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1. Introduction

With approximately 3.5 million cases diagnosed each
year, nonmelanoma skin cancer (NMSC) is the most
common form of cancer. NMSC results in about
3000 deaths each year and the cost of treatments is
estimated to exceed $ 600 million each year [1]. The
most effective form of NMSC treatment is Mohs Mi-
crographic Surgery (MMS) which involves removing
cancer layer by layer while simultaneously process-
ing excised tissue for frozen H&E histopathology to

map out the cancerous regions. MMS has a success
rate of 95% and is the only technique that examines
entire surgical margin allowing for complete histolo-
gical assessment during surgery [2–4]. However
MMS is time consuming, labour intensive and costly.
Thus, an in vivo skin cancer imaging technique could
provide a viable alternative to the current methods
of intraoperative visualization of cancer margins.

Some techniques that are currently under investi-
gation for non-invasive mapping of skin cancers in-
clude reflectance confocal microscopy [5], Raman
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We tested the hypothesis that polarization sensitive opti-
cal and terahertz imaging may be combined for accurate
nonmelanoma skin cancer (NMSC) delineation. Nine
NMSC specimens were imaged. 513 mm and 440 nm wa-
velengths were used for terahertz and optical imaging,
respectively. Histopathology was processed for evalua-
tion. Terahertz reflectance of NMSC was quantified.
Our results demonstrate that cross-polarized terahertz
images correctly identified location of the tumours,
whereas cross-polarized and polarization difference opti-
cal images accurately presented morphological features.
Cross-polarized terahertz images exhibited lower reflec-
tivity values in cancer as compared to normal tissue.
Combination of optical and terahertz imaging shows
promise for intraoperative delineation of NMSC.

Images of a specimen with infiltrative BCC. (A) Cross-
polarized Terahertz reflectance image. (B) Polarization
difference image at 440 nm. (C) H & E histopathology.
Tumor is outlined (dashed line) in histology and indi-
cated by a solid arrow in Terahertz and optical images.
Tumor: solid arrow; collagen: dashed arrow; fat: dotted
arrow; epidermis: dash-dot-dash arrow; sebaceous gland:
dash-dot-dot-dash arrow.
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spectroscopy [6, 7], optical coherence tomography
[8, 9], fluorescence polarization [10], multiphoton
microscopy [11], fluorescence imaging [12], fluores-
cence lifetime imaging [13], and high frequency ul-
trasound [14, 15]. Polarization sensitive optical [16,
17] and terahertz [18–21] imaging have also been
proposed.

Continuous wave terahertz imaging (CWT) has
the potential to differentiate between nonmelanoma
cancers and normal skin. The terahertz region of
electromagnetic spectrum extends from 30 to
3000 mm (10 to 0.1 THz) and lies between the micro-
wave and infrared regions. Terahertz radiation is
non-ionizing and medical applications of this fre-
quency region are being explored [18–20, 22–25].
Studies show that there is a difference in bound and
free water content between normal and cancerous
tissue [26, 27]. Due to the lack of commercially avail-
able continuous wave terahertz sources, most medi-
cal research in terahertz imaging thus far has been
focused on terahertz pulsed imaging (TPI). TPI has
been used to identify basal cell carcinoma (BCC)
both ex vivo and in vivo [19]. Contrast between can-
cerous and normal tissue in transmission mode has
been demonstrated using a continuous wave tera-
hertz system [21]. One of the disadvantages of tera-
hertz imaging for biomedical applications is the in-
herent lack of resolution, which prevents terahertz
radiation from identifying tissue morphology.

Polarized-light imaging [16, 17, 28] is an optical
technique that is capable of obtaining superficial
images of thick tissue layers. When the light inci-
dent on the sample is linearly polarized, subtraction
of two images acquired with the co-polarized (Ik)
and cross-polarized (I?) light can be used to isolate
the single-scattered component, which arises mainly
from superficial skin layers [17, 29, 30]. The advan-
tages of the polarized light imaging include the abil-
ity to image comparatively thin tissue layers (~30–
200 mm in the 380–750 nm spectral range) and to
retain a large field of view. Optical images can be
acquired within milliseconds. Combination of the
large field-of-view, rapid image acquisition, and suf-
ficient lateral resolution enables rapid examination
of large surfaces, thus facilitating tumour margin de-
lineation. Our previous work has demonstrated that
dye-enhanced multi-spectral reflectance imaging en-
ables reliable delineation of cancerous and normal
tissue in more than 91% of cases [17, 31]. However,
white light polarization imaging [29] and intrinsic
contrast polarization imaging [17] fail to provide
sufficiently high resolution and cancer contrast, re-
spectively.

Intrinsic optical imaging yields high resolution,
but often lacks contrast for reliable detection of can-
cer. Terahertz imaging detects intrinsic contrast be-
tween healthy and cancerous tissue, but lacks resolu-
tion necessary to inspect tissue morphology. In this

contribution we are investigating the combination of
optical and terahertz imaging for accurate and sensi-
tive delineation of nonmelanoma skin cancer.

2. Experimental

2.1 Continuous-wave terahertz imaging

For the experiments, we used a custom designed
CO2 optically pumped far-infrared (FIR) gas laser
[32]. The output power of these CO2 lasers is in the
range of 100–150 W. Tuning the output frequency of
the CO2 laser allows the pumping of different transi-
tions of the gas in the FIR cell. Selecting the gas in
the FIR cell and the tuning of the CO2 laser to the
appropriate pump frequency provides the ability to
lase different frequencies in the terahertz region. We
used the 584 GHz (513 mm) vertically polarized tran-
sition in HCOOH, pumped by the 9R28 transition of
the CO2 laser. The measured output power was
10.23 mW. A dielectric (glass) waveguide was placed
at the output of the FIR lasers to obtain a Gaussian
beam profile [33]. A liquid helium cooled silicon bol-
ometer manufactured by IRLabs was used as a de-
tector. The noise equivalent power (NEP) of the de-
tector was 1.13 � 10�13 W=

ffiffiffiffiffiffiffi

Hz
p

and the responsivity
was 2.75 � 10+5 V/W. The bolometer had a response
time of 5 ms and the gain was 200. A Garnet pow-
dered crystalline quartz window on the bolometer
rejected wavelengths below 100 mm.

Figure 1 shows a schematic of the experimental
layout. The laser beam was collimated using a TPX
lens, passed through a wire grid polarizer to clean up
the polarization of the transmitted beam, and fo-
cused onto the imaging plane using a short focal
length off axis parabolic mirror. The full width at
half max (FWHM) was measured to be 0.67 mm at
the sample plane. The signal remitted from the sam-
ple goes back through the system and, after the fo-
cusing mirror, is redirected into the detector arm by
a 50–50 Mylar beam splitter. The signal is then

Figure 1 (online color at: www.biophotonics-journal.org)
Schematic of terahertz experimental setup.
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passed through an analysing wire grid polarizer,
which can be oriented to transmit either co-polarized
or cross-polarized light and collected using an off
axis parabolic mirror and focused into a bolometer.
An automated two-axis stage was used to raster scan
the sample in the imaging plane. The scanning reso-
lution of both the horizontal and vertical axes was
set to 0.1 mm. The laser beam was optically modu-
lated. The modulating frequency served as the refer-
ence for a lock-in amplifier. Data acquisition times
for the images collected were determined by the
speeds of the translation axes used for this experi-
ment and the size of the samples. The dwell time per
point in the image was around 150 ms and the sys-
tem signal-to-noise ratio (SNR) using a lock-in am-
plifier was 65 dB.

Terahertz images were processed using a Lab-
viewTM program that synchronized the sample posi-
tion in the imaging plane with the return signal from
the lock-in amplifier. Co-polarized and cross-polar-
ized images were acquired by selecting the appropri-
ate orientation with the analysing polarizer in the re-
flectance arm of the system. They were then
calibrated against the full-scale return from a flat
front surface gold mirror to determine the reflec-
tance. The off sample areas were removed in post-
processing and the image was plotted in logarithmic
space. The reflected terahertz signal measured from
each specimen was quantified pixel by pixel using the
formula (1):

RTHz ¼
Imeasured

Iincident
� 100 % ð1Þ

where RTHz is the terahertz reflectance value in per-
centage (%), Imeasured is the measured reflectance in-
tensity from the sample, and Iincident is the measured
intensity of the incident beam reflected from a gold
front-surface flat mirror.

2.2 Polarized light imaging

Depicted in Figure 2, the bench-top optical imaging
system used to acquire reflectance and PLI images
of the sample consists of a xenon arc lamp (Lambda
LS, Sutter, Novanto, CA) combined with a narrow
bandpass filter (full width at half max: 10 nm) to
provide monochromatic light at 440 nm [17]. The op-
tical image was detected by a CCD camera (Cool-
Snap Monochrome Photometrics, Roper Scientific,
Tucson, AZ) with an attached 0.5 Rodenstock lens
(Linos Photonics, Qioptiq, Luxembourg) resulting in
a large field of view (2.8 � 2.5 cm). Linear polarizing
filters (Meadowlark Optics, Frederick, CO) were po-
sitioned in the beam path incident on and remitted
from the sample. These filters allowed collection of

both co-polarized and cross-polarized reflection
images by orienting the analysing polarizer parallel
(co-) or perpendicular (cross-) to the polarization of
the incident light. Polarization images were pro-
cessed by applying formula (2), where PLI is the po-
larized light image, Ico is the co-polarized image,
Icross is the cross-polarized image, and G is a calibra-
tion factor which accounts for any bias in the system
towards either polarization.

PLI ¼ Ico �G� Icross ð2Þ
The system provided rapid automatic image acquisi-
tion (total acquisition time was <100 ms) controlled
through Metamorph software (Molecular Devices,
Inc., Sunnyvale, CA). The lateral resolution was
measured to be better than 15 mm. The calibration
factor, G, of the system as described was measured
to be 0.98.

2.3 Sample preparation

Fresh thick excess cancer specimens were obtained
within 2 hours after Mohs micrographic surgeries
performed at the Massachusetts General Hospital
under an Institutional Review Board approved pro-
tocol. A total of 9 samples from 9 patients (skin
types I-III Fitzpatrick scale), including 7 males (med-
ian age of 66) and 2 females (median age of 90.5)
were collected. Patient demographics are summar-
ized in Table 1, columns 2–4. Their final diagnoses,
based on pathologic findings and tumour margin as-
sessments, included 6 basal cell carcinomas and 3
squamous cell carcinomas. The thickness of the spe-
cimens varied between 3 and 7 mm. The lateral di-
mensions were between 10 and 30 mm. All the sam-
ples contained stratum corneum, epidermis and

Figure 2 Schematic of polarized light imager.
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dermis. Thicker specimens also contained subcuta-
neous fat. The specimens were transported to the
University of Massachusetts at Lowell on ice in the
OCT (Optimal Cutting Temperature) compound
within 30 minutes. Then the specimens were thawed
and imaged within 6 hours. For imaging, the speci-
mens were covered with a 1 mm thick quartz win-
dow. To prevent dehydration during the experiment,
the samples were placed on a gauze soaked in pH
balanced (pH 7.4) saline solution. To ensure suffi-
cient hydration of the tissue during the experiments,
after completing optical imaging, few drops of saline
solution were added and the samples were re-
mounted for Terahertz imaging.

2.4 Histology processing

En face frozen haematoxylin and eosin (H&E) sec-
tions were processed from the imaged specimens in
a standard way described in detail elsewhere [2, 34].
These frozen H&E sections were used as a gold
standard for evaluation of the results yielded by op-
tical and terahertz images.

2.5 Correlation of terahertz and optical
images to histopathology

The correlation of optical and terahertz images to
histopathology was performed in a manner similar
to that described in [31]. Due to preparation of fro-
zen H&E sections, processed histology sections were
slightly distorted in comparison to size and shape of
the real samples. This caused discrepancies in corre-
lation of the optical and terahertz sample images to
histology. To facilitate a more accurate analysis, we
digitized the histological slides and identified four to
ten pairs of common features in histology and in the
optical images. Then we overlaid optical and histo-

pathological images by applying affine transforma-
tions. Normal and cancer areas were subsequently
demarcated by a pathologist on the digitized histol-
ogy image. Corresponding normal and cancer areas
were projected from the digitized histology onto the
optical and terahertz images.

2.6 Statistical analysis

Reflectance values obtained from terahertz images
were averaged for representative normal or cancer
areas of each sample. The reflectance values corre-
sponding to cancer and normal respective regions
obtained for each sample were averaged over all ba-
sal cell carcinomas (BCC), squamous cell carcinomas
(SCC), and all the samples (BCC + SCC). To quanti-
fy the significance of the differences between normal
and cancerous tissue, the data was evaluated using a
1 tailed student’s t-test for 2 independent popula-
tions. The significance test was performed on the
mean values averaged over all samples imaged. P-
values were reported to indicate the significance of
the differences.

3. Results and discussion

In total we measured 9 specimens from 9 subjects,
which included 6 basal cell carcinomas (BCC) and
3 squamous cell carcinomas (SCC). The final diag-
noses were based on the analysis of the frozen H&E
histopathology processed during the micrographic
surgeries. The information on the imaged specimens
is summarized in Table 1 columns 1–4.

A representative sample of basal cell carcinoma
is shown in Figure 3. BCC is the most common skin
cancer type. It rarely metastasizes. However, because
it can cause significant destruction, disfigurement
and morbidity by invading surrounding tissues, it is

Table 1 Study cases with mean terahertz reflectivity.

Sample
Number

Diagnosis Gender Age Normal
% reflectance
(THz)

Standard
Deviation

Cancer
% reflectance
(THz)

Standard
Deviation

1 BCC Male 76 0.86 �0.13 0.61 �0.071
2 BCC Female 87 0.92 �0.12 0.80 �0.057
3 BCC Male 55 0.65 �0.069 0.56 �0.013
4 BCC Male 88 0.85 �0.11 0.71 �0.023
5 BCC Male 60 0.84 �0.083 0.73 �0.014
6 BCC Male 39 0.77 �0.071 0.58 �0.030
7 SCC Male 75 0.74 �0.12 0.58 �0.018
8 SCC Female 94 0.86 �0.11 0.77 �0.046
9 SCC Male 66 1.06 �0.12 0.86 �0.031
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still considered malignant. In Figure 3a and b, the
terahertz co-polarized and cross-polarized images
are presented. The tumour is outlined with the black
dotted line in the H&E histopathology (Figure 3c).
It can be appreciated that the tumour region corre-
lates well with the size and shape of low reflectance
areas in the cross-polarized terahertz image (Fig-
ure 3b). The location of the tumour is indicated by a
solid arrow in the terahertz cross-polarized image
(Figure 3b). The co-polarized terahertz image (Fig-
ure 3a) does not correlate with the sample histology
as well as cross-polarized image. In particular, the
areas of lower reflectivity don’t correlate with cancer
affected area histopathology. The difference in the
appearance of the co- and cross-polarized terahertz

images is primarily due to specular reflection of the
air cover glass and cover glass tissue interfaces,
which contribute to the co-polarized image. The ma-
jority of Fresnel signal comes from the reflection of
the incident radiation on the glass air interface and,
therefore, does not contain information on the sam-
ple. However, it cannot be rejected from the co-po-
larized terahertz image due to the geometry of the
experiment (Figure 1). In contrast, imaging cross-po-
larized terahertz signal enables effective removal of
the specular reflections, as the Fresnel component is
co-polarized with the incident radiation.

The optical reflectance cross-polarized and polar-
ization difference images are presented in Figure 3d
and e, respectively. As compared to terahertz images

Figure 3 (online color at:
www.biophotonics-journal.org)
Specimen with infiltrative BCC,
(a) shows the co-polarized tera-
hertz reflectance image, (b) shows
the cross-polarized terahertz re-
flectance image, (c) shows the
H&E stained histology of a 5 mm
frozen section of the tissue, (d)
shows the cross-polarized optical
image, and (e) shows the polarized
light image.

Figure 4 (online color at:
www.biophotonics-journal.org)
Comparison of magnified high re-
solution optical and histology
images of morphological features,
specified from outlined boxes in
the sample histology of the infiltra-
tive BCC specimen (Figure 3c).
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(Figure 3a, b), optical images of the same specimen
offer higher resolution. The comparison of optical
images (Figures 3d, e) to histology (Figure 3c) re-
veals a close correlation of morphological features
as well as overall size and shape of the sample. Po-
larization difference imaging in skin at 440 nm en-
ables optical sectioning to about 50–70 mm [35].
However, the polarization difference image often
provides lower contrast as compared to the cross-po-
larized image. Therefore, both images were used for
tissue morphology analysis. To demonstrate the reso-
lution afforded by optical imaging, the magnified
section of regions outlined in histology (Figure 3c:
boxes) are presented in Figure 4. The optical images
clearly show morphological features such as the epi-
dermis (dash-dot arrow), pilo-sebaceous complex
(dash-dot-dot arrow), subcutaneous fat (dot-dot ar-

row), as well as highly reflective collagen strands
(dash-dash arrow). The tumour region (solid arrow),
characterized by the loss of skin appendages and col-
lagen appears as a homogenous dark area as seen in
Figure 3d, e.

Figure 5 shows a representative specimen with
squamous cell carcinoma. While only 20% of non-
melanoma cancers are squamous cell carcinomas,
they tend to be more aggressive than basal cell can-
cers. They are more likely to invade fatty tissues be-
neath the skin and, although this is still uncommon,
spread to lymph nodes and/or distant parts of the
body. Comparison of the co- and cross-polarized
terahertz images (Figure 5a, b) with H&E histo-
pathology presented in Figure 5c, demonstrates that
the cross-polarized terahertz image correctly high-
lights the location of cancer (solid arrow) as in the

Figure 5 (online color at:
www.biophotonics-journal.org)
Specimen with SCC, (a) shows the
co-polarized terahertz reflectance
image, (b) shows the cross-polar-
ized terahertz reflectance image,
(c) shows the H & E stained histol-
ogy of a 5 mm frozen section of the
tissue, (d) shows the cross-polar-
ized optical image, and (e) shows
the polarized light image.

Figure 6 (online color at:
www.biophotonics-journal.org)
Comparison of magnified high re-
solution optical and histology
images of morphological features,
specified from outlined boxes in
the sample histology of the SCC
specimen (Figure 5c).
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case of BCC. Similarly, comparison of the cross-po-
larized terahertz image (Figure 5b) with the cross-
polarized reflectance and the superficial optical
images shown in Figure 5d and e, respectively, con-
firms that the tumour area shows up dark in the op-
tical images, indicating a lack of collagen and loss of
structure. Comparison with histology (Figure 5c: tu-
mour outlined with dashed line) shows that terahertz
images (Figure 5a, b) have higher contrast of the tu-
mour whereas optical images (Figure 5d, e) deline-
ate tumour affected areas more accurately. Tumour
margins, as well as other skin appendages are clearly
visible in the optical images. In Figure 6, higher mag-
nification optical images of adipose tissue (Figures
6a–c), hair follicles (Figure 6d–f), tumour lobule
(Figure 6g–i), and sebaceous glands (Figure 6j–l)
are compared to respective structures in the H&E
histopathology image. An obvious resemblance in
the appearance of optical and histological images
can be well appreciated. Comparison of the optical
and terahertz images, presented in Figures 5a, b and
5d, e, respectively, demonstrates the higher resolu-
tion offered by optical imaging.

For the terahertz images, the percentage cross
polarized reflectivity of representative cancerous
areas was compared with the percentage cross polar-
ized reflectivity of representative normal areas on
the same sample. Representative cancer and normal
areas are the areas of terahertz images, which corre-
spond to cancer affected and normal parts of the
specimen according to the gold standard of histo-
pathology. Table 1 summarizes the results for each
specimen and histograms for the averaged data for
BCC, SCC, and total samples are presented in Fig-
ure 7. The average reflectivity values for BCC
showed that cancer had lower reflectivity than nor-

mal tissue. Similarly, SCC specimens showed the
same trend but the reflectivity values were slightly
higher than those for BCC samples. This could be
because of the low number of SCC specimens
(n = 3) imaged so it is difficult to draw general con-
clusions from this data. Overall the average cross po-
larized percentage reflectivity of the tumour and
normal regions for all 9 samples was found to be
0.69 � 0.034% and 0.84 � 0.010%, respectively. The
difference between normal and cancer for represen-
tative sections averaged over all samples was signifi-
cant (p < 0.001). These results show that even
though some differences in the terahertz reflectivity
values are expected across the samples, we can ex-
pect to find a common threshold value for cancer
and normal skin. Nonetheless, as the specimens
come from patients of different ages, genders, and
tumour sites further work and larger sample size are
needed to establish appropriate threshold values.

In the terahertz images shown in Figure 3a and b,
one can easily see that the cross-polarized image cor-
relates better with the sample histology (Figure 3c).
This was true for all specimens measured in this
study. Although the terahertz images indicate the ap-
proximate location of the tumour, they do not accu-
rately demarcate the size and shape of the tumour.
On the other hand, optical images provide the mor-
phological detail necessary to outline the extent of
the tumour boundaries but lack the level of contrast
displayed in terahertz images. As a result, terahertz
imaging may be used as a beacon to detect approxi-
mate location of tumour nodule and thus guide in-
spection of the tumour boundaries in optical images.
Having accurate tumour boundaries is crucial to en-
sure full resection of the tumour while preserving as
much healthy tissue as possible, especially when the
tumour resides on the face.

Another effect that is apparent from our tera-
hertz data is that the cancerous region has a lower
reflectivity than the noncancerous region (Figure 7).
Our results seemingly contradict the publications re-
porting higher reflectivity of tumour as compared to
normal skin [19, 20]. These reports are substantiated
by the fact that cancer has higher refractive index as
compared to benign tissue. Therefore, the reflectivity
from tumour quartz interface should be higher as
compared to that of normal. However, the signal
from tissue quartz interface is rejected from cross-
polarized images. Thus, their contrast is determined
solely by the refractive index fluctuations within the
sample volume. There are two possible explanations
for lower reflectivity registered from cancer tissue
volume as compared to normal. Firstly, due to bound
water content, cancer exhibits higher absorption re-
lative to normal skin and therefore leads to lower
remitted signal and consequently lower reflectivity
of cancerous areas [20]. Secondly, nonmelanoma
cancers are defined by their loss of normal skin ar-

Figure 7 Normal and cancer mean terahertz reflectivity
values (%), averaged over all BCC, SCC, and total sam-
ples.
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chitecture and, given the wavelength of terahertz
imaging cancerous skin will look fairly homogenous
with minimal refractive index fluctuations within the
tumour. In contrast, normal skin has multiple struc-
tures (hair follicle, sebaceous gland, adipose tissue,
epidermis, etc.) which will cause a greater local re-
fractive index mismatch resulting in higher signal. In-
terestingly, this observation is similar to what we de-
tect in optical imaging; where tumour affected areas
appear darker than normal areas [36].

To the best of our knowledge, we are the first
group to use polarization sensitive terahertz imaging
for biomedical applications. By implementing cross-
polarized reflectance terahertz interrogation we
were able to obtain accurate images of skin cancer
tissue due to rejecting Fresnel reflections that inevi-
tably contaminate co-polarized component of re-
flected light. Our results presented in Figure 3 de-
monstrate that in some cases specular reflections
significantly alter the appearance of the co-polar-
ized tissue image (Figure 3a) making delineation of
BCC unattainable. In contrast, cross-polarized im-
age of the same tissue (Figure 3b) accurately demar-
cates cancer as confirmed by histopathology (Fig-
ure 3c).

Another possible solution to rejecting the Fresnel
component in terahertz imaging would be to illumi-
nate the imaged object at an oblique angle, similar
to the optical configuration (Figure 2) presented in
this paper. In that case the Fresnel component will
not be registered by the detector and both co- and
cross-polarized component could be used for accu-
rate imaging. Although realization of the oblique il-
lumination in the terahertz spectral range is
challenging, it may be well worth considering since it
will almost double the acquired terahertz signal.

4. Conclusion

In summary, we have shown that the combination of
polarization sensitive optical and terahertz imaging
provides complimentary information and shows pro-
mise for intraoperative delineation of nonmelanoma
skin cancers. Cross-polarized terahertz imaging cor-
rectly detects the location of cancer thus guiding
higher resolution optical imaging, which is capable
of accessing tissue morphology on a microscopic
scale and accurately delineating tumour margins. We
have also shown that cross-polarized terahertz re-
flectivity values are lower for cancerous areas with
respect to normal areas. This is an important first
step in determining threshold values for accurate de-
tection of nonmelanoma skin cancer using terahertz
interrogation. Future studies will focus on designing
and building a combined system, developing algo-
rithms for delineating tumour margins, creating

fused optical-terahertz images, and optimizing the
combined system for clinical use.
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