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Abstract: We present a completely label-free three-dimensional (3D) optical coherence to-
mography (OCT)-based tissue dynamics imaging method for visualization and quantification of
the metabolic and necrotic activities of tumor spheroid. Our method is based on a custom 3D
scanning protocol that is designed to capture volumetric tissue dynamics tomography images
only in a few tens of seconds. The method was applied to the evaluation of a tumor spheroid. The
time-course viability alteration and anti-cancer drug response of the spheroid were visualized
qualitatively and analyzed quantitatively. The similarity between the OCT-based dynamics
images and fluorescence microscope images was also demonstrated.
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1. Introduction

Recently, precision medicine-based disease treatment has attracted the attention of medical
researchers. This protocol takes the genes, the environment, and the life style variability of each
patient into account to enable accurate therapy for specific diseases [1].

Cancer is a disease with one of the highest fatality rates worldwide [2]. Cancer can be caused
by abnormal proliferation and mutation of several cell types, which mean that there are hundreds
of types of cancer that depend on the type of cell that becomes cancerous. As a result, cancer
types vary from patient to patient [3]. Survival rates from cancer can be increased by early
diagnosis and optimal selection of anti-cancer drugs for individual patients. Therefore, precision
medicine could be useful for cancer treatment.

One of the most important precision medicine strategies for cancer treatment is to mimic the
living tissues by ex vivo culturing of patient-derived cancer cells to form a three-dimensional
(3D) multi-cellular tissue called a patient-specific tumor spheroid [4,5]. These tumor spheroids
emulate in vivo solid tumors more closely than 2D monolayer tumor models, because of their
heterogeneous structures, growth kinetics, and cell interactions. Therefore, these spheroids
are useful for gaining a deeper understanding of the tumor biology, and are also useful for the
anti-cancer drug investigations by measuring its responses to particular drugs [6-8].

Assessments of tumor spheroids can be performed by several conventional methods. Staining
histology is one conventional imaging modality used for tumor spheroid evaluation [9—11].
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However, this method is destructive because it requires the tissue to be sliced, which may damage
the tissue’s micro structures and even alter the functionality of the tumor cells. In addition, this
histology imaging method only provides 2D images, which are not sufficient for the evaluation of
3D spheroids.

Fluorescence microscopy is a gold standard modality for tumor spheroid tissue viability and
tumor spheroid-based drug response evaluation [7,12—14]. However, fluorescence imaging
requires the use of fluorophores as markers, which will then disturb the cellular environment.
In addition, this method may suffer from photo bleaching, which will reduce the quantitative
assessment capability of the method [15,16]. Furthermore, deep tissue imaging cannot be
performed by fluorescence microscopy because of its limited imaging penetration depth.

Time-course tracking of alterations in tissue morphology through microscopic imaging
processes has been used for tumor spheroid-based anti-cancer drug selection [17,18]. These
methods are based on use of a bright field microscope and a fluorescence microscope, which
means that the tissue specificity is weak and the method is not really quantitative. Because of
these limitations, this method requires several days or even weeks to select the appropriate drugs.
This long selection time may thus have a negative effect on the cancer survival rate.

The limitations of the conventional methods described above are summarized as follows. First,
these methods are invasive, i.e., we cannot assess the cells in their real natural condition. Second,
these methods do not have a volumetric imaging capability. These limitations can be partially
overcome by using optical coherence tomography (OCT). OCT is a nondestructive, label-free,
high-resolution, and volumetric imaging modality with an imaging depth of a few millimeters
[19]. A microscopic version of OCT called optical coherence microscopy (OCM) has been used
previously to perform cellular-scale imaging [20-22].

However, conventional OCM can only visualize the morphology of the samples. Therefore,
OCM is also not suitable for the spheroid evaluation. To enable use of OCM as a spheroid
evaluation tool, it is necessary to extend the contrasts of OCM. Polarization-sensitive OCT [23-28]
has been shown to give specific contrasts for collagen and melanin. Attenuation coefficient (AC)
imaging has proved to be sensitive to tissue density [29-31]. In addition, optical coherence
elastography [32-34] can assess the mechanical properties of samples.

Among the existing contrast extensions for OCT, tissue dynamics imaging is an recently
emerging modality. This method visualizes and quantifies the sub-cellular motion of the tissue,
which is closely associated with both cell function and cell viability. En face dynamics OCT has
been demonstrated to enable visualization of the tissue metabolism by combining time-domain
full-field OCT with time-spectroscopic analysis [35-38]. Cross-sectional dynamics imaging has
also been performed [39,40] by combining scanning OCT with time-spectroscopic analysis. We
have recently demonstrated tumor spheroid evaluation via the temporal variance and decorrelation
of the OCT signal intensity [41,42]. Although these methods are useful for the assessment of
tissue and cell functions, they are all 2D imaging methods and thus can not be used for volumetric
evaluation of the spheroid. There have been some demonstrations of 3D dynamics imaging
[39,43], but these modalities requires long measurement times [39] or the use of an elaborate
ultra-fast OCT system [43].

In this paper, we demonstrate 3D dynamics OCT imaging of tumor spheroids. The volumetric
dynamics imaging is achieved using the combination of a standard speed (50,000 A-lines/s) OCT
system and a newly developed scanning protocol. The utility of our method has been investigated
via two types of study that involved human breast cancer cell spheroids. The first is a time-course
longitudinal volumetric evaluation of the spheroids. The second is the evaluation of spheroid
viability under anti-cancer drug application. These evaluation consists of not only the volumetric
visualization but also quantitative analysis of the entire spheroid volume.
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2. Principle: 3D dynamics OCT imaging
2.1. OCT device

A polarization-sensitive Jones matrix swept-source OCT system is used to perform the 3D tissue
dynamics imaging [44,45]. The central wavelength of this system is 1.3 um and its scanning
speed is 50 kHz. Our system provides an axial resolution of 14 um in tissue, while its lateral
resolution (1/e2-width) is 19 um. The lateral and axial pixel separations are 1.95 um and 7.24
um, respectively. The complete system specification has been published previously elsewhere
[42,44]. Although this system is polarization sensitive, its polarization imaging capability is
not used in this study. Only the average intensity of four OCT images from the system’s four
polarization channels is used to perform the dynamics imaging.

2.2. Scan protocol for 3D dynamics OCT imaging

Figure 1 shows a schematic of the scan protocol used for 3D tissue dynamics imaging. The basic
concept of our protocol involves splitting the en face plane into eight groups, where each group
consists of 16 locations in the tissue, as illustrated in Fig. 1(a). The first group is scanned by
raster scanning and this procedure is repeated for 32 times in 6.55 s as shown in the time chart
[Fig. 1(b)]. So, each location in the first group is scanned 32 times in 6.55 s (6.554 s to be exact),
which leads to a B-scan repetition time of 204.8 ms. Then the slow scanning mirror moves to
the next group and the same scanning pattern is then used to scan this group. The same process
is repeated for the other groups. Finally, a volume composed of 128 locations in the tissue is
captured in 52.4 s. The scanning area has dimensions of 1 x 1 mm?, the total number of B-scans
per unit volume is 4,096 B-scans, and each B-scan consists of 512 A-lines.
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Fig. 1. Schematic diagram of the 3D dynamics scanning protocol. (a) The protocol repeats
a raster scan 32 times over the area of each group. (b) Time chart for the scan pattern.

2.3. Signal processing for tissue dynamics imaging

To evaluate the 3D tissue dynamics, we used our previously demonstrated OCT time-sequence
signal analysis methods, which are described below.
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2.3.1. Logarithmic intensity variance (LIV)

The logarithmic intensity variance (LIV) is the time variance of the log (-dB)-scale OCT time
sequence signal at each pixel in the image.

N-1
1
LIV(x,2) = > Hap(x,2,1) = (an(x 2)), 1, (1
N i=0
where ¢; is the sampling time of the i-th frame, where i = 0, 1, 2,...., N-1, and N is the total

number of frames used to perform the computation. (), represents the average of the repeated
B-scans intensities over the acquisition time 7 at the same location within the tissue. The LIV is
sensitive to the magnitude of the OCT signal fluctuations. Further details about the LIV have
been published elsewhere [42]. The LIV volume of 128 B-scans performed at 128 different
locations in the tissue is obtained by computing Eq. (1) at each location using the sequentially
captured B-scans (N = 32) that were acquired using the 3D protocol described in Section 2.2.

2.3.2. Late OCT correlation decay speed (OCDS;)

The late OCT correlation decay speed (OCDS;) is the slope of the autocorrelation decay curve at
late delay times. OCDS; is sensitive to the slow tissue dynamics and the correlation decay analysis
method is described in detail in our previous publication [42]. In that previous publication,
the autocorrelation function was computed at each pixel using 350 frames, which meant that
each autocorrelation function is computed from 350 data points. In contrast, the 3D acquisition
protocol proposed in this paper can compute the autocorrelation function from only 32 frames.
The use of this small number of data results in a noisy autocorrelation decay curve, as exemplified
by the curve shown in Fig. 2(a), and thus results in a noisy OCDS; image. To overcome this noisy
decay profile, we have revised the computation of the autocorrelation function by using a small
spatial kernel, which results in a smooth decay curve, as shown in Fig. 2(b).
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Fig. 2. Examples of the autocorrelation decay curves. (a) shows the correlation when
computed with a spatially non-extended (single pixel) kernel, while the curve in (b) is
computed with the 2 X 4 pixels kernel.

The autocorrelation function of the OCT time sequential signal is computed as follows

Cov [1yp(x, z, 1), Lap(x, 2, t; + T7)]
Var [Ip(x, z, 1;)] Var [Iyp(x, 2, t; + 7))

pa(Tisx,2) = )
where the numerator represents the covariance between I;p(x, z, t;) and I;5(x, z, t; + 7;), and Var][ |
represents the variance. 7; is the delay time defined as iAz, where i is an integer variable. At is
the B-scan repetition time, which is 204.8 ms in this case.
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By substituting in the covariance and the variances and computing them over a kernel with a
size of (k x ), Eq. (2) can then be written as

Sk X X Has (62 10) = Lap(x, 2, t)[Lap(x, 2, 1 + 77) = Lap(x, 2, 1; + 73)]
kl(t — ;)
S 2 2 Uas(x, 2. 1) = Lap(x, 2. 0) 1 2y Xy 28 Hap (e, 2. 1 + 70) = Lap(x, 2, 1 + 7))
kl(t — 77) kl(t — ;)
Sk X 2 Hap(x 20 10) = Lap(x, 2, ) s (x, 2, & + ) = Lp(x, 2, 1 + 77)]

i 2 X Uap(x,zt) = Lig(r, 2, t) 1P X Xy X" Hap(x, 2,15 + 10) = Lap(x, 2,1 + 72) ]

pa(Tiix,2) =

3

where 7 is the maximum delay time.

Equation (3) was implemented using a fast Fourier transform-based method (see [46] and the
Appendix of [47]). In our particular case, the spatial kernel size was 2 X 4 pixels in the axial and
lateral directions, respectively. The OCDS; is then computed as the slope of the autocorrelation
curve over the delay range of 7,= [204.8, 1228.8 ms].

The tissue dynamics images are displayed as hue, saturation, value (HSV) color maps in
which the dynamics value (i.e., the LIV or OCDS;) is set as the hue channel, the OCT intensity
represents the value channel, and the saturation is set as 1 for all the pixels.

2.4. Comparison between cross-sectional and volumetric dynamics imaging

In our previous cross-sectional dynamics imaging approach, the system captured 350 B-scans at
the same location in the tissue in 4.48 s [42]. The data size and the data acquisition time were
suitable for use in cross-sectional imaging, but use of the same protocol for 3D volumetric data
acquisition, which requires scanning of more than 100 locations in the tissue, would require
several minutes. This long acquisition time is not practical for use in real-world applications.

However, by performing the optimization analysis that was described in the same article
(Section 5.3), it was found that acquisition of 17 or 33 frames per location would be sufficient
to perform tissue dynamics imaging if the time separation between the first and last frames
was sufficiently long, e.g., 6.55 s. This motivated us to formulate the 3D scan protocol used in
this work, which allows volumetric dynamics imaging to be performed with acquisition of a
significantly smaller number of frames for each location than in the previous method, as described
in Section 2.2.

Table | summarizes the main points of comparison between our previous 2D cross-sectional
dynamics imaging scan protocol [42], and the newly proposed volumetric scan protocol. As the
table shows, the new volumetric scan protocol can investigate 128 locations within a realistic
acquisition time (52.4 s), while the old protocol would take more than 10 times that acquisition
time for the same task. The rapid acquisition capability of the new protocol thus enables its use
in volumetric dynamics imaging.

Table 1. Comparison of cross-sectional and volumetric dynamics imaging

methods.

Old 2D protocol [42] ~ New volumetric protocol
Number of frames per location 350 B-scans 32 B-scans
Acquisition time for 128 locations 573.44 s 52.4s
Volumetric quantification Not realistic Yes
Inter-frame time separation 12.8 ms 204.8 ms
Fastest measurable dynamics 39.06 Hz 244 Hz
Slow dynamics (hundreds of ms) Measurable Measurable
Fast dynamics (tens of ms) Measurable Not measurable
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However, the fastest measurable dynamics signal of the new protocol is at a frequency of only
2.44 Hz, whereas it is at a frequency of 39.06 Hz with the old protocol. Therefore, the new
protocol is not compatible with our previously demonstrated “early OCT correlation decay speed
(OCDS,)” approach [42]. The development of a volumetric scan protocol that is compatible with
OCDS,will thus be a part of future work.

3. \Validation studies: tumor spheroid 3D tissue activity quantification
3.1. Samples and protocols

To evaluate the proposed 3D tissue dynamics method, we have used human breast adenocarcinoma
spheroids (MCF-7 cell line). Two studies were organized to complete this validation process.

The first study (Study 1) included time-course imaging of the MCF-7 tumor spheroid for up to
20 h. This study was organized to validate the longitudinal imaging capability of the proposed
method. Human breast-derived tumor cells have been seeded in 96-well ultra-low attachment
plate to form the tumor spheroid. 1,000 cells per well were cultured to form the 3D tumor
spheroid. The cell culture medium contained Eagle’s minimal essential medium (EMEM)/F12
(1:1) (Invitrogen, Waltham, MA) with a 2% B-27 supplement (Invitrogen), 2 ng/mL of basic
fibroblast growth factor (bFGF; Wako, Osaka, Japan), 2 ng/mL of epidermal growth factor (EGF;
Sigma-Aldrich, St. Louis, MO), 100 U/mL of penicillin G, and 0.1 mg/mL of streptomycin
sulfate (Wako, Osaka, Japan). After 15 days, a spheroid with a diameter of approximately 500 pm
is formed. On day 15, the spheroid was extracted from the cultivation environment, stored in the
same culture medium, and 30 min after extraction, 3D OCT measurements were performed at a
room temperature of 25°C every 4 h up to 20 h. Notably, during the spheroid cultivation process,
the samples were supplied with CO,, while there was no CO,supply during OCT measurement.
Particular protocols were not used to avoid the contamination during the measurement.

The second study (Study 2) represents the drug response evaluation of the MCF-7 spheroid. In
this study, 500 tumor cells per well were seeded in six wells of 96 well plate. After four days, six
spheroids were formed in six wells. The samples were divided into two groups, with each group
containing three spheroids. One of the three spheroids from each group is kept as a control and
the other two spheroids were treated with 0.1 uM and 1 uM of Paclitaxel (PTX, Taxol). The first
group was incubated with the drug for 24 h and then measured using the fluorescence microscope
described in Section 3.2, and then the 3-D OCT measurements were performed. The second
group was incubated for 72 h and then measured in the same manner as the first group. Note that
all the samples were seeded at the same time. This means that the control sample of the 72 h
treatment group was cultured for 48 h longer than the control sample of the 24 h treatment group.

3.2.  Fluorescence microscopic imaging

Fluorescence microscopic imaging was performed using a THUNDER imaging system (Leica
Micro-systems, Wetzler, Germany). A microscopic objective with a numerical aperture (NA) of
0.12 was used. Two fluorophores were applied to the spheroids for 3 h before the fluorescence
microscopic measurements were taken. The first fluorophore was calcein acetoxymethyl (calcein-
AM), which stains the viable cells and emits a green fluorescence. The second fluorophore was
propidium iodide (PI), which highlights the dead cells with a red fluorescence.

3.3. Volumetric quantification of the MCF-7 spheroid

To quantify the volumetric alterations in the spheroid tissue viability in both longitudinal and
drug response studies, the spheroid volume was extracted using an OCT intensity-based mask.
The spheroid region has been selected manually but roughly using a polygon shaped region of
interest (ROI). Then, by applying an intensity threshold over this ROI, the intensity-based mask
is obtained. This process was performed for all the B-scans and a volumetric mask was thus
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obtained. The spheroid volume was then computed from this volumetric mask. The mean values
of the LIV and the OCDS; through the entire spheroid volume were subsequently computed. By
applying an empirically defined LIV and OCDS; cut-offs of 3 dB? and 2 x10~* ms™!, respectively,
the viable volume has been computed. Then the viable cell ratio is computed as the volume ratio
of the viable region over the whole spheroid; viable cell ratio = viable volume / entire spheroid
volume. Here the volumes were obtained by counting the number of pixels in the corresponding
regions.

4. Results

4.1.  Study 1: 3D time-course evaluation of MCF-7 spheroid

Figure 3 summarizes the time-course LIV imaging of the MCF-7 spheroid. The first to fourth
rows represent the cut-away volume rendering, fast scan, slow scan, and en face LIV cross-section
images, respectively. The fifth and sixth rows represent the magnified images of the volume
rendering and the en face cross-sections, respectively, at 0, 12, and 20 h time points, receptively.
The column index indicates the measurement time point for each image. It should be noted that
the locations of the cross-sectional and the en face planes were manually selected at the spheroid
center. However, it is not guaranteed that they are perfectly collocated among all the time points
because of two reasons. At first, the spheroid was immersed in a liquid, so it might be slightly
floating or rotating over time. The second, slight morphological alteration, such as increasing of
the volume, occurred as discussed later in this section.

At the 0 h time point, the volume rendering and the cross-sectional views show that the
spheroid core exhibited a low LIV signal. In contrast, the outer shell of the spheroid shows high
LIV. The tumor spheroid is well known to have a necrotic core and proliferating cancer cells are
located at the periphery of the spheroid [5,48]. The low LIV observed at the spheroid core may
thus be related to the core necrosis, while the high LIV observed at the spheroid periphery may
indicate the cell viability of the proliferating outer shell of the spheroid.

Time-course LIV shows that the size of the necrotic tissue region (with low LIV signal)
increases gradually until it reaches almost the entire spheroid volume after 20 h. This reduction
in the cell viability and increase in the size of the necrotic region may be caused by the lack
of the nutrient supply, where the spheroid has been extracted from the cultivation environment
and measured at room temperature without a CO,supply over 20 h as noted in Section 3.1. It is
noteworthy that the volume rendering images [Figs. 3(a) and 3(e)] show some scattering signals
in the culture medium especially at 16 h and 20 h. It is because the culture medium became dirty
and opaque at the late time points.

Figure 4 shows the time-course OCDS; images of the MCF-7 spheroid. Tendencies similar to
those shown in the LIV images are obtained. The low OCDS; at the spheroid core at the 0 h time
point may be related to low tissue activity at the core region, which may in turn be related to
the tissue’s necrotic cell death. In contrast, the high OCDS; observed at the outer shell may be
related to the high metabolic activity that occurs at this layer of viable cells. The time-course
OCDS; results shows a clear thinning of the high OCDS; outer shell. This thinning may indicate
degradation of the cell viability and an increase in tissue necrosis. The low OCDS; volume
increases to cover almost all the entire spheroid volume after 20 h, as shown in the magnified
OCDS; volume rendering and en face images [Figs. 4(e) and 4(f), respectively].

Figure 5 summarizes the results of the quantitative analysis of the MCF-7 spheroid time course
tissue viability alterations. The mean LIV [Fig. 5(a)], the mean OCDS; [Fig. 5(b)], and the
spheroid volume [Fig. 5(c)] are all plotted versus the measurement time points. The mean values
of both the LIV and the OCDS; are clearly decreasing over time. It should be mentioned that
the mean OCDS; [Fig. 5(b)] is lower than our previous study (Fig. 4(d) in [42]). This point is
discussed in detail in Section 5.4. On the other hand, the spheroid volume is slightly increasing
over time. Viable cell ratios based on the LIV and the OCDS; cut-offs are also plotted versus
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Fig. 3. Time-course LIV visualization of MCF-7 spheroid formed by initial seeding of 1,000
tumor cells. The first to fourth rows show time-course images of (a) the cut-away volume
rendering, (b) the cross-section along the fast scan direction, (c) the cross-section along
the slow scan direction, and (d) the en face cross-section, respectively. The fifth and sixth
rows show magnified images of (e) the volume rendering and (f) the en face cross-section,
respectively. All the scale bars represent 200 um.
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(b) Fast scan (a) Volume rendering

(c) Slow scan
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(e) Magnified Volume rendering

(f) Magnified en-face

0 OCDS; [ms-] 0.0006

Fig. 4. Time-course OCDS;of MCF-7 spheroid formed by initially seeding of 1,000 tumor
cells. The images are displayed in the same manner as those shown in Fig. 3.
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time as shown in Figs. 5(d) and 5(e), respectively. These plots show that the viable cell ratio
decreases over time.
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Fig. 5. Time-course alterations of (a) the mean LIV, (b) the mean OCDS;, (c) the spheroid
volume, and the viable cell ratios based on (d) the 3-dB2 LIV cut-off and (e) the 2 x1074
ms~! OCDS; cut-off.

A similar longitudinal measurement was performed on another MCF-7 spheroid. The protocol
was identical to Study 1 except that the spheroid was seeded with 500 tumor cells whereas it was
1,000 cells for Study 1. Similar results to those in Figs. 3—5 were obtained (see Supplement 1).

4.2. Study 2: 3D drug response evaluation of the MCF-7 spheroid
4.2.1. LIVimaging

Figure 6 summarizes the LIV imaging results of an MCF-7 spheroid that was treated with Taxol
for 24 and 72 h. The first to fourth rows [Figs. 6(a)-6(d)] show the images acquired at 24 h time
point, including the fast-scan cross-section, the en face cross-section of the LIV, the composite
fluorescence image of PI (red) and calcein-AM (green), and the single channel PI fluorescence
image, respectively. The fifth to eighth rows [Figs. 6(e)-6(h)] represent the corresponding images
acquired at the 72 h time point and are displayed in the same manner as Figs. 6(a)-6(d). In the
control (0 uM) case at the 24 h time point, almost the entire spheroid region shows a high LIV
appearance, as shown in the cross-section [Fig. 6(a)] and the en face LIV images [Fig. 6(b)].
The composite fluorescence image presented in Fig. 6(c) shows living cells appearance (green
fluorescence), which corresponds to the high LIV appearance. In contrast, the spheroid core
exhibited a dead-cell fluorescence signal (red), as illustrated in Figs. 6(c) and 6(d). This is
consistent with the low LIV (red) spots. Images with similar appearances were obtained in the
control case at the 72 h time point [Figs. 6(e)-6(h)].

In the 0.1 uM case (second column of Fig. 6), more low LIV (red) spots are visible than that
were observed in the control case at the 24 h time point. The composite and PI fluorescence
images show larger dead-cell (red) spots than that were shown in the control case, while the
periphery shows the appearances of living cells (green). At the 72 h time point, the spheroid
shows a non-spherical shape and almost the entire spheroid region shows a low LIV (red) signal.
The fluorescence images show more dead-cell (red) spots than that were seen in the control case.
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Fig. 6. LIV imaging of MCF-7 spheroid treated with Taxol. (a)-(d) represent the cross-
section, en face, composite fluorescence, an PI fluorescence images at the 24 h time point,
respectively. The 72 h time point images [(e)-(h)] are displayed in the same manner. The
scale bars represents 200 um in each case.
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These appearances may indicate the reduction of cell viability induced by application of the drug.
It can thus be concluded that the LIV images are sensitive to tissue viability alterations induced
even by a small drug concentration (0.1 uM) and over a short treatment time (24 h).

When the drug concentration is increased further to 1 uM (see the third column of Fig. 6),
the spheroid periphery shows a clear low LIV signal (red) at the 24 h time point. However,
the fluorescence images show similar appearances to those of the 0.1-uM case. This low LIV
signal covers almost all the spheroid region at the 72 h time point. The dead cells florescence
(red) signal at 72 h time point spreads not only at the spheroid core but also at the periphery.
Tissue necrotic cell death and tissue metabolic activity degradation in tumor spheroids, including
MCEF-7, are well known to be induced by the drug applications [7,14]. Therefore, the increase in
the low LIV signal region caused by increasing both the drug concentration and the incubation
time may indicate necrotic cell death and degradation of the tissue viability.

Figure 7 summarizes the results of LIV-based quantitative analysis of the MCF-7 spheroid
drug response. At the 24 h time point, the spheroid volumes in the O uM and 0.1 uM cases are
almost identical, while that in the 1 uM case shows a slightly smaller volume [Fig. 7(a)]. The
dependence of the spheroid volume on the drug concentration is more pronounced at the 72 h
time point. The mean LIV [Fig. 7(b)] of the 0.1 uM case is evidently smaller than that in the
control case, while the mean LIVs of 0.1 uM and 1.0 uM are almost identical. Figure 7(c) shows
that smaller viable cell ratios are found with higher drug concentrations at both of the time points.

"Ezz 12
o, ® 24 hours _ e 24hours | 0.8 =24 hours
c20 e 72 hours m . ® 72 hours = =72 hours
218 .10 €06
(2]
g > |, @
g 16 5 804
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212 = . S
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(%) Taxol concentration [uM] Taxol concentration [uM] Taxol concentration [uM]

(a) (b) (c)

Fig. 7. Quantitative analysis of the MCF-7 spheroid when treated with Taxol. (a) The
spheroid volume, (b) the mean LIV, and (c) the viable cell ratio are plotted versus the drug
concentration for the 24 h and 72 h time points.

4.2.2. OCDS; imaging

Figure 8 summarizes the OCDS; imaging results for the same MCF-7 spheroid drug response
study presented in Section 4.2.1. At the 24 h time point, the cross-sectional and en faceOCDS;
results [Figs. 8(a) and (b)] at a concentration of O uM show high OCDS; over almost the entire
spheroid region. A similar appearance was observed after increasing the drug concentration to
0.1 uM. In contrast, the 1 uM case shows more low OCDS; (red) signals, however it is not as
evident as that was observed in LIV images [Fig. 6].

In the 72 h case, more low OCDS; (red) signals are observed at higher drug concentrations.
These results are consistent with the LIV results presented in Fig. 6.

The results also suggest that the OCDS; is more sensitive to the late-stage drug-induced
alteration of the spheroid’s viability than to mild-stage alteration.

The quantitative analysis results of the MCF-7 drug response as measured via the OCDS; method
are presented in Fig. 9. At 24 h time point, the mean OCDS; [Fig. 9(a)] does not show a clear
difference between the O uM and 0.1 uM cases, while the 1 uM case shows an evidently lower
OCDS; than the other two cases. In contrast, at the 72 h time point, the mean OCDS; decreases
linearly as the drug concentration increases. At the 24 h time point, the viable cell ratios are
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Fig. 8. OCDS; imaging of the MCF-7 spheroid when treated with Taxol. (a) and (b)
respectively represent the cross-section and en faceOCDS; images at the 24 h time point,
while the corresponding 72 h time point images are shown in (c) and (d), respectively. The
scale bars represent 200 um.

almost the same for the 0 uM and 0.1 uM cases, while the ratio is low for 1 uM. In contrast, at
the 72 h time point, the viable cell ratio decreases linearly as the drug concentration increases, as
shown in Fig. 9(b).
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Fig. 9. OCDS; based quantitative analysis results for the same MCF-7 spheroid that was
shown in Fig. 7. The (a) mean OCDS; and (b) viable cell ratios are plotted versus the drug
concentrations.
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5. Discussion
5.1.  Dynamics Imaging reveals tissue necrosis and metabolic activity

In this study, we have presented a 3D OCT-based method for the visualization and quantification
of tissue dynamics, which are mainly related to the sub-cellular motion. The alterations in the
magnitude and speed of this sub-cellular motion may be closely related to the physiological
properties of the tissue, e.g., the tissue’s metabolic activity. The tissue’s metabolic activity is
known to be a series of chemical reactions that occur in living organisms to maintain and run the
cellular processes [49] along with tissue abnormalities such as apoptosis, necrosis, and oncosis
[50-52].

Large cultured tumor spheroids are known to have a necrotic core and a viable outer layer
[5,53,54]. The viable cells at the periphery of the spheroid have an intact nuclei and cell
membranes and this is associated with both rapid proliferation and high metabolic activity, while
the necrotic core consists of cells that have ruptured nuclei and membranes [55]. These necrotic
cells lose their activity because they are deprived from nutrients and because of the accumulation
of toxic wastes [55-57].

The dynamics OCT methods showed that the spheroid core exhibited low LIV and OCDS;,
as illustrated at the O h time point of study-1 (Section 4.1), which could be an indicator of the
necrosis occurring at the spheroid core. In contrast, the spheroid’s outer layer shows high LIV
and OCDS;. These high dynamics may be accounted for by the high metabolic activity at the
proliferative spheroid rim.

Necrotic cell death and tissue metabolic activity degradation in tumor spheroids, including the
MCF-7 spheroid, is well known to be induced by the drug applications [7,14]. Therefore, the
reduced LIV and OCDS; in response to the increased drug concentration presented in Section
4.2 could be related to the drug-induced necrotic cell death and metabolic activity degradation,
which indicates the potential capability of our 3D dynamics OCT method in drug screening
application.

5.2. Comparison of tissue dynamics contrast with bright field and staining fluorescence
imaging
5.2.1. General comparison

Fluorescence microscopic imaging using suitable staining solutions is a gold standard method for
tissue viability imaging applications, including tumor spheroid imaging. Bright field microscopy
is also used in tumor spheroid evaluation. Although these methods represent current gold
standards, the 3D dynamics imaging method presented here offers several advantages. First,
the proposed method is non-destructive and label-free, i.e., it is non-invasive. Second, the
method provides a 3D tissue viability contrast. Third, it enables full-depth imaging of the
thick cultivated tissues such as the tumor spheroid, while the conventional microscopes have
only limited penetration depths. Fourth, the LIV and OCDS; give absolute values, so they are
readily quantified as presented in Section 4. In contrast, fluorescence signals are not really
quantitative. The strength of the fluorescence signal is heavily affected by several factors including
imaging conditions, superior tissues, and sample morphology. And hence, the fluorescence
signal strengths are hard to be compared among the images and even within a single image.

En face imaging, which became available through the volumetric dynamics OCT imaging
technique, is another important feature of the proposed method. This approach is particularly
useful to compare the dynamics OCT imaging results with those of the conventional microscopic
imaging modalities, such as fluorescence and bright field microscopes, which are en face
modalities.
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5.2.2. En face image similarity

A large-sized spheroid was grown by initially seeding 5,000 MCF-7 cells using the same seeding
protocol that was explained in Section 3.1. After cultivation for 6 days, the spheroid was measured
using a bright field microscope (IX71, Olympus) with an objective lens with 4x magnification
and NA of 0.13, a fluorescence microscope, and OCT.

Figure 10 shows a comparison between the en face microscopic images acquired using the (a)
LIV, (b) OCDS;, (c) the bright field, and (d) fluorescence technique. The LIV image in Fig. 10(a)
shows a clear low LIV (necrotic) signal at the spheroid core, as highlighted by the black dashed
circle, while a high LIV (metabolic active viable cells) signature is shown at the periphery region.
The same appearance is obtained by the OCDS; imaging as illustrated in Fig. 10(b). The contrast
between the core and the outer shell is observed more clearly with OCDS; than with the LIV
method. This difference occurs because the LIV method is sensitive only to the magnitude of the
sub-cellular motion, while the OCDS; is selectively sensitive to the slow sub-cellular motion.

| m Bright fiel Calcein-AM: Livin
0 LIV 100 OCDS, 0.0006 fight field cells ?
2 -
[dB?] [ms] Pl: dead cells

(a) (b) (c) (d)

Fig. 10. En face imaging comparison between (a) LIV, (b) OCDSy, (c) bright field, and (d)
fluorescence microscope techniques. The scale bars represent 200 um.

The bright field image presented in Fig. 10(c) shows that the spheroid’s core region exhibits a
dark appearance, as highlighted by the black dashed circle, which corresponds to the spheroid
core necrosis. In contrast, the spheroid periphery shows a bright appearance, which indicates
that the cells remain viable at the spheroid periphery. This appearance is consistent with those
obtained using the LIV and OCDS; techniques.

The fluorescence microscopic image presented in Fig. 10(d) shows that the spheroid core
exhibited a red fluorescence (necrotic dead cells indicator), as highlighted by the yellow dashed
circle. In contrast, the spheroid periphery showed green fluorescence (viable cells indicator).
These appearances are also consistent with those obtained from the LIV and OCDS; approaches.

All of these methods visualized the tumor spheroid’s necrotic core and viable outer rim, but
among them, only the dynamics OCT method is completely label-free, non-invasive, and provides
3D imaging.

5.2.3. Mimicking fluorescence imaging by OCT

Label-free tissue specific contrast can be also obtained via application of appropriate thresholds
to the LIV and OCDS; images, with values of 3 dB? and 2 x10™* ms™!, respectively. The tissue
regions with higher tissue dynamics than the threshold values can be treated as viable cells
regions, while those with values that are equal to or lower than the threshold can be treated as
necrotic tissue regions.

Figure 11 shows an en face comparison between the results obtained from the dynamics
imaging (LIV and OCDS;) techniques and the separated fluorescence channels (green for living
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cells and red for dead cells). As Fig. 11(a) and (b) show, only the spheroid periphery shows high
LIV and high OCDS;. This appearance is similar to that of the calcein-AM staining fluorescence
microscopic image shown in Fig. 11(c). Contrastingly, Fig. 11(d) and (e) show that the spheroid
core exhibited red (low dynamics) appearances, as highlighted by the yellow dashed circles,
where the more central region shows the more intense appearance of red. In addition, some
regions in the spheroid periphery also show a low dynamics appearance. This appearance is
consistent with that obtained from the PI staining fluorescence method shown in Fig. 11(f).
Therefore, we can conclude that the dynamics imaging technique provides images with similar
appearances to those from fluorescence microscopy, but in a completely label-free manner.

LIV Fluorescence

Low LIV Low OCDS, Pl: dead cells
(d) (e) (f)

Fig. 11. Fluorescence imaging mimicking by dynamics OCT. The first row represents the
imaging comparison between (a) LIV based viable cells, (b) OCDS; based viable cells, and
(c) calcein-AM; living cells fluorescence, while the second row represents the comparison
between (d) LIV based necrotic cells, () OCDS; based necrotic cells, and (f) PI; dead cells
fluorescence. The scale bars represent 200 um.

5.3. Possible virtual histology via multi-contrast OCT imaging

Two volumetric tissue dynamics contrast methods have been presented, comprising the LIV and
OCDS; methods. These two quantities are sensitive to different aspects of the tissue’s activity.
The LIV method is sensitive to the magnitude of the temporal fluctuations of the OCT signal,
while the OCDS; is sensitive to the slow tissue dynamics. In addition, the OCT used in this study
is a Jones matrix-based polarization-sensitive OCT, which also provides birefringence and a
degree of polarization uniformity. Further more, this also allows an attenuation coefficient image
to be obtained.

These multiple contrasts can be used to create new sets of contrasts by, for example, principal
component analysis [58—62], machine learning-based tissue segmentation [63,64], and multi-
contrast-based tissue segmentation [23,65,66]. In future work, these methods will provide an
OCT-based histopathology-like contrast.
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5.4. Benefits and limitations of the 3D dynamics imaging method over previous 2D
method

The presented 3D dynamics scanning protocol has several benefits and some limitations over
our previous 2D protocol [42]. At first, this scanning protocol allows volumetric evaluation of
samples in less than one minute. This volumetric capability allowed the quantitative evaluations
of the entire spheroid, such as volume analysis, volumetric mean LIV, OCDS,, and viable cell
ratio analyses (Sections 4.1 and 4.2). In addition, it provides the en face dynamics OCT images,
which can be directly compared to the en face fluorescence images as presented in Sections 4.2
and 5.2.

However, the 3D dynamics scanning protocol also has some drawbacks. For example, the
time separation between adjacent frames is 204.8 ms, which is significantly larger than 12.8 ms
of our previous 2D protocol [42]. It has prevented using the same correlation delay range for
OCDS; computation with our previous protocol. It was [64.0, 627.2 ms] for the previous 2D
protocol and [204.8, 1228.8 ms] for the current 3D protocol. It may account for the different
mean OCDS; values of the present study and the previous study [42].

In addition, the OCDS, (early OCDS) presented in the previous study cannot be obtained with
the present 3D protocol. The OCDS, captures fast tissue dynamics occurring in a few tens of
milliseconds [42], and its correlation decay range is [12.8, 64.0 ms]. The maximum of this range
is still smaller than the frame separation time of the present 3D protocol. Further improvement
of the scanning protocol may overcome these issues [67].

6. Conclusion

A 3D tissue dynamics imaging method has been introduced in this work and its utility for the
evaluation of tumor spheroids has been investigated. The time-course tissue viability alterations
and drug responses of MCF-7 tumor spheroids have been visualized via 3D tomography. A
quantification of the tumor spheroid’s tissue activity was also presented. En face comparison
between the gold standard fluorescence microscopy method and our tissue dynamics imaging
technique showed a good consistency.

These results suggest that the presented 3D OCT-based tissue dynamics imaging method could
become a useful tool for quality control and drug response evaluation of tumor spheroids.

Funding. Japan Science and Technology Agency (JPMIMI18G8); Japan Society for the Promotion of Science
(18HO1893, 21H01836); Austrian Science Fund (J4460, Schrodinger grand).

Acknowledgment. Although this research was funded solely by the agencies listed in the funding section, the
project is also related to a joint research project between Yokogawa Electric Corp. and the University of Tsukuba. The
authors greatly appreciate the fruitful technical discussions that were held with Hiroyuki Sangu (Yokogawa), Atsushi
Kubota and Renzo Ikeda (Sky technology), Akihiro Shitoh and Yuichi Inoue (Optosigma), Masato Takaya (Tatsuta), and
Naoki Fukutake (Nikon).

Disclosures. Abd El-Sadek, Miyazawa, Mukherjee: Yokogawa Electric Corp. (F), Sky Technology (F), Nikon (F),
Kao Corp. (F), Topcon (F), Tomey Corp (F). Makita, Yasuno: Yokogawa Electric Corp. (F), Sky technology (F), Nikon
(F), Kao Corp. (F), Topcon (F), Tomey Corp (F, P). Lichtenegger, Shen, Matsusaka: None.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

Supplemental document. See Supplement 1 for supporting content.

References

1. National research council (US) committee on a framework for developing a new taxonomy of disease, Toward
Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease,
The National Academies Collection: Reports funded by National Institutes of Health (National Academies (US),
Washington (DC), 2011).

2. R.L. Siegel, K. D. Miller, and A. Jemal, “Cancer statistics, 2020,” CA: Cancer J. Clin. 70, 7-30 (2020).

3. G. M. Cooper, The cell : a molecular approach (American Society for Microbiology, Washington, D.C.; Sunderland,
Mass. : Sinauer Associates, 2000).


https://doi.org/10.6084/m9.figshare.16708702
https://doi.org/10.3322/caac.21590

Research Article Vol. 12, No. 11/1 Nov 2021/ Biomedical Optics Express 6861 |

Biomedical Optics EXPRESS A

4. J. M. Yuhas, A. P. Li, A. O. Martinez, and A. J. Ladman, “A Simplified Method for Production and Growth of
Multicellular Tumor Spheroids,” Cancer Res. 37, 3639-3643 (1977).

5. F. Hirschhaeuser, H. Menne, C. Dittfeld, J. West, W. Mueller-Klieser, and L. A. Kunz-Schughart, “Multicellular
tumor spheroids: An underestimated tool is catching up again,” J. Biotechnol. 148(1), 3—15 (2010).

6. X.Gong, C.Lin, J. Cheng, J. Su, H. Zhao, T. Liu, X. Wen, and P. Zhao, “Generation of Multicellular Tumor Spheroids
with Microwell-Based Agarose Scaffolds for Drug Testing,” PLoS One 10(6), €0130348 (2015).

7. B. Galateanu, A. Hudita, C. Negrei, R.-M. Ion, M. Costache, M. Stan, D. Nikitovic, A. W. Hayes, D. A. Spandidos, A.
M. Tsatsakis, and O. Ginghina, “Impact of multicellular tumor spheroids as an in vivo-like tumor model on anticancer
drug response,” Int. J. Oncol. 48(6), 2295-2302 (2016).

8. S. Sant and P. A. Johnston, “The production of 3D tumor spheroids for cancer drug discovery,” Drug Discov. Today:
Technol. 23, 27-36 (2017).

9. H. Gaskell, P. Sharma, H. E. Colley, C. Murdoch, D. P. Williams, and S. D. Webb, “Characterization of a functional
C3A liver spheroid model,” Toxicol. Res. 5(4), 1053-1065 (2016).

10. M. Jeppesen, G. Hagel, A. Glenthoj, B. Vainer, P. Ibsen, H. Harling, O. Thastrup, L. N. Jgrgensen, and J. Thastrup,
“Short-term spheroid culture of primary colorectal cancer cells as an in vitro model for personalizing cancer medicine,”
PLoS One 12(9), 0183074 (2017).

11. S. Plummer, S. Wallace, G. Ball, R. Lloyd, P. Schiapparelli, A. Quifiones-Hinojosa, T. Hartung, and D. Pamies, “A
human iPSC-derived 3D platform using primary brain cancer cells to study drug development and personalized
medicine,” Sci. Rep. 9(1), 1407 (2019).

12. F. Mittler, P. Obeid, A. V. Rulina, V. Haguet, X. Gidrol, and M. Y. Balakirev, “High-content monitoring of drug
effects in a 3D spheroid model,” Front. Oncol. 7, 293 (2017).

13. M. M. Lukina, V. V. Dudenkova, N. I. Ignatova, I. N. Druzhkova, L. E. Shimolina, E. V. Zagaynova, and M. V.
Shirmanova, “Metabolic cofactors NAD(P)H and FAD as potential indicators of cancer cell response to chemotherapy
with paclitaxel,” Biochim. Biophys. Acta Gen. Subj. 1862(8), 1693-1700 (2018).

14. W. Yang, S. Cai, Z. Yuan, Y. Lai, H. Yu, Y. Wang, and L. Liu, “Mask-free generation of multicellular 3D
heterospheroids array for high-throughput combinatorial anti-cancer drug screening,” Mater. Des. 183, 108182
(2019).

15. L. Song, E. J. Hennink, I. T. Young, and H. J. Tanke, ‘“Photobleaching kinetics of fluorescein in quantitative
fluorescence microscopy,” Biophys. J. 68(6), 2588-2600 (1995).

16. R. Ghauharali, J. Hofstraat, and G. Brakenhoff, “Fluorescence photobleaching-based shading correction for
fluorescence microscopy,” J. Microsc. 192(2), 99-113 (1998).

17. D. A. Seleci, M. Seleci, F. Stahl, and T. Scheper, “Tumor homing and penetrating peptide-conjugated niosomes as
multi-drug carriers for tumor-targeted drug delivery,” RSC Adv. 7(53), 33378-33384 (2017).

18. M. Zoetemelk, M. Rausch, D. J. Colin, O. Dormond, and P. Nowak-Sliwinska, “Short-term 3D culture systems of
various complexity for treatment optimization of colorectal carcinoma,” Sci. Rep. 9(1), 7103 (2019).

19. W. Drexler and J. G. Fujimoto, eds., Optical Coherence Tomography: Technology and Applications (Springer
International Publishing, 2015), 2nd ed.

20. W. Drexler, U. Morgner, F. X. Kirtner, C. Pitris, S. A. Boppart, X. D. Li, E. P. Ippen, and J. G. Fujimoto, “In vivo
ultrahigh-resolution optical coherence tomography,” Opt. Lett. 24(17), 1221-1223 (1999).

21. A. D. Aguirre, C. Zhou, H.-C. Lee, O. O. Ahsen, and J. G. Fujimoto, “Optical Coherence Microscopy,” in Optical
Coherence Tomography: Technology and Applications, W. Drexler and J. G. Fujimoto, eds. (Springer International
Publishing, Cham, 2015), pp. 865-911.

22. A. Dubois, G. Moneron, K. Grieve, and A. C. Boccara, “Three-dimensional cellular-level imaging using full-field
optical coherence tomography,” Phys. Med. Biol. 49(7), 1227-1234 (2004).

23. E. Gotzinger, M. Pircher, W. Geitzenauer, C. Ahlers, B. Baumann, S. Michels, U. Schmidt-Erfurth, and C. K.
Hitzenberger, “Retinal pigment epithelium segmentation by polarization sensitive optical coherence tomography,”
Opt. Express 16(21), 16410-16422 (2008).

24. S. Makita, Y.-J. Hong, M. Miura, and Y. Yasuno, “Degree of polarization uniformity with high noise immunity using
polarization-sensitive optical coherence tomography,” Opt. Lett. 39(24), 6783-6786 (2014).

25. S. Sugiyama, Y.-J. Hong, D. Kasaragod, S. Makita, S. Uematsu, Y. Ikuno, M. Miura, and Y. Yasuno, “Birefringence
imaging of posterior eye by multi-functional Jones matrix optical coherence tomography,” Biomed. Opt. Express
6(12), 4951-4974 (2015).

26. M. Villiger, D. Lorenser, R. A. McLaughlin, B. C. Quirk, R. W. Kirk, B. E. Bouma, and D. D. Sampson, “Deep
tissue volume imaging of birefringence through fibre-optic needle probes for the delineation of breast tumour,” Sci.
Rep. 6(1), 28771 (2016).

27. M. Villiger, B. Braaf, N. Lippok, K. Otsuka, S. K. Nadkarni, and B. E. Bouma, “Optic axis mapping with catheter-based
polarization-sensitive optical coherence tomography,” Optica 5(10), 1329-1337 (2018).

28. J. F. de Boer, C. K. Hitzenberger, and Y. Yasuno, “Polarization sensitive optical coherence tomography — a review
[Invited],” Biomed. Opt. Express 8(3), 1838-1873 (2017).

29. D. J. Faber, F. J. van der Meer, M. C. Aalders, and T. G. van Leeuwen, “Quantitative measurement of attenuation
coefficients of weakly scattering media using optical coherence tomography,” Opt. Express 12(19), 4353—4365
(2004).



https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.1371/journal.pone.0130348
https://doi.org/10.3892/ijo.2016.3467
https://doi.org/10.1016/j.ddtec.2017.03.002
https://doi.org/10.1016/j.ddtec.2017.03.002
https://doi.org/10.1039/C6TX00101G
https://doi.org/10.1371/journal.pone.0183074
https://doi.org/10.1038/s41598-018-38130-0
https://doi.org/10.3389/fonc.2017.00293
https://doi.org/10.1016/j.bbagen.2018.04.021
https://doi.org/10.1016/j.matdes.2019.108182
https://doi.org/10.1016/S0006-3495(95)80442-X
https://doi.org/10.1046/j.1365-2818.1998.00412.x
https://doi.org/10.1039/C7RA05071B
https://doi.org/10.1038/s41598-019-42836-0
https://doi.org/10.1364/OL.24.001221
https://doi.org/10.1088/0031-9155/49/7/010
https://doi.org/10.1364/OE.16.016410
https://doi.org/10.1364/OL.39.006783
https://doi.org/10.1364/BOE.6.004951
https://doi.org/10.1038/srep28771
https://doi.org/10.1038/srep28771
https://doi.org/10.1364/OPTICA.5.001329
https://doi.org/10.1364/BOE.8.001838
https://doi.org/10.1364/OPEX.12.004353

Vol. 12, No. 11/1 Nov 2021/ Biomedical Optics Express 6862 |

Biomedical Optics EXPRESS -~

30. K. A. Vermeer, J. Mo, J. J. A. Weda, H. G. Lemij, and J. F. d. Boer, “Depth-resolved model-based reconstruction of
attenuation coefficients in optical coherence tomography,” Biomed. Opt. Express 5(1), 322-337 (2014).

31. P. Gong, M. Almasian, G. van Soest, D. M. de Bruin, T. G. van Leeuwen, D. D. Sampson, and D. J. Faber, “Parametric
imaging of attenuation by optical coherence tomography: review of models, methods, and clinical translation,” J.
Biomed. Opt. 25(4), 040901 (2020).

32. B. F. Kennedy, R. A. McLaughlin, K. M. Kennedy, L. Chin, A. Curatolo, A. Tien, B. Latham, C. M. Saunders, and
D. D. Sampson, “Optical coherence micro-elastography: mechanical-contrast imaging of tissue microstructure,”
Biomed. Opt. Express 5(7), 2113-2124 (2014).

33. K. V. Larin and D. D. Sampson, “Optical coherence elastography — OCT at work in tissue biomechanics [Invited],
Biomed. Opt. Express 8(2), 1172-1202 (2017).

34. Y. Li, S. Moon, J. J. Chen, Z. Zhu, and Z. Chen, “Ultrahigh-sensitive optical coherence elastography,” Light: Sci.
Appl. 9(1), 58 (2020).

35. C.-E. Leroux, F. Bertillot, O. Thouvenin, and A.-C. Boccara, “Intracellular dynamics measurements with full field
optical coherence tomography suggest hindering effect of actomyosin contractility on organelle transport,” Biomed.
Opt. Express 7(11), 4501-4513 (2016).

36. C. Apelian, F. Harms, O. Thouvenin, and A. C. Boccara, “Dynamic full field optical coherence tomography:
subcellular metabolic contrast revealed in tissues by interferometric signals temporal analysis,” Biomed. Opt. Express
7(4), 1511-1524 (2016).

37. O. Thouvenin, C. Apelian, A. Nahas, M. Fink, and C. Boccara, “Full-field optical coherence tomography as a
diagnosis tool: Recent progress with multimodal imaging,” Appl. Sci. 7(3), 236 (2017).

38. J. Scholler, K. Groux, O. Goureau, J.-A. Sahel, M. Fink, S. Reichman, C. Boccara, and K. Grieve, “Dynamic full-field
optical coherence tomography: 3D live-imaging of retinal organoids,” Light: Sci. Appl. 9(1), 140 (2020).

39. M. Miinter, M. vom Endt, M. Pieper, M. Casper, M. Ahrens, T. Kohlfaerber, R. Rahmanzadeh, P. Konig, G. Hiittmann,
and H. Schulz-Hildebrandt, “Dynamic contrast in scanning microscopic OCT,” Opt. Lett. 45(17), 4766-4769 (2020).

40. H. M. Leung, M. L. Wang, H. Osman, E. Abouei, C. MacAulay, M. Follen, J. A. Gardecki, and G. J. Tearney,
“Imaging intracellular motion with dynamic micro-optical coherence tomography,” Biomed. Opt. Express 11(5),
2768-2778 (2020).

. I. G. A. El-Sadek, A. Miyazawa, L. T. W. Shen, S. Fukuda, T. Yamashita, Y. Oka, P. Mukherjee, S. Makita, S.
Matsusaka, T. Oshika, H. Kano, and Y. Yasuno, “Quantification of ex vivo tissue activity by short and long time-course
analysis of multifunctional OCT signals,” Proc. SPIE 11228, 112282C (2020).

42. 1. A. El-Sadek, A. Miyazawa, L. T.-W. Shen, S. Makita, S. Fukuda, S. Fukuda, T. Yamashita, Y. Oka, P. Mukherjee, S.
Matsusaka, T. Oshika, H. Kano, and Y. Yasuno, “Optical coherence tomography-based tissue dynamics imaging for
longitudinal and drug response evaluation of tumor spheroids,” Biomed. Opt. Express 11(11), 6231-6248 (2020).

43. K. Kurokawa, J. A. Crowell, F. Zhang, and D. T. Miller, “Suite of methods for assessing inner retinal temporal
dynamics across spatial and temporal scales in the living human eye,” Neurophotonics 7(1), 015013 (2020).

44. E. Li, S. Makita, Y.-J. Hong, D. Kasaragod, and Y. Yasuno, “Three-dimensional multi-contrast imaging of in vivo
human skin by Jones matrix optical coherence tomography,” Biomed. Opt. Express 8(3), 1290-1305 (2017).

45. A. Miyazawa, S. Makita, E. Li, K. Yamazaki, M. Kobayashi, S. Sakai, and Y. Yasuno, “Polarization-sensitive optical
coherence elastography,” Biomed. Opt. Express 10(10), 5162-5181 (2019).

46. D. Padfield, “Masked object registration in the fourier domain,” IEEE Trans. Image Process. 21(5), 2706-2718
(2012).

47. Y. Chen, Y.-J. Hong, S. Makita, and Y. Yasuno, “Three-dimensional eye motion correction by Lissajous scan optical
coherence tomography,” Biomed. Opt. Express 8(3), 1783-1802 (2017).

48. E. C. Costa, A. F. Moreira, D. de Melo-Diogo, V. M. Gaspar, M. P. Carvalho, and I. J. Correia, “3D tumor spheroids:
an overview on the tools and techniques used for their analysis,” Biotechnol. Adv. 34(8), 1427-1441 (2016).

49. O. Braissant, M. Astasov-Frauenhoffer, T. Waltimo, and G. Bonkat, “A review of methods to determine viability,
vitality, and metabolic rates in microbiology,” Front. Microbiol. 11, 547458 (2020).

50. B. E. Trump, I. K. Berezesky, S. H. Chang, and P. C. Phelps, “The Pathways of Cell Death: Oncosis, Apoptosis, and
Necrosis,” Toxicol. Pathol. 25(1), 82-88 (1997).

51. S. L. Fink and B. T. Cookson, “Apoptosis, Pyroptosis, and Necrosis: Mechanistic Description of Dead and Dying
Eukaryotic Cells,” Infect. Immun. 73(4), 1907-1916 (2005).

52. M. S. D’ Arcy, “Cell death: a review of the major forms of apoptosis, necrosis and autophagy,” Cell Biol. Int. 43(6),
582-592 (2019).

53. K. Froehlich, J.-D. Haeger, J. Heger, J. Pastuschek, S. M. Photini, Y. Yan, A. Lupp, C. Pfarrer, R. Mrowka, E.
SchleuBner, U. R. Markert, and A. Schmidt, “Generation of multicellular breast cancer tumor spheroids: Comparison
of different protocols,” J. Mammary Gland Biol. Neoplasia 21(3-4), 89-98 (2016).

54. S. Nath and G. R. Devi, “Three-dimensional culture systems in cancer research: Focus on tumor spheroid model,”
Pharmacol. Ther. 163, 94-108 (2016).

55. X. Cui, Y. Hartanto, and H. Zhang, “Advances in multicellular spheroids formation,” J. R. Soc. linterface 14(127),
20160877 (2017).

56. C. H. Kim, H. M. Jeon, S. Y. Lee, M. K. Ju, J. Y. Moon, H. G. Park, M.-A. Yoo, B. T. Choi, J. I. Yook, S.-C. Lim, S.
1. Han, and H. S. Kang, “Implication of snail in metabolic stress-induced necrosis,” PLoS One 6(3), e18000 (2011).

2

4

—_


https://doi.org/10.1364/BOE.5.000322
https://doi.org/10.1117/1.JBO.25.4.040901
https://doi.org/10.1117/1.JBO.25.4.040901
https://doi.org/10.1364/BOE.5.002113
https://doi.org/10.1364/BOE.8.001172
https://doi.org/10.1038/s41377-020-0297-9
https://doi.org/10.1038/s41377-020-0297-9
https://doi.org/10.1364/BOE.7.004501
https://doi.org/10.1364/BOE.7.004501
https://doi.org/10.1364/BOE.7.001511
https://doi.org/10.3390/app7030236
https://doi.org/10.1038/s41377-020-00375-8
https://doi.org/10.1364/OL.396134
https://doi.org/10.1364/BOE.390782
https://doi.org/10.1117/12.2548541
https://doi.org/10.1364/BOE.404336
https://doi.org/10.1117/1.NPh.7.1.015013
https://doi.org/10.1364/BOE.8.001290
https://doi.org/10.1364/BOE.10.005162
https://doi.org/10.1109/TIP.2011.2181402
https://doi.org/10.1364/BOE.8.001783
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.3389/fmicb.2020.547458
https://doi.org/10.1177/019262339702500116
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1007/s10911-016-9359-2
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://doi.org/10.1098/rsif.2016.0877
https://doi.org/10.1371/journal.pone.0018000

Vol. 12, No. 11/1 Nov 2021/ Biomedical Optics Express 6863 |

Biomedical Optics EXPRESS -~

57. D. R. Grimes, C. Kelly, K. Bloch, and M. Partridge, “A method for estimating the oxygen consumption rate in
multicellular tumour spheroids,” J. R. Soc. linterface 11(92), 20131124 (2014).

58. F. Bazant-Hegemark and N. Stone, “Near real-time classification of optical coherence tomography data using principal
components fed linear discriminant analysis,” J. Biomed. Opt. 13(3), 034002 (2008).

59. N. Mohan and B. Vakoc, “Principal-component-analysis-based estimation of blood flow velocities using optical
coherence tomography intensity signals,” Opt. Lett. 36(11), 20682070 (2011).

60. L. Fang, C. Wang, S. Li, J. Yan, X. Chen, and H. Rabbani, “Automatic classification of retinal three-dimensional
optical coherence tomography images using principal component analysis network with composite kernels,” J.
Biomed. Opt. 22(11), 116011 (2017).

61. N. Le, S. Song, Q. Zhang, and R. K. Wang, “Robust principal component analysis in optical micro-angiography,”
Quant. Imaging Med. Surg 7(6), 654-667 (2017).

62. P. Mukherjee, A. Miyazawa, S. Fukuda, T. Yamashita, I. A. El-Sadek, S. Makita, T. Oshika, and Y. Yasuno,
“Three-dimensional imaging of mouse liver dynamics by polarization-sensitive optical coherence tomography,” Proc.
SPIE 11655, 1165500 (2021).

63. T. Marvdashti, L. Duan, S. Z. Aasi, J. Y. Tang, and A. K. E. Bowden, “Classification of basal cell carcinoma in
human skin using machine learning and quantitative features captured by polarization sensitive optical coherence
tomography,” Biomed. Opt. Express 7(9), 3721-3735 (2016).

64. D. Kasaragod, S. Makita, Y.-J. Hong, and Y. Yasuno, “Machine-learning based segmentation of the optic nerve head
using multi-contrast Jones matrix optical coherence tomography with semi-automatic training dataset generation,”
Biomed. Opt. Express 9(7), 3220-3243 (2018).

65. S. Azuma, S. Makita, A. Miyazawa, Y. Ikuno, M. Miura, and Y. Yasuno, ‘“Pixel-wise segmentation of severely
pathologic retinal pigment epithelium and choroidal stroma using multi-contrast Jones matrix optical coherence
tomography,” Biomed. Opt. Express 9(7), 2955-2973 (2018).

66. D. Hsu, D. Hsu, J. H. Kwon, J. H. Kwon, R. Ng, S. Makita, Y. Yasuno, M. V. Sarunic, M. J. Ju, M. J. Ju, and M. J. Ju,
“Quantitative multi-contrast in vivo mouse imaging with polarization diversity optical coherence tomography and
angiography,” Biomed. Opt. Express 11(12), 6945-6961 (2020).

67. R. Morishita, I. A. El-Sadek, P. Mukherjee, A. Miyazawa, K. Tomita, S. Makita, and Y. Yasuno, “Sparse frame
acquisition toward fast volumetric dynamic optical coherence tomography imaging,” in BiOS, Photonics West, (2022).
Submitted.



https://doi.org/10.1098/rsif.2013.1124
https://doi.org/10.1117/1.2931079
https://doi.org/10.1364/OL.36.002068
https://doi.org/10.1117/1.JBO.22.11.116011
https://doi.org/10.1117/1.JBO.22.11.116011
https://doi.org/10.21037/qims.2017.12.05
https://doi.org/10.1117/12.2577974
https://doi.org/10.1117/12.2577974
https://doi.org/10.1364/BOE.7.003721
https://doi.org/10.1364/BOE.9.003220
https://doi.org/10.1364/BOE.9.002955
https://doi.org/10.1364/BOE.403209

