desmoplasia) by certain types of tumors such as invasive carcinomas. There is a need to investigate the THz capability to
differentiate between these tissue types to establish statistically
significant results across multiple studies.
The focus of this work is to reconstruct THz images based on
the electrical properties of freshly excised human breast cancer
tissues, as defined by the refractive indices and absorption
Journal of Medical Imaging

coefficients at each point in the sample. A multilayered Fresnel
reflection model is developed based on the experimental THz
setup, and the measured THz time-domain data are converted
to the frequency domain for comparison. The error between the
modeled and measured reflected signals is calculated and minimized to retrieve the refractive indices and absorption coefficients of the tissue. Here, we will construct THz images of
freshly excised human breast cancer tumors. The tissues are obtained from the National Disease Research Interchange (NDRI)
biobank and are shipped immersed in Dulbecco’s Modified
Eagle Medium (DMEM) with antibiotics. The immersing solution did not affect THz imaging as demonstrated in Sec. 6
Appendix A. The protocol established with the NDRI assures
that the imaging and spectroscopy procedures take place within
24 h of the surgery.
The paper is organized as follows: methodology in Sec. 2,
model formulations in Sec. 3, experimental results in Sec. 4,
and conclusion in Sec. 5.

2

Methodology

All human tissue tumors handled in this work follow the
Environmental Health and Safety protocol of the University
of Arkansas. The imaging was conducted in the reflection mode
while the spectroscopy was conducted in both transmission and
reflection modes. For transmission spectroscopy, small tissue
sections were sliced from the bulk tissue and placed in the liquid
sample holder with a 0.1-mm spacer, see Fig. 1. At least two
points were taken for each specimen. The liquid sample holder
was then placed inside the THz system chamber to get single
point transmission data of the enclosed tissue. Full transmission
imaging was not performed due to high tissue absorption, such
that it would be impractical to produce a sample thin enough to
pass through while also maintaining the surface of the bulk tissue. Furthermore, this would involve too much modification to
the bulk sample for an intraoperative application. Meanwhile,
the reflection spectroscopy data were obtained at each point on
the tissue. For reflection imaging, the bulk tissue was removed
from the DMEM medium, dried using filter papers, positioned
between two polystyrene slides, and gently pressed by hand to
flatten the tissue surface. Then, the polystyrene sandwich was
mounted on the scanner window for reflection imaging, see
Fig. 1. The imaging stage moved in set increments of 200 μm
using stepper motors to acquire the reflected signal at each point
on the tissue, producing an image in ∼30 min depending on
tissue size. While the THz system has a minimum step size
of 50 μm, the larger step size was selected to provide a reasonable scan time so that the tissue would not degrade prior to
entering formalin. Although THz frequencies cannot reach a
high enough resolution for individual cell differentiation, similar
to pathology, a 200-μm resolution has been found to be adequate for distinguishing regions of similar cells, which is sufficient for rapid assessment of the margin prior to high-resolution
pathology. The THz system chamber is always purged with
nitrogen gas for ∼15 min to dry the air before use.
After THz imaging, the tissue was placed in formalin and
shipped to the Oklahoma Animal Disease Diagnostic Laboratory
(OADDL), where it was embedded in paraffin blocks. From
these formalin-fixed paraffin-embedded (FFPE) tissue blocks,
two 3- to 4-μm thickness slices were cut and stained with hematoxylin and eosin to produce the pathology images. The THz
reflection imaging of the FFPE tissue blocks was also obtained
but is not shown in this work.11,13
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Fig. 2 Summary of the THz spectroscopy and imaging procedures.

but spectroscopy data were obtained at single frequencies up to
3.5 THz. All tissue scanning in this work was done with a
200-μm step size. The spot size of the incident beam on the tissue surface is a function of frequency. For example, at 0.5 THz
the beam spot size radius is ∼1.463 mm and at 1.5 THz it is
∼0.4117 mm.

3

Formulations

The setup for THz reflection imaging and reflection spectroscopy is shown in Fig. 3, with the sample measurement shown
in Fig. 3(a) and the reference measurement shown in Fig. 3(b).
The formulation for the reflection spectroscopy follows a
Fresnel model for calculating the reflection from multiple layered regions using the impedance matching.26,27 Following this
matching process, the reflection in region i at a given interface
zj where i; j ¼ 1;2; 3; : : : is given as:27

Γ̃T;i ðzj Þ ¼

EQ-TARGET;temp:intralink-;e001;326;389

Fig. 1 Sample preparation for THz spectroscopy and imaging:
(a) photograph of the whole tissue, (b) photograph of pieces cut from
the tissue, (c) placing the small piece of the tissue in the liquid sample
holder for spectroscopy procedure, (d) placing the tissue between
two polystyrene plates for reflection imaging procedure, (e) a sketch
of THz reflection mode configuration, and (f) positioning the tissue/
polystyrene sandwich on the scanner window.

The spectroscopy and imaging procedures in this work were
performed using the TPS Spectra 3000 pulsed THz imaging and
spectroscopy system (from TeraView Ltd., United Kingdom) at
the University of Arkansas; system details are shown in Ref. 16.
The resulting THz signal can be transmitted through a sample
placed in the system (spectroscopy mode or transmission imaging mode) or directed through mirrors to reflect off the sample.
In reflection mode, both THz emitter and detector are offset
30 deg with respect to the normal direction on the sample.
The sequence of imaging work is summarized in Fig. 2. For the
fresh tissue samples, the THz image was obtained by taking the
power spectrum integration of the acquired frequency-domain
data normalized with respect to the reference from the polystyrene plate, over the frequency range of 0.5 to 1.0 THz.
Integrating over more frequencies did not improve the image,
Journal of Medical Imaging

ρT;ij − Γ̃T;j ðzj þ dj Þe−j2k̃j cos θj dj
1 þ ρT;ij Γ̃T;j ðzj þ dj Þe−j2k̃j cos θj dj

;

(1)

where ρT;ij is the basic Fresnel reflection coefficient defined
separately for TE and TM modes in Sec. 7 Appendix B,
Γ̃T;j ðzj þ dj Þ is the reflection from the next interface, θj is the
angle of propagation in region j related to the angle of incidence
by Snell’s Law,26,27 and dj is the thickness of region j.
α
k̃j ¼ ωc ni − j abs;i
is the complex propagation coefficient in
2
region j, where ω is the angular frequency, c is the speed of
light in vacuum, nj is the real part of the refractive index, and
αabs;j is the absorption coefficient. Equation (1) is applied recursively starting from the region farthest from the incident signal
(where reflection is zero) and substituting the appropriate reflection coefficients at each layer for TE or TM modes. As an example, for the reference signal in Fig. 3(b), this recursive process
takes the following steps:

Γ̃T;3 ¼ 0;

(2)

Γ̃T;2 ðd2 Þ ¼ ρT;21 ;

(3)

EQ-TARGET;temp:intralink-;e002;326;178

EQ-TARGET;temp:intralink-;e003;326;135

Γ̃T;1 ð0Þ ¼

EQ-TARGET;temp:intralink-;e004;326;112

ρT;12 − Γ̃T;2 ðd2 Þe−j2k̃2 cos θ2 d2
1 þ ρT;12 Γ̃T;2 ðd2 Þe−j2k̃2 cos θ2 d2

:

(4)

The same process is applied to the tissue sample signal in
Fig. 3(a). Due to the time-domain signal of the THz system, the

023501-3

Apr–Jun 2019

•

Vol. 6(2)

Bowman et al.: Terahertz tomographic imaging of freshly excised human breast tissues

Fig. 3 Reflection mode diagrams for (a) sample measurements and (b) the reference measurement.
The electric field E hybrid is defined as a combination of TE and TM modes by the angle ψ.

reflection from the lower interface of the polystyrene plate
[between regions 1 and 2 in Fig. 3(a)] can be windowed out
of the system measurement range, and therefore the refection
between regions 2 and 3 can be isolated for calculation. It should
also be noted that the sample in Fig. 3(a) is compressed using a
second polystyrene plate. However, the thickness of the tissue
samples in this work and the high absorption of fresh biological
tissues leads to the reflection between regions 3 and 4 being both
insignificant and out of the time-domain range of the measurements. Therefore, a uniform air region can be approximated
above the tissue. The ratio between the measured sample and
reference signals is also the ratio as the sample and reference
reflections, defined as follows:


EQ-TARGET;temp:intralink-;e005;63;400

Esamp
Eref




¼
T

Γ̃T;2;samp
¼
Γ̃T;2;ref

ρT;23 −ρT;31 e−j2k̃3 cos θ3 d3
1þρT;23 ρT;31 e−j2k̃3 cos θ3 d3

ρT;21


:

(5)

4

However, due to the enclosed THz sources in the commercial
system used in this work and the elliptical mirrors used to direct
the signal, the polarization of the experimental incident signal
cannot be assumed to be solely TE or TM mode. Instead, it is
approximated as a combination of both modes identified by the
angle ψ, where ψ ¼ 0 deg for TE mode and ψ ¼ 90 deg for
TM mode. This angle was found to be ∼60 deg via comparison
of measurement data and the solved reflection from an acrylic
plate in Ref. 8. The TE and TM modes are first combined into
a hybrid term for the sample and the reference separately:

Γhybrid

EQ-TARGET;temp:intralink-;e006;63;236

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ ðΓTE cos ψÞ2 þ ðΓTM sin ψÞ2 :

(6)

Then, the ratio in Eq. (5) is calculated using the hybrid reflection terms for a range of potential values for n3 and αabs;3 , and
solved for the pair of values with the least error in the magnitude
and phase with respect to the measurement data as detailed
in Ref. 8.
It should be noted that the formulation for reflection spectroscopy ends up accounting for just a single reflection from
each point of the sample even though there are multiple interfaces that could generate delayed reflections. While this could
be accounted for numerically, the absorption of the tissue is
high enough to assume that there will be no significant reflections from within the tissue or from the opposite side [region 3
Journal of Medical Imaging

tissue/region 4 air interface in Fig. 3(a)]. This continues to be
sufficient for the ASTRO guidelines in Ref. 22. In addition, the
calculations of the reflected signal could potentially be simplified by taking reflection from an air interface with tissue, such as
between regions 3 and 4 in Fig. 3(a). However, since the THz
optics in the system used in this work are below the imaging
stage and because all imaging and spectroscopy models used
here were based on the Fresnel reflection and transmission, any
roughness of the reflective surface imparts a phase change and
hence inaccurate results. Therefore, using a polystyrene plate
below the tissue was necessary to maintain a flat surface and
to protect the optics from dropping fluids from the fresh
tissue. Inverse scattering algorithms could be used if the interface was not flat; however, they are known to be highly time
consuming.

Experimental Results

This work outlines a total of 25 breast tissue samples obtained
from 18 women. These 25 samples include 10 healthy breast
tissues obtained from 5 healthy women, and 15 breast cancer
tissues obtained from 13 breast cancer patients. Of the cancer
samples, eight were clearly differentiated, while seven were
highly heterogeneous and poorly differentiated, with adjacent
cancer and noncancerous collagen and fat. For space limitation,
the results of only four samples are demonstrated here (two cancerous tissues and two healthy). The summary of all 25 samples
is shown in Table 1.
In addition to presenting THz power spectra reflection
images of breast tissues, we represent the THz refractive index
n and the absorption coefficient α of each region (cancer, fat,
and collagen). For the seven samples with adjacent cancer and
collagenous tissue, two points are taken from each region in the
reflection image rather than the entire region. This is due to the
poorly differentiated tissue potentially having cancer even in
seemingly collagenous regions, so not all regions can be clearly
defined by a single classification prior to pathology. Thus, two
carefully selected points are used to avoid mixed tissue. All
cancer cases are infiltrating ductal carcinoma (IDC) except the
case ND 14353 that was a rare cancer known as high grade spindle cell tumor, which was not included in the final averages
in Fig. 8.
The transmission spectroscopy data in this section are compared with the results of the work by Ashworth et al.,5 which
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Table 1 Summary of human breast tissue samples.

Sample #

Number of
tissues

# Points for
transmission
spectroscopy

# Points for
reflection
spectroscopy

Sample type

Patient
age

Tumor grade

Excision procedure

Cancer tissues
ND 14139

1

2

2477

Cancer/fat

49

I/II

Left breast lumpectomy

ND 14353

1

2

4189

Cancer/fat

75

Left breast mastectomy

2

2

4225

Cancer/fat

High grade,
spindle cell
tumor

3

2

2412

Cancer

ND 15348

1

2

1638

Cancer/fat

54

III/III

Right breast lumpectomy

ND 15526

1

2

1382

Cancer/fat

90

III/III

Radical mastectomy

ND 15588

1

2

1965

Cancer/fat/collagen

63

II/III

Mastectomy

ND 15812

1

2

2620

Cancer/fat

69

II/II–III

Mastectomy

25

N/A

Breast reduction

16

N/A

Breast reduction

33

N/A

Breast reduction

29

N/A

Breast reduction

28

N/A

Breast reduction

Healthy tissues (breast reduction)
ND 14068

ND 14147

ND 14549

ND 14661

ND 14806

1

2

8068

Collagen/Fat

2

2

6326

Collagen/Fat

1

2

7285

Collagen/Fat

2

2

7319

Collagen/Fat

1

2

5991

Collagen/fat

2

2

7201

Collagen/fat

1

2

6800

Collagen/fat

2

2

6006

Collagen/fat

1

2

5950

Collagen/fat

2

2

5624

Collagen/fat

Adjacent cancer tissues
ND 10405

1

—

6 (2 each of cancer,
fat, and collagen)

Cancer/fat/collagen

58

III/III

Double mastectomy

ND 10898

1

—

6

Cancer/fat/collagen

59

III/III

Left breast mastectomy

ND 11066

1

—

6

Cancer/fat/collagen

49

II/III

Right breast mastectomy

ND 11147

1

—

6

Cancer/fat/collagen

63

II/II

Left breast mastectomy

ND 11199

1

—

6

Cancer/fat/collagen

67

III/III

Right breast mastectomy

ND 11652

1

—

6

Cancer/fat/collagen

69

III/I

Left breast mastectomy

ND 11713

1

—

6

Cancer/fat/collagen

69

III/III

Left breast lumpectomy

presents the average transmission spectroscopic data collected
from 20 patients, all diagnosed with breast cancer. Their results
were based on the average of 33 cancer samples, 22 healthy
fibro samples, and 19 healthy fat samples (total 74 samples).
In this work, we obtained cancerous samples from patients diagnosed with breast cancer while the healthy collagen and fat samples were obtained from healthy women who underwent breast
Journal of Medical Imaging

reduction surgeries. It should be noted that the transmission
spectroscopic data presented in this work are presented up to
3.5 THz, while Ref. 5 presents data up to 2.0 THz.
The acquisition time of the transmission spectroscopy is
∼1 min averaging over 1800 signals at the same point following
a 15-min dry nitrogen purge of the THz system chamber, while
the acquisition time of the reflection spectroscopy depends on
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the speed of the stepper motors and the size of the tissue sample.
For example, a sample size of 2.343 × 1.9974 × 0.5 cm requires
scanning time of ∼40 min.

4.1

Cancer Tissues

The results in Fig. 4 represent the THz imaging and spectroscopy of a fresh breast cancer tissue obtained from a 49-year-old
black female who underwent a left breast lumpectomy procedure (ND14139 in Table 1). The photograph of the tissue sample is shown in Fig. 4(a). The low power pathology image (6.7×)
of the tissue is shown in Fig. 4(b). The THz power spectra image
of the tissue is shown in Fig. 4(c) using 0.5 to 1 THz data as
mentioned in Sec. 2. Absorption coefficient images are calculated at 0.5 and 1.0 THz from the reflected THz signals of the
tissue sample using the model discussed in Sec. 3 and shown in

Figs. 4(d) and 4(e), respectively. Likewise, the refractive index
images at 0.5 and 1 THz are also calculated from the reflected
THz signals and shown in Figs. 4(g) and 4(h), respectively. All
absorption coefficient images from Figs. 4–7 have the same
color scale to remove any unintentional bias when establishing
tissue regions and contrast. The same is done for the refractive
index images. Each α- and n-image contains 2477 pixels, with
the reflection model described in Sec. 3 applied individually to
each pixel to obtain the results. On the other hand, the transmission spectroscopy results in Figs. 4(f) and 4(i) are obtained using
the transmission model in Ref. 8. The plots demonstrate the
absorption coefficients and the refractive indices of cancer tissues at two different points: ① and ② shown in Fig. 4(a). The
results in Figs. 4(f) and 4(i) are compared with those reported
in Ref. 5. The high-power pathology image (100×) of cancer
points ① and ② is shown in Fig. 4(j) and 4(k), respectively, and

Fig. 4 THz images and spectroscopy of human fresh breast cancer tissue ND14139: (a) the photograph
of the fresh tissue, (b) the low power pathology image, (c) the frequency-domain THz image in spectral
power over the range from 0.5 to 1 THz, (d) the reflection absorption coefficient (cm−1 ) α-image at
0.5 THz, (e) the reflection absorption coefficient (cm−1 ) α-image at 1.0 THz, (f) the transmission absorption coefficients (cm−1 ) at points ① and ②, (g) the reflection refractive index n-image at 0.5 THz, (h) the
reflection refractive index n-image at 1.0 THz, and (i) the transmission refractive indices at points ①
and ②. The high power pathology images for (j) cancer at point ①, (k) cancer at point ②, (l) collagen,
(m) fat, and (n) collagen in fat. Each α- and n-image contains 2477 pixels.
Journal of Medical Imaging
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high-power pathology images of the collagen, fat, and collagen
in fat are shown in Fig. 4(l), 4(m), and 4(n), respectively.
According to the pathology report, the cancer tissue of Fig. 4
represents an IDC tumor grade I/II, where I represents overall
grade and II represents the nuclear grade of the cancer. The two
points marked as ① and ② are regions of low desmoplasia and
high desmoplasia, respectively (desmoplasia refers to the growth
of fibrous or connective tissue in the cancer). The image of
fresh tissue in Fig. 4(c) shows good qualitative differentiation
between cancer (red color) and fat (dark blue color) regions. The
absorption coefficient and refractive index images in Figs. 4(d),
4(e), 4(g), and 4(h) are obtained upon minimizing the error in
phase and magnitude between the measurements and the Fresnel
model calculations as discussed in Sec. 3. The refractive index
and absorption coefficient values are frequency dependent,
where the results of refractive index tend to decrease with
increasing frequency and the absorption coefficient increases
with frequency. In this case, where the sample is mainly cancer
and fat, both α- and n-images at 0.5 and 1 THz demonstrate
good correlation with the pathology image.
It should be noted that the calculations of both refractive
index and absorption coefficient depend on the phase of the
reflected signals. At high frequencies, the phase measurements
are highly sensitive to any small change either due to the polystyrene plate curvature or system noise. In all the cases presented in this work, we observed deterioration of the α- and
n-images as frequency increases. Furthermore, the horizontal
lines seen in Figs. 4(d), 4(e), 4(g), and 4(h) are due to minor
phase shifts caused by the stepper motor during the scanning
process. This effect is more prominent for the 1.0-THz image
than the 0.5-THz image. The transmission absorption coefficients and refractive indices in Figs. 4(f) and 4(i), respectively,
are almost identical for cancer points ① and ②. The results of the
two cancer regions (solid red and green lines) agree with the
literature (solid black line). The difference between the current
work and the literature could be due to comparing single points
here against the 33 sample average in Ref. 5. It is also observed
that the absorption coefficient of the fresh cancer tissue demonstrates a peak occurring between 3 and 3.5 THz. This peak was
not seen in the cancer results reported in the literature because
the frequency band was up to 2.0 THz. This peak needs further
investigation as it is not clear yet if it is due to the system noise
or due to a biomarker present in cancer tissue. The results discussed above demonstrate good capability of THz imaging in
differentiating between the cancerous and noncancerous in fresh
breast cancer tissues.
The second cancer case is shown in Fig. 5. The tumor was
obtained from a 54-year-old Hispanic female who underwent
the right breast lumpectomy procedure (ND15348 in Table 1).
The results presented in Figs. 5(a)–5(i) follow the same
sequence as in Fig. 4. The high power pathology images for the
cancer region marked by ③ and ④ in Fig. 5(a), are shown in
Figs. 5(j) and 5(k), respectively. The high power pathology
images of collagen and fat are shown in Figs. 5(l), and 5(m),
respectively. According to the pathology report, the cancer tissue of Fig. 5 represents an IDC tumor grade III/III (overall/
nuclear). In IDC, cancer cells start forming ductal structures as
shown in Figs. 5(j) and 5(k). The collagen shown in Fig. 5(l)
is not healthy breast collagen but is desmoplasia induced by the
tumor. This collagen is very dense in nature and thus provides
a dense background structure for the cancer. Because of the density of the collagen in this case, it shows similar high reflection
Journal of Medical Imaging

intensity (red color) as that of cancer, seen in the THz image in
Fig. 5(c). The dark blue regions in the THz image in Fig. 5(c)
indicate fatty tissue that has lower THz reflection. The yellowish-blue color region in Fig. 5(c) indicates cancer invading the
fat region. The high power pathology image of this region is
shown in Fig. 5(k). In this sample, the transmission spectroscopy of points ① and ② were not taken from the tissue used
for the THz imaging [the larger piece in Fig. 5(a)]. Instead, the
spectroscopy measurements plotted in Figs. 5(f) and 5(i) used
the small piece of tissue shown at the bottom right corner of
Fig. 5(a).
In Figs. 5(f) and 5(i), the transmission spectroscopy data of
the absorption coefficient and refractive index for the two cancer
points are plotted in solid red and solid green lines. The results
show good agreement with the literature in solid black. The
α- and n-images obtained at 0.5 and 1.0 THz are shown in
Figs. 5(d), 5(e), 5(g), and 5(h), respectively. The regions of
highest absorption in Figs. 5(d) and 5(e) are areas of cancer
in low desmoplasia (i.e., the density of cancer is higher in these
regions), while the fatty regions appear demonstrate relatively
low absorption coefficient values compared to cancer. The
mixed cancer and fat region appears in midrange colors in
Figs. 5(d) and 5(e). The n-images in Figs. 5(g) and 5(h) show
higher refractive indices for cancer (red/orange color region)
and lower for fat (greenish-blue color region around the upper
right edge of the tissue). The cancer in fat region appears in
yellow color region in Figs. 5(g) and 5(h).

4.2

Healthy Tissues

The results in Fig. 6 show THz reflection imaging and spectroscopy for a healthy breast tissue obtained from a 29-year-old
black female via breast reduction procedure (ND14661 part 1
in Table 1). The results in Figs. 6(a)–6(i) follow the same
sequence of Fig. 4. The high power pathology images are shown
in Fig. 6(j) for collagen/hyperplastic glands, in Fig. 6(k) for fat,
and in Fig. 6(l) for collagen in fat. The transmission absorption
coefficient and refractive index of fat are shown in Fig. 6(f) and
6(i) by the dashed blue line, showing good agreement with the
literature (dashed black line). On the other hand, the transmission absorption coefficient and refractive index results of collagen (solid blue line) show less agreement with the fibro results
of the literature. As mentioned earlier, literature data were the
average of 20 patients, whereas the spectroscopy data here
were taken from a single point on the sample (no averaging).
Furthermore, the categorization of cancer, fibro, and fat reported
in Ref. 5 was identified based on the percentage of the tissue
type (i.e., cancer, fibro, and fat) in each sample. For example,
the spectroscopic data of point ① could be from the collagen or
from the hyperplastic glands, where the latter has higher density
as shown in Fig. 6(j), and these dense glandular regions show
lower absorption than the surrounding collagen in Figs. 6(d)
and 6(e). The observed significant differentiation in the THz
image of Fig. 6(c) between the fat (dark blue) and the collagen
(dark red) can be explained by the substantial spectroscopic
differences in the two tissues as shown in Figs. 6(f) and 6(i).
One notable observation is that the peak in the cancer case in
Figs. 4 and 5 in the range of 3 to 3.5 THz is not observed in
Fig. 6 (or in Fig. 7) for the collagen or the fat tissues. The
α-images at 0.5 THz in Fig. 6(d) and 1.0 THz in Fig. 6(e), show
that the fat (blue color) has lower absorption coefficient than the
collagen (red/orange color). The cyan color around the edges of
the collagen in Figs. 6(d) and 6(e) represents collagen mixed
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Fig. 5 THz images and spectroscopy of human fresh breast cancer tissue ND15348: (a) the photograph
of the fresh tissue, (b) the low power pathology image, (c) the frequency-domain THz image in spectral
power over the range 0.5 to 1 THz, (d) the reflection absorption coefficient (cm−1 ) α-image at 0.5 THz,
(e) the reflection absorption coefficient (cm−1 ) α-image at 1.0 THz, (f) the transmission absorption coefficients (cm−1 ) at points ① and ②, (g) the reflection refractive index n-image at 0.5 THz, (h) the reflection
refractive index n-image at 1.0 THz, and (i) the transmission refractive indices at points ① and ②. The high
power pathology images for (j) cancer at point ③, (k) cancer at point ④, (l) collagen, and (m) fat. Each
α- and n-image contains 1638 pixels.

with fat. Also, the n-images in Fig. 6(g) at 0.5 THz and Fig. 6(h)
at 1.0 THz show lower refractive index values of fat (greenishblue color region) compared with collagen (red color region).
The yellow color regions in Figs. 6(g) and 6(h) are for collagen
mixed with fat. As before, the refractive index and absorption
coefficient images are scaled for consistency across all samples.
One example of collagen mixed in fat is shown in the highpower pathology image in Fig. 6(l).
As with the healthy tissue of Fig. 6, the results in Fig. 7
represent THz imaging and spectroscopy of healthy breast tissue
obtained from a 28-year-old black female via breast reduction
procedure (ND14806 part 1 in Table 1). The results presented in
Figs. 7(a)–7(i) follow the same sequence of Figs. 4–6. The highpower pathology images are presented in Fig. 7(j) for collagen,
Fig. 7(k) for fat, and Fig. 7(l) for collagen in fat. The results of
Journal of Medical Imaging

the transmission absorption coefficient and refractive index of fat
(dashed blue line) show good agreement with the literature
(dashed black line), in Figs. 7(f) and 7(i), respectively. Meanwhile,
the spectroscopy of collagen shows less correlation to the fibro
properties in Ref. 5 but is consistent with the results in Fig. 6.
The THz image in Fig. 7(c) for the fresh tissue demonstrates similar significant differentiation between collagen (dark red) and fat
(dark blue) as in Fig. 6. This can further be demonstrated through
the α and n-images in Figs. 7(d), 7(e), 7(g), and 7(h). In these
figures, the fat appears blue in Figs. 7(d) and 7(e) and greenish-blue in Figs. 7(g) and 7(h). Both image sets show lower
absorption coefficient and refractive index values of fat compared
with collagen [red color region in Figs. 7(d), 7(e), 7(g), and 7(h)].
The region of collagen mixed with fat appears in cyan color in
Figs. 7(d) and 7(e) and in yellow color in Figs. 7(g) and 7(h).
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Fig. 6 THz images and spectroscopy of human fresh healthy breast tissue ND14661: (a) the photograph
of the fresh tissue, (b) the low power pathology image, (c) the frequency-domain THz image in spectral
power over the range 0.5 to1 THz, (d) the reflection absorption coefficient (cm−1 ) α-image at 0.5 THz,
(e) the reflection absorption coefficient (cm−1 ) α-image at 1.0 THz, (f) the transmission absorption coefficients (cm−1 ) at points ① and ②, (g) the reflection refractive index n-image at 0.5 THz, (h) the reflection
refractive index n-image at 1.0 THz, and (i) the transmission refractive indices at points ① and ②. The high
power pathology images for (j) collagen at point ①, (k) fat at point ②, and (l) collagen in fat. Each α- and
n-image contains 6800 pixels.

4.3

Average Electrical Properties

Here, we calculate the mean and the 95% confidence intervals
for the obtained transmission and reflection refractive index and
absorption coefficients. A total of the 12 fresh human breast
cancer tissue samples and the 10 fresh healthy human breast
tissue samples are used in Fig. 8. In the transmission mode, the
mean refractive index and absorption coefficient are collected
using transmission spectroscopy of individual points like those
described in Figs. 4–7. In the reflection mode, the mean refractive index and absorption coefficient are collected using all
pixels in the n- and α-images belonging to cancer in Table 1 for
nonadjacent cancer tissues and healthy tissues (except the spindle cell tumor). The results of the collagen and fat were obtained
only from all healthy tissues in Table 1, while no fat or collagen
Journal of Medical Imaging

data were used from the cancer tissues. Spectroscopy of the
tissues with adjacent cancer and fibrous regions was obtained
from two reflection points per region per sample (i.e., two from
cancer, two from fibrous, and two from fat regions). The average
of all transmission refractive index n and absorption coefficient
α values are plotted in Figs. 8(a) and 8(b). These plots are the
average over 10 points of cancer, 10 points of collagen, and 10
points of fat. The results show the same trend as observed in
Ref. 5, where the n and α values for cancer is the highest, followed by collagen, and the lowest is for fat tissues. The error
bars in Figs. 8(a) and 8(b) represent the 95% confidence intervals, which is relatively large due to the small number of points
used in each plot.
The mean of the reflection spectroscopy data is plotted in
Figs. 8(c) and 8(d). The averaging in the reflection mode was
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Fig. 7 THz images and spectroscopy of human fresh healthy breast tissue ND14806: (a) the photograph
of the fresh tissue, (b) the low power pathology image, (c) the frequency-domain THz image in spectral
power over the range 0.5 to 1 THz, (d) the reflection absorption coefficient (cm−1 ) α-image at 0.5 THz,
(e) the reflection absorption coefficient (cm−1 ) α-image at 1.0 THz, (f) the transmission absorption coefficients (cm−1 ) at points ① and ②, (g) the reflection refractive index n-image at 0.5 THz, (h) the reflection
refractive index n-image at 1.0 THz, and (i) the transmission refractive indices at points ① and ②. The high
power pathology images are shown for (j) collagen at point ①, (k) fat at point ②, and (l) collagen in fat. Each
α- and n-image contains 5950 pixels.

conducted by masking the desired tissue region in the THz
power spectra image and then multiplying that mask with the
calculated n and α data at the assigned frequency. The average
of each tissue was plotted to examine their variations with
respect to each other (not shown here) and then the average of
all tissues is calculated as shown in Figs. 8(c) and 8(d). The
reflection spectroscopy data in Figs. 8(c) and 8(d) are averaged
over 6160 pixels for cancer, 35,799 pixels for collagen, and
27,231 pixels for fat. The small error bars in Figs. 8(c)–8(d) can
barely be seen due to the large number of pixels used in these
plots. These figures show that the refractive index obtained in
the reflection mode show lower values for the cancer and collagen compared with those obtained in the transmission mode,
while the results of the fat refractive index obtained in the reflection mode show slightly higher values than that obtained in the
Journal of Medical Imaging

transmission mode [Figs. 8(a) and 8(c)]. On the other hand,
the absorption coefficients of cancer and collagen obtained in
the transmission mode are slightly higher than those obtained
in the reflection mode [Figs. 8(b) and 8(d)], while the absorption
coefficient of the fat obtained in the reflection mode shows
higher values compared with those obtained in the transmission
mode, especially at higher frequencies [Figs. 8(b) and 8(c)].
The mean of the reflection spectroscopy data from the
samples with adjacent cancer and collagenous tissue is given
in Figs. 8(e) and 8(f). These results closely resemble the trend
in plots in Figs. 8(c) and 8(d), but with slightly more overlap in
values and broader deviation. This is partly due to selecting only
two points from each tissue region per sample, making each
plot in Figs. 8(e) and 8(f) the average of only 14 points rather
than the thousands of points used in Figs. 8(c) and 8(d). It was
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Fig. 8 The mean spectroscopy data for all fresh human cancer and healthy breast tissues. (a) The transmission refractive indices for cancer, collagen, and fat. (b) The transmission absorption coefficient for
cancer, collagen, and fat. The transmission spectroscopic data in (a) and (b) are average over 10 individual points from each tissue type. (c) The reflection refractive indices for cancer, collagen, and fat.
(d) The reflection absorption coefficient averaged for cancer, collagen, and fat. The reflection spectroscopic data in (c) and (d) are averaged over 6160 pixels, 35,799 pixels, and 27,231 pixels for cancer,
collagen, and fat, respectively. (e) The reflection refractive indices averaged for cancer, collagen, and fat
from adjacent regions of the same tissues. (f) The reflection absorption coefficient averaged for cancer,
collagen, and fat from adjacent regions of the same tissue. The reflection spectroscopic data in (e) and
(f) are averaged over 14 individual points per tissue type across seven samples. The error bars represent
95% confidence intervals.

necessary to limit this to two points each due to the highly
heterogeneous nature of these samples, which reduces the ability
to reliably select points that are guaranteed to contain minimal
collagen or minimal cancer when the other is desired. Even so,
due to subtle differences in the imaging surface and the resulting
pathology image, there is a possibility of some presence of
combined tissue in the selected regions. This may be one reason
for some overlap in the refractive index in Fig. 8(e), although
this is still consistent with the other reflection spectroscopy
in Fig. 8(c).
The difference in results obtained for transmission and reflection modes could be due to the dependence of the transmission
mode on the tissue thickness to transmit the THz signal through
it and/or due to the smaller number of data points in the transmission mode. Also determining with certainty that a point on
the tissue, where the THz signal transmits through, was taken
from the cancer, collagen, fat, or a mix of these types is not
guaranteed as demonstrated in the high power pathology shown
in Figs. 4–7. It should be noted that, in general, any results
obtained at frequencies higher than 3 THz could be affected by
the system noise that increases with frequency. Figure 8 shows
that the mean values of the reflection absorption coefficients of
cancer, collagen, and fat are more differentiated compared with
those of the refractive indices.

5

Conclusions

This work investigated THz imaging and spectroscopy of
freshly excised human breast tissues acquired from the NDRI
biobank. A total of 25 breast tissue samples obtained from 18
Journal of Medical Imaging

women were investigated: 10 healthy breast tissues from 5
breast reduction surgeries and 15 breast cancer tissues from
13 breast cancer excisions via lumpectomy or mastectomy.
The refractive index and absorption coefficient were calculated
for cancer, collagen, and fat using transmission mode following
the model in Ref. 8 and reflection mode following the model
discussed in Sec. 3. Transmission data at a few selected points
were obtained from each sample for a total of 10 data points for
each tissue region and demonstrated good agreement with THz
spectroscopy in the literature. Meanwhile, reflection calculations were conducted at each point on the tissue in the THz scans
of each sample, resulting in 6160 points of cancer, 35,799
points of collagen, and 27,231 points of fat across all samples.
Additional reflection calculations from samples with adjacent
cancer and healthy tissues showed similar results to the data
obtained from separate scans of cancer and collagen, though
with some greater overlap due partially to a low number of
reliable isolated sample points.
Tomographic images of the refractive index and absorption
coefficient at 0.5 and 1.0 THz showed effective differentiation
of cancer from healthy tissue and collagen from fat across all
tissues selected for image comparison. Similar differentiation
is seen for the THz power spectra images obtained integrating
the frequency domain data from 0.5 to 1.0 THz. All images were
also in good agreement with the low power pathology images
(6.7×) despite the necessity of taking pathology from a different
surface than the one imaged.
In the spectroscopy results, collagen showed significantly
higher refractive index and absorption coefficient values than

023501-11

Apr–Jun 2019

•

Vol. 6(2)

Bowman et al.: Terahertz tomographic imaging of freshly excised human breast tissues

the fat, consistent with the literature. Furthermore, the cancer
shows higher refractive index and absorption coefficient values
compared with both collagen and fat in the transmission mode,
while the calculated refractive indices of cancer and collagen in
reflection mode are not as clearly differentiated as the absorption
coefficients data. More detailed analysis using high-power pathology images (100×) clarified that the tissue is heterogeneous
although macroscopically it appears homogeneous. This implies
that the transmission or reflection characterization of a given
point may not be exactly for cancer, for example, but for a combination of cancerous and fatty cells at that point. Additional
spectroscopy data from several studies will be necessary to
address this tendency of tissue toward heterogeneity in the
future.
Both the THz power spectra and tomographic images presented in this work show clear differentiation between cancer,
collagen, and fat tissues. Calculating the refractive index and
absorption coefficient can provide differentiation between the
three types, where the transmission mode is not subject to small
phase shifts, but the reflection mode allows for calculations
across a significantly greater number of points without the
need for sectioning or altering the freshly excised tissue. As such
tomographic imaging in reflection offers the potential for good
intraoperative detection of cancer. However, obtaining a more
definitive classification of these regions’ properties compared
to each other will require a greater number and variety of sample
types. In addition, current scanning technology using stepper
motors is time consuming and requires improvement to be viable for this application. Future work will therefore focus on
improved imaging methods such as rapid scanning systems
or THz cameras (Sec. 4 in Ref. 28), while also building on the
electrical property classification of breast cancer and healthy
tissues.15

6

Appendix A

The measured transmission refractive indices and absorption
coefficients of water, DMEM with antibiotics, the pure
DMEM, the phosphate-buffered saline (PBS), fresh IDC tissue,
and the fresh fibro tissue versus frequency are shown in Fig. 9.
A 100-μm thick sample is positioned in the liquid sample holder
for THz measurements. The results are compared with the fresh
cancer (IDC) and fibroglandular tissues of 500 μm thickness.5
The plots show that the refractive index and absorption coefficients of DMEM with and without antibiotics are similar to
those of water and PBS, concluding that immersing the fresh
tissue during shipping in the DMEM solution does not alter the
tissue characteristics.

Fig. 9 Transmission (a) refractive index and (b) absorption coefficient
of water, DMEM with antibiotics, pure DMEM, PBS, fresh IDC, and
fresh fibro versus frequency.
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Appendix B

The reflection between two arbitrary regions i and j is based on
the properties of the two regions and the incident polarization,
with the basic Fresnel reflection term given as26,27

ρT;ij ¼

EQ-TARGET;temp:intralink-;e007;326;704

ñT;i − ñT;j
;
ñT;i þ ñT;j

(7)

where the TE and TM mode solutions are differentiated by
ñTE;i ¼ ñi cos θi and ñTM;i ¼ ñi ∕ cos θi . The term ñi ¼ ni −
α
j ωc abs;i
2 is the complex refractive index of region i. Equation (7)
is then adjusted to perform the separate TE or TM mode solutions in Eqs. (2)–(5).
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