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Abstract: Terahertz-light imaging is attracting great attention as a new approach in non-invasive/non-
staining biopsy of cancerous tissues. Positively, terahertz light has been shown to be sensitive to the
cell density, the hydration content, and the chemical composition of biological samples. However, the
spatial resolution of terahertz imaging is typically limited to several millimeters, making it difficult
to apply the technology to image biological tissues which have sub-terahertz-wavelength-scale
inhomogeneity. For overcoming the resolution, we have recently developed a terahertz near-field
microscope with a spatial resolution of 10 µm, named scanning point terahertz source (SPoTS)
microscope. In contrast to conventional far-field terahertz techniques, this microscope features the
near-field interactions between samples and point terahertz sources on a sub-terahertz-wavelength
scale. Herein, to evaluate the usefulness of terahertz imaging in cancer tissue biopsy in greater detail,
we performed terahertz near-field imaging of a paraffin-embedded human-breast-cancer section
having sub-terahertz-wavelength-scale inhomogeneity of the cancer cell density using the SPoTS
microscope. The observed terahertz images successfully visualized local (~250 µm) inhomogeneities
of the cell density in breast invasive ductal carcinoma. These results may bypass the terahertz
limitation in terms of spatial resolution and may further motivate the application of terahertz light to
cancer tissue biopsy.

Keywords: terahertz; near-field microscopy; cancer imaging; cell density; inhomogeneity; breast
cancer; tissue biopsy

1. Introduction

In recent years, there has been a significant increase in the number of cancers world-
wide; the number of new cancer cases worldwide is predicted to reach 21.6 million by
2030 [1]. Therefore, it remains of capital importance to accurately, rapidly, quantitatively,
and non-invasively identify cancerous lesions with their malignancy. The current golden
standard for such diagnosis is the histopathology examination following tissue removal
procedure [2]. During the inspection, the pathologist evaluates the stained tissue sections
under a microscope. However, this method requires a complex process and well-trained
pathologists, which poses challenges in terms of speed and objectivity. Recently, optical
biopsy has been attracting much attention as a new method to achieve accurate, rapid,
quantitative, and non-invasive histopathological diagnosis [2]. Such a method relies on the
inspection of various tissue information, e.g., the morphology and the chemical composi-
tion, that can be analyzed with a cellular resolution by using multiple optical measurement
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techniques. For example, Raman spectroscopy and infrared spectroscopy can provide
molecular information about the lesion, while optical coherence tomography can probe the
lesion in depth [2].

Currently, as well as such optical techniques, terahertz light (Frequency: 0.1–30 THz)
imaging is attracting great interest as a new approach for cancer tissue biopsy [3]. Biosens-
ing with terahertz light has several advantages for pathological assessment. At first, it
can detect differences in cell density associated with cancer cell proliferation [4]. The
cell density is one of the important factors for quantitative cancer detection. Secondly,
differences in tissue hydration level can be detected [5]. It was suggested that the hydration
content in cancer lesions is higher than that found in normal tissues [6]. Finally, it is
possible to detect molecular information related to cancer lesions. It has been reported
that tryptophan, a protein related to the degree of proliferation of cancer cells, absorbs
terahertz light whose frequency is around 1.4 THz [7], while cancer methylated DNA
has an absorption peak around 1.6 THz [8]. In addition, terahertz light has a low risk to
ionize and damage biological samples at the power commonly used for terahertz biosens-
ing, owing to its low photon energy (1 THz ≈ 4 meV) [9]. Terahertz imaging thus can
visualize morphological, physiological, and some-molecular-complex information of bio-
logical tissues [10]. These advantages may make it possible to detect various cancer lesions,
accurately, rapidly, quantitatively, and non-invasively without stain process required in
conventional optical imaging [11–16]. Although the terahertz technology is expected to
play an important role in the biopsy for cancer tissues, its low spatial resolution is one
of the critical limitations. The resolution of terahertz imaging, which is dictated by the
diffraction limit, is usually of a few millimeters. Hence, terahertz imaging can hardly
resolve entities at the cellular level, and suffers from sub-terahertz-wavelength-scale inho-
mogeneity of the biological samples [17,18]. Consequently, the use of such a technology for
tissue biopsy remains under study. In recent years, to solve the problem, researchers have
proposed various high-spatial-resolution terahertz microscopes, employing subwavelength
apertures/tips [19,20], attenuated total reflection [18], solid immersion lens [10], photonic
jet [21], waveguides [22], or detectors close to a sample [23,24]. While the advanced tera-
hertz systems have successfully enhanced spatial resolution up to nanometric level, most
of them require sub-wavelength probes (long scanning time, severe optical alignment)
and/or high-performance terahertz emitters/detectors (high cost, large). These drawbacks
make it difficult to apply the terahertz microscopes to biomedical imaging.

To realize microscopic terahertz biomedical imaging, we have developed a near-field
optical microscope with terahertz light named scanning point terahertz source (SPoTS)
microscope [25,26]. In this microscope, terahertz light is generated in the process of optical
rectification by irradiating a nonlinear optical crystal (NLOC) with femtosecond (fs) laser
pulses. By focusing the laser beam near the NLOC surface, a point terahertz source
with a diameter close to the laser beam is generated. Since the spatial resolution of the
SPoTS microscope is not determined by the wavelength of terahertz light but by that of
fs laser, terahertz microscopic imaging can be performed with micrometer-scale spatial
resolution by setting the samples near the point terahertz source. Moreover, high-speed
terahertz imaging is done by two-dimensional scanning of the point terahertz source with
a galvanometer. Indeed, we have achieved transmission/reflection terahertz imaging with
a spatial resolution of 10 µm, a broad frequency range up to ~3 THz, a dynamic range
of ~500, and a maximum imaging speed of 4 s/image (128 × 128 pixels) [25,26]. Thus,
unlike the abovementioned terahertz microscopes, the SPoTS microscope enables high-
speed micrometric-spatial-resolution terahertz imaging without sub-wavelength probes
and expensive large terahertz components. It indicates that the SPoTS method provides
more practical (high-speed, lower-cost, compact, and simply measurable) terahertz near-
field microscopy and therefore be suitable for biomedical imaging. We have already
demonstrated terahertz microscopy on various biological samples [25–30]. Particularly, in
our recent study, it was found that paraffin-embedded ductal carcinoma in situ (DCIS),
which is a small (50–500 µm), early-stage human breast cancer, can be distinguished from
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invasive ductal carcinoma (IDC) and benign tissues in terahertz near-field images [31].
The discrimination was achieved based on the micrometric differences in cell densities
found within the biological samples. Although most studies of terahertz cancer imaging
to date have only measured macroscopic differences in cell density above the millimeter
level [4,32–34], our previous results indicate that such terahertz cancer detection based on
the cell density can be conducted at the micrometric level using the SPoTS microscopy. On
the other hand, we focused only on the discrimination between different types of cancer
lesions (DCIS and IDC) in the previous study [31].

In this study, to evaluate the usefulness of terahertz microscopic imaging for cancer
tissue biopsy in greater detail, we demonstrated the visualization of subwavelength-scale
inhomogeneity of cancer cell densities in a single type of human cancer lesion using the
SPoTS microscope. Concretely, we performed near-field terahertz imaging on paraffin-
embedded human breast cancer tissues (invasive ductal carcinoma), which have the inho-
mogeneity of cancer cell densities. In addition, by conducting pixel analysis of obtained
terahertz near-field images, we quantitatively evaluated the terahertz microscopic atten-
uation against cell density. As a result, it is found that the micrometric (several hundred
microns) inhomogeneity of the cancer cell densities can be visualized in the terahertz
images in both transmission and reflection modes. This outcome may break through the
limitation of terahertz imaging in terms of the spatial resolution and may open up the
possibility of the terahertz technology for cancer tissue biopsy.

2. Setup of Terahertz Near-Field Microscopy System

Figure 1a shows the schematic illustration of the SPoTS microscope. The optical source
for terahertz-light generation and detection is a femtosecond (fs) fiber laser (TOPTICA
FemtoFiber pro IR: center wavelength of 1.56 µm, maximum power of 350 mW, pulse
width of 100 fs, and repetition rate of 80 MHz). The laser beam is divided into pump and
probe beams. The pump pulse is modulated via an optical modulator and irradiates a
(110)-oriented GaAs crystal with a 500-µm-thickness for terahertz generation [35]. The
pump pulse is focused near the upper surface of the crystal, and thereby a point terahertz
source is created at the laser-focusing spot of approximately φ10 µm by optical rectification
effect [36]. The measured sample is placed in the near-field domain of the point source,
i.e., on the upper surface of the GaAs crystal. Then, the localized, intense-terahertz pulse
beam emitted from the source is transmitted through the sample, or is reflected at the
interface between the sample and the GaAs crystal. Note that the beam diameter of the

generated terahertz pulse beam φ(z) is defined as φ(z) = φ(0)
√

1 + {λTHz· z/(π·φ(0))}2,
where z, φ(0), and λTHz are distance from the bottom face of the GaAs crystal, initial
terahertz beam diameter and center wavelength of incident terahertz beam, respectively.
From this equation, it is necessary to obtain higher spatial resolution by shortening the
propagation distance of terahertz light inside the crystal; thinner crystals and focusing the
laser beam at the output surface of the crystal by using a high NA lens are desired [25].
The terahertz light is eventually detected by a spiral-shaped low-temperature-grown (LT-)
GaAs photoconductive antenna (PCA). The detector is driven by the probe pulse, whose
wavelength is converted from 1.56 µm to 780 nm by a periodically poled-LiNbO3 (PPLN)
crystal. We can obtain terahertz transmission and reflection time-domain waveforms of the
sample by monitoring the amplitude of the terahertz pulses while moving a delay stage.
Figure 1b shows typical terahertz time-domain waveforms in transmission and reflection
mode obtained at the GaAs bare region (i.e., no sample). Their corresponding frequency
spectra are also shown in Figure 1c. The terahertz light pulses obtained in transmission
and reflection modes have broad frequency ranges up to 4 THz and 2.5 THz, respectively.
It is noted that the remarkable absorption peaks, observed at 1.17 THz and 1.66 THz, are
due to water vapor [37]. In terahertz imaging measurement, the delay-stage is fixed at the
highest positive peak of the terahertz time-domain waveform (around 4 ps in Figure 1b).
The terahertz imaging is performed by the high-speed two-dimensional scanning of the
point terahertz source over the GaAs in the X–Y direction using a galvanometer. Before
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the measurements, we evaluated the spatial resolution of the SPoTS microscope. Figure 2a
shows the terahertz reflection image of a 9 µm gold interdigitate structure fabricated
on the GaAs crystal. The metallic and bare GaAs regions were clearly visualized on a
micrometer scale. This provides the evidence that the spatial resolution of the SPoTS
microscope is correlated with the beam diameter of the focused laser beam (φ10 µm). The
similar image could be also observed in the transmission mode (Not shown here). Thus,
terahertz imaging with a spatial resolution of 10 µm is possible in both transmission and
reflection modes. In addition, since the laser beams are scanned over the GaAs crystal
two dimensionally and the generated terahertz beams are guided to the one-dimensional
PCA detector, the field-of-view (FOV) of the microscope is limited. Figure 2b,c show
the terahertz transmission images when no samples are set on the GaAs crystal in wide
(1.1 mm × 1.1 mm) and narrow (280 µm × 280 µm) scanning modes, respectively. Line
profiles along the white dashed lines inserted in the terahertz images are shown above the
images. As can be seen, the uniform terahertz background signals are limited to an area of
approximately 280 µm × 280 µm. Therefore, the field-of-view (FOV) of the microscope is
estimated to be approximately 280 µm × 280 µm. This makes difficult to image large scale
samples. Therefore, acquisition of the terahertz image beyond the FOV is conducted by
the combination of several terahertz images in the size of the FOV. In the measurements,
the terahertz image at the bare region of the GaAs is firstly measured as a reference and
then the terahertz images at the sample regions are measured. Finally, a differential image
between those two images are calculated. The details of the SPoTS microscope and image
acquisition process are described in our previous reports [25,26,31].
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narrow (280 µm × 280 µm, Field of view) scanning mode with a line profile along the white dashed
line inserted in each image.

3. Sample Information

To obtain good coupling of terahertz light and tissue samples, we employed a formalin-
fixed paraffin-embedded (FFPE) human breast cancer tissue directly deposited on the
GaAs terahertz-emitter crystal. Figure 3a shows an optical image of a 30-µm-thick FFPE
human breast tissue section deposited on a 500-µm-thick GaAs crystal as well as its cross-
sectional view. The breast tissue sample was excised from a 44-year-old woman. The
formalin-fixation and paraffin-embedding technique was used for the preservation of the
tissue sample without alteration for a relatively long time [38]. Figure 3b presents the
corresponding hematoxylin, eosin, and saffron (HES) section of the sample. Pink-stained
regions depict cell cytoplasms. Orange/yellow regions correspond to fibro-collagenous
tissue. Purple-stained areas denote the presence of nucleic acids/nuclei, and white regions
correspond to adipose tissues and/or retraction artifacts. As seen in the stained image, the
sample includes DCIS and IDC that are pathologically identified, and other normal tissues
such as collagen fibers and retraction artifacts. Note that lipids were purged from the
adipose tissues, during the clearing process. The type of invasive carcinoma is hormone-
receptor-positive/ERBB2-negative [39]. In this study, terahertz imaging was performed
on a region of the unstained-tissue sample highlighted by white solid lines in Figure
3a. This region contains fibrosis, retraction artifacts, DCIS, and IDC having micrometric
inhomogeneity of cancer cell densities, according to Figure 3b.
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imaging was conducted in the region surrounded by solid white lines in (a). The corresponding region is also depicted by
solid black lines in (b) for comparison.

4. Results and Discussion

Figure 4 shows the (a) HES-stained, (b) optical, and (c) terahertz transmission images
of the tissue area highlighted in Figure 3. In the HES image, DCIS and IDC lesions are high-
lighted by purple and blue dashed lines, respectively. Fibrous-tissue region corresponds
to the orange/yellow-stained area between the two malignant structures. At first, in the
terahertz transmission image of Figure 4c, it is found that the terahertz amplitudes are
lower in the cancerous tissues than in the fibrous tissue (benign tissue area), and the fibrous
region approximately 100 µm wide between the DCIS and the IDC is clearly visualized. In
the cancerous lesions, the terahertz amplitudes in the DCIS region tend to be smaller than
those in the IDC region, and inhomogeneous terahertz amplitude distribution is observed
in each region. For clarity of these points, we applied a histogram-equalization process,
which is one of the well-known methods for enhancing the contrast of digital images [40],
to the terahertz image of Figure 4c. Figure 4d shows the histogram-equalized terahertz
transmission image reproduced by commercial software (Origin Pro 2021). Compared with
the original image of Figure 4c, we are able to more effectively visualize the distinction
between the IDC region and the DCIS region as well as the inhomogeneities of the terahertz
amplitude distribution in each region. In the DCIS compartment, terahertz amplitudes
are locally high in the area designated by the white dashed box in Figure 4d. This may be
affected by an abnormal paraffin state, probably arising from some paraffin removal in the
region during the sample fabrication. Indeed, in the corresponding area highlighted by
the white dashed box in the optical image of Figure 4b, there is something like a crack. On
the other hand, especially at the edge of the DCIS (closer to the fibrous region), terahertz
amplitudes are lower than in other regions. In the IDC compartment, although there are
no such noticeable artifacts, terahertz amplitudes increase in the central area with a size
of several hundred microns, highlighted by the white dashed circle in Figure 4d. From
Figure 4e displaying a line profile along the yellow dotted line inserted in the image, it is
estimated that the width of the central area is approximately 250 µm. To investigate these
phenomena in detail, we divided the IDC lesion into three regions (IDC 1-3) as depicted
in Figure 4a. In addition, as shown in Figure 4f, we calculated the average pixel values
(APVs) of the terahertz amplitudes of the corresponding regions in the terahertz image of
Figure 4c. The error bars show their standard deviations (SDs). Concretely, the APVs with
their SDs for the different tissues are as follows. (The numbers in parentheses indicate the
total number of pixels used in the average calculation. The pixels corresponding to the
area of the aforementioned artifacts in the DCIS were excluded from the calculation.) DCIS:
0.369 ± 0.0577 (209,111), IDC 1: 0.383 ± 0.0601 (212,666), IDC 2: 0.380 ± 0.0502 (271,569),
IDC 3: 0.406 ± 0.0467 (36,954), Fibrous: 0.464 ± 0.0580 (62,176). It can be quantitatively
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understood that the APVs become smaller in the order of DCIS < IDC < Fibrous. We also
found that the APV in IDC 3 is approximately 0.02 higher than those in IDC 1 and IDC 2.
For IDC 1 and IDC 2, the difference in the APVs is 0.003.
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Figure 4. (a) Hematoxylin-eosin-saffron (HES), (b) Optical, (c) Terahertz-transmission, and (d) Terahertz-transmission
(histogram equalized) images of the tissue region highlighted in Figure 3a,b. Histogram equalization was performed
by using an image processing function of Origin Pro 2021 (OriginLab Corporation, Northampton, MA, USA). (e) Line
profile along the yellow dotted line inserted in (d). (f) Averaged pixel values (APVs) of each tissue in the transmission
terahertz image of (c). Error bars indicate the standard deviations. Corresponding reflection terahertz images, line profile,
and APVs are displayed in (g–i). The terahertz images were obtained at the highest positive peaks of the time-domain
terahertz waveforms. In the HES image, the DCIS and IDC compartments are highlighted by purple and blue dashed lines,
respectively, and the fibrous region corresponds to the orange/yellow-stained area between these two malignant regions.

Next, Figure 4g presents the reflection terahertz image of the tissue area highlighted
in Figure 3. Contrary to the transmission one, it is found that the terahertz amplitudes
are higher in the cancer tissues than in the fibrous tissue. Interestingly, the amplitudes
in the IDC 3 are lower than the other IDC areas, allowing a clear distinction between the
IDC 3 and other IDC region without the histogram-equalization used in the transmission
mode. Figure 4h shows a line profile along the yellow dotted line inserted in the terahertz
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image. Despite a lack of the histogram-equalization, we can estimate that the width of
the IDC 3 is approximately 250 µm, which is consistent with the transmission results. As
in the transmission image, the inhomogeneous terahertz amplitude distribution in the
DCIS region was also observed. The APVs corresponding to the DCIS, IDC (1-3), and
fibrous regions in the reflection image are presented in Figure 4i, as well as their SDs. The
APVs with their SDs for the different tissues are DCIS: 0.442 ± 0.1006 (33,130), IDC 1: 0.441
± 0.0944 (34,328), IDC 2: 0.426 ± 0.0958 (44,146), IDC 3: 0.363 ± 0.0869 (7114), Fibrous:
0.348 ± 0.0909 (32,595). In the data, the APVs become higher in the order of DCIS > IDC >
Fibrous. In addition, the APV of IDC 3 is more than 0.05 lower than that of IDC 1 and IDC
2. Further, the value of IDC 1 is 0.015 higher than that of IDC 2. It is noticed that the SD
values of the tissue APVs are large with respect to the aforementioned differences between
the APVs. In order to more accurately confirm that these APV differences are relevant,
additional experiments with a larger set of samples will be required.

The above results show that the terahertz reflection imaging can distinguish three
tissue regions more sensitively compared to the transmission imaging, and the attenuation
of terahertz light increases in the order of DCIS > IDC > fibrous tissue. It is also found that
the degree of the terahertz attenuation differs depending on the location within the IDC
with several hundred microns. Regarding the IDC 1 and the IDC 2, the terahertz attenuation
is higher in IDC 1 in the reflection data while it is almost the same in the two regions in
the transmission data. To discuss the cause of these results, we prepared the HES-stained
images at the cellular level of each region as shown in Figure 5. Each region corresponds to
the area highlighted by the yellow box in Figure 4a. Here, we focus on the cell nucleus in
the size of approximately 5 µm, which is stained in purple. In the cancerous area, the cell
density is high owing to abnormal proliferation of malignant cells, and therefore the cell
nuclear density also tends to be high compared to benign tissue. As seen in Figure 5a, the
DCIS compartment is filled with many cancer cell nuclei, and the density of cell nuclei is
the highest among all tissues. On the contrary, the fibrous (benign) tissue in Figure 5e has
the lowest density of the cell nucleus. This region is almost completely filled with orange-
stained collagen fibers and contains sparse stromal cells characterized by their small purple
nuclei. The IDC compartment has a nuclear density intermediate between the DCIS and
the fibrous tissue, as shown in Figure 5b–d; however, there are differences (inhomogeneity)
in the cancer cell nuclear density in IDC 1, 2, and 3. Specifically, the cell-nuclear density
increases in the order of DCIS > IDC 1 > IDC 2 > IDC 3 > Fibrous tissue. Since the cell
nucleus contains a large number of nucleic acids in a small area, they are denser than other
biological components [41]. This would lead to higher attenuation (absorption and/or
scattering) of terahertz light in regions with high cell nuclear density. In fact, many terahertz
imaging studies of various paraffin-embedded cancer tissues have reported that there is
a correlation between cell nuclear density and terahertz response [4,32–34]. Hence, the
phenomenon that the terahertz attenuation increases in the order of DCIS > IDC 1,2 > IDC 3
> Fibrous tissue is considered to be primarily attributed to the cell density. Particularly, the
IDC 3 area of which width is approximately 250 µm was successfully distinguished from
other IDC areas thanks to high-spatial-resolution terahertz imaging. It indicates the SPoTS
microscopy can evaluate sub-terahertz-wavelength-scale inhomogeneity of the cancer cell
density. As for IDC 1 and IDC 2, because IDC 1 has a slightly higher nuclear density than
IDC 2, the terahertz attenuation in the IDC 1 is expected to be higher than that in the IDC 2.
In the reflection data, the terahertz attenuation is indeed higher in IDC 1. However, in the
transmission data, the attenuations in the two regions are almost the same. This may be due
to heterogeneity in the paraffin embedding over the sample; transmission measurement
is susceptible to such artifacts because the configuration has a longer interaction length
between terahertz light and the sample than the reflection configuration. The phenomenon
indicates that the sensitivity in the reflection mode is better than that in the transmission
mode. Other factors such as certain biomarker proteins may affect the result, but we
have not yet identified them. It will clarify the factors by conducting detailed analysis
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in combination with existing technologies such as principal components analysis in the
future [42].
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Figure 5. HES images of (a) DCIS, (b) IDC 1, (c) IDC 2, (d) IDC 3, and (e) Fibrous tissue at the cellular level, as shown in the
yellow boxes in Figure 4a.

Finally, by conducting terahertz near-field imaging with the SPoTS microscope, we
succeeded in label-free visualization of sub-terahertz-wavelength scale (~250 µm) inhomo-
geneity of the cancer cell densities in a single type of cancer lesion (IDC). Reflection imaging,
since it is less affected by sample artifacts, achieved the mapping of the inhomogeneity
more accurately than transmission imaging. Although the accuracy of the transmission
imaging is rather low at this time, the image processing (histogram equalization) allowed
us to observe the inhomogeneity more clearly. These results indicate that the terahertz
microscopic imaging technique may be useful for label-free tissue biopsy.

5. Conclusions

To examine the utility of terahertz imaging in a cancer tissue biopsy, we performed
terahertz near-field imaging of paraffin-embedded human breast cancer tissue using the
SPoTS microscope with 10 µm spatial resolution, focusing on the label-free observation of
sub-terahertz-wavelength-scale inhomogeneity of cancer cell density in a single type of
cancer lesion. It is found that both transmission and reflection terahertz near-field images
allowed us to visualize micrometric (~250 µm) inhomogeneities of cancer cell density in
IDC lesion without staining. In the transmission imaging measurement, the accuracy of
the tissue evaluation was improved by performing the histogram-equalization process
on the acquired images, while in the reflection imaging measurement, it was found that
sufficient tissue evaluation can be performed without the image processing. In this study,
we measured paraffin-embedded samples used for post-operative pathological assessment,
but it will be necessary to measure hydrated tissue samples for practical applications such
as intraoperative biopsy. For this purpose, we need to improve the performance of the
SPoTS microscope and to increase the spatial resolution of acquired images by introducing
artificial-intelligence technology. In addition, precise determination of optical constants of
biological tissues in the terahertz regime on a sub-terahertz wavelength scale may also be
achieved for detailed analysis of cancer tissues. Such attempts may enable micrometric-
scale characterization not only of cell density, but also of other cancer-related information
(e.g., tissue hydration level and specific biomarker proteins) using terahertz imaging
technique without stain process required in conventional diagnostics. The results obtained
in this study, which are still preliminary data, could overcome the challenge of terahertz
imaging in terms of the spatial resolution and could motivate the application of terahertz
imaging for tissue biopsy for cancer detection and other microscopic biomedical research.
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