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Abstract 
1. Introduction 
Cancer is one of the most fatal diseases worldwide[1]. Cancer type varies from patient to patient based one 
which cell type became cancerous and has an excessive growth rate[2]. Survival rates from cancer can be 
increased by early detection and optimal selection of anti-cancer drugs for individual patients. Mimicking the 
in vivo solid tumors by ex vivo culturing of patient-derived cancer cells to form a three-dimensional (3-D) 
multi-cellular tissue called tumor spheroid[3,4] is useful for anti-cancer drug investigations by measuring the 
tumor spheroid responses to particular drugs[5–7]. 
 Assessments of tumor spheroids drug response can be performed by several conventional methods 
such as staining histology[8], fluorescence microscopy[9–11], and time-course tracking of alterations in tissue 
morphology through microscopic imaging[12]. Although these methods are the gold standards, they have 
several limitations. Histology 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, it provides 2D images, 
which are not sufficient for the evaluation of 3D spheroids. Fluorescence microscopic imaging requires the 
use of exogenous contrast agents (markers), which will then disturb the cellular environment. In addition, deep 
tissue imaging cannot be performed by fluorescence microscopy because of its limited imaging penetration 
depth, which make the method not sufficient for the evaluation of thick 3-D tumor spheroids. Morphology 
imaging based on bright field microscopy has weak tissue specificity and the method is not really quantitative. 

The limitations of the conventional methods described above are summarized as follows. First, these 
methods are invasive. Second, these methods have a limited imaging penetration depth. Third, these methods 
do not have a volumetric (3-D) imaging capability. These limitations can be partially overcome by using optical 
coherence tomography (OCT)[13]. OCT is a nondestructive, label-free, and volumetric imaging modality with 
an imaging depth of a few millimeters. A microscopic version of OCT called optical coherence microscopy 
(OCM) has been used previously to perform cellular-scale imaging[14–16]. 

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 has been shown to give specific contrasts for 
collagen and melanin[17–20]. Attenuation coefficient (AC) imaging has proved to be sensitive to tissue 
density[21,22]. In addition, optical coherence electrography can assess the mechanical properties of 
samples[23–25]. However, these contrast extensions are not sensitive for the tissue viability evaluation. 

In this project, we developed a new technology so-called “dynamics OCT”, which visualizes and 
quantifies the subcellular motility, which is closely related to the tissue viability and tissue metabolic activity. 
The developed method involves the cross-sectional and three-dimensional imaging of the tissue viability. The 
developed dynamics OCT method was capable for visualization and quantification of the human derived tumor 
spheroid’s tissue viability and its time-course alterations over tens of hours. In addition, the drug response 
evaluation of the tumor spheroid has been successfully visualized and quantified using the proposed method. 

The presented method has several advantages. At first, it is based only on OCT intensity and hence 
it is compatible with standard speed OCT and doesn’t need any hardware extensions of OCT system. Second, 
is the short measurement time, where 2D cross-sectional dynamics tomography can be captured in 4.48 seconds 
and 3D OCT volume of 128 different locations in the tissue is captured in 52.4 seconds. Third, is this method 
visualizes the tissue viability in a totally label-free manner.    

The project has been done in two principle phases as presented in Sections 2 and 3.  
2. Cross-sectional dynamics imaging  
2.1. Method. 
The cross-sectional dynamics imaging was performed by combining the rapid sequential acquisition of the 
OCT B-scans at the same location in the tissue (350 B-scans in 4.48 s used in this study) and two developed 
signal analysis algorithms[26].  

The first algorithm, is logarithmic intensity variance (LIV), which is the time variance of the log-scale 
OCT intensity as shown in Eq. (1).  

LIV(𝑥, 𝑧) =
1

𝑁
 ∑ [𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖) − 〈𝐼𝑑𝐵〉t]2𝑁−1

𝑖=0 , (1) 

where 𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖) is the logarithmic OCT intensity in a dB scale, x and z are lateral and axial positions, 𝑡𝑖 
is the acquisition time point of i-th B-scan, N is the total number of B-scans, and 〈𝐼𝑑𝐵〉t is the average over 
the acquisition time t. LIV accounts for the magnitude of signal fluctuations, but it does not account for the 
speed of the tissue dynamics. 

The second algorithm is the OCT correlation decay speed (OCDS), which quantifies the slope of 
autocorrelation decay curve of the logarithmic (dB) scale OCT time-sequence. The auto correlation 
𝜌𝐴(𝜏𝑖, 𝑥, 𝑧) has been computed as shown in Eq. (2).   

 

𝜌𝐴(𝜏𝑖, 𝑥, 𝑧) =
𝐶𝑜𝑣[𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖), 𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖 + 𝜏𝑖)]

𝑉𝑎𝑟[𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖)] × 𝑉𝑎𝑟[𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖 + 𝜏𝑖)]
, (2) 

 
where 𝐶𝑜𝑣  in the numerator represents the covariance between 𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖)  and 𝐼𝑑𝐵(𝑥, 𝑧, 𝑡𝑖 + 𝜏𝑖) , and 
𝑉𝑎𝑟[] represents the variance. 𝜏𝑖 is the delay time defined as 𝑖𝛥𝑡, where 𝑖 is an integer variable and 𝛥𝑡 is 
the B-scan repetition time, it is 12.8 ms in our particular case.  



OCDS has two variations based on the time delay range where the slope computation was performed. For 
example, early ODCS (OSDSe) is computed at the delay range of [12.8, 64 ms] and it is sensitive for the fast 
dynamics of the tissue. Late OCDS (OCDSl) is computed at late delay times [64, 627.2 ms] and is sensitive 
for slow dynamics of the tissue.  

The OCT measurement have been done using a polarization sensitive swept source OCT system with 
central wavelength of 1.3 μm and scanning speed of 50 kHz[27]. The system provides and an axial and lateral 
resolutions of 14 μm and 19 μm, respectively. Although, our system is polarization sensitive, its polarization 
sensitivity was not used in this study. Only the OCT intensity average of the four polarizations channels of the 
system is used for dynamics imaging.  

The utility of the cross-sectional dynamics imaging method has been investigated for the human breast 
cancer spheroids (MCF-7 cell line). Two studies have been organized for this purpose. The first study involves 
the time course evaluation of the MCF-7 spheroid for 24 hours as presented in Section 2.1. The second study 
involves the cross-sectional drug response evaluation of the MCF-7 spheroid to an anticancer drug so-called 
paclitaxel (also known as Taxol) as presented in Section 2.2.  
2.2. Study 1: cross-sectional time course evaluation of MCF-7 spheroid 

Figure 1 summarizes the time course evaluation of MCF-7 spheroid. The column index represents the 
measurement time point, while the row index represents the measured quantity. By observing the OCT time 
course [Fig.1 (a)], we cannot see a clear difference over the time.  

On the other hand, the LIV images [Fig.1 (b)] showed that, at the early time points, LIV is large (green) at 
the spheroid periphery, while it is low (red) at 
the center. At the later time points, the high LIV 
at the periphery faded. It is known that the 
necrosis of large spheroids starts at their center 
because of the lack of the oxygen and other 
nutrient supply[4,28]. This finding in the LIV is 
consistent with this necrotic process of the 
spheroids. 

The OSDSe images [Fig.1 (c)] show that at 
the early time points, the center region of the 
spheroid shows fast dynamics (green). At the 
later time points, the entire region of the 
spheroid exhibits fast dynamics (green). It was 
previously reported that the necrotic process in 
the spheroid exhibited fast decorrelation of the 
OCT signal[29]. This is consistent with the 
present finding here. 

The OCDSl images [Fig.1 (d)] show an opposite contrast to that of the OSDSe. Specifically, at the 0 h time 
point, the peripheral region shows significant correlation decay (green), while it becomes dim at the later time 
points. At all the time points, the center region appears in red. This would be because the correlation already 

Fig.1: Longitudinal dynamics visualization of an MCF7 

spheroid. The first to fourth rows show time-course images 

of (a) OCT intensity, (b) LIV, (c) OSDSe, and (d) OCDSl. 



decayed at an early delay time as it was indicated by the green color in the OSDSe images [Fig.1 (c)]. 
These results suggest that proposed cross-sectional dynamics imaging successfully visualized the time 

course alteration in the MCF-7 spheroid tissue viability and its necrotic activity.  
2.3. Study 2: cross-sectional drug response 
evaluation of MCF-7 spheroid 

The drug response evaluation of MCF-7 
spheroids treated with 5, 50, and 500 nM in 
addition to control case (0 nM) is shown in 
Fig. 2. In the control case, the peripheral 
region of the spheroid exhibits a high LIV, 
low OSDSe, and high OCDSl. These 
appearances indicate that the cells at the 
periphery are still alive, while those within 
the central region are in the necrotic process. 
The fluorescence image is consistent with 
these findings of dynamics images because 
the peripheral cells exhibit green 
fluorescence (living cells) and the center 
cells exhibit red fluorescence (dead cells). 

The spheroid with 5-nM Paclitaxel 
(second column) show similar appearance 
with the control except that the red 
appearance in the fluorescence image forms 
large clusters, LIV image shows a moderate 
clustering appearance of low dynamics (red) 
within the spheroid, OSDSe image shows 
clear clusters of fast correlation decay 
(colored yellow to green). 

The dynamics images of the 50- and 500-nM cases show opposite contrasts to the control and 5-nM cases. 
Specifically, the external parts of the spheroid show low LIV (red), high OSDSe (green), and low OCDSl (red) 
as depicted by the white arrows and circle, while the internal parts exhibit high LIV (green), low OSDSe (red), 
and high OCDSl (green). Because we believe that the combination of low LIV and high OSDSe are indicators 
of the necrotic process, these appearances can be interpreted as the necrotic process occurring at the outer part 
of the spheroid. And it might be due to the high concentrations of Taxol. Consistent appearances can be found 
in the fluorescence images, where the outer and inner parts of the spheroid exhibit red and green fluorescence, 
respectively. 

The results presented in Fig. 2 show that the proposed cross-sectional dynamics imaging method might be 
useful for tumor spheroid drug response investigation and it can complement fluorescence imaging and become 
a useful tool for precision medicine and tumor spheroid-based drug screening.  

Fig.2: Drug response of MCF7 spheroids. The first to fifth rows 

represent the results from (a) fluorescence microscopy, (b) the 

OCT intensity image, (c) the LIV, (d) the OCDS𝑒, and (e) the 

OCDS𝑙. The fluorescence microscopy images are en face images, 

while the other images are all cross-sectional images. The 

columns represent the paclitaxel concentrations. 



3.  Three-dimensional dynamics imaging 
3.1. Method 

In this study we presented the development of our method discussed in Section 1 to be capable for of 3-D 
dynamics imaging[30]. At the end of the cross-sectional dynamics imaging study (Section 1), we did an 
optimization analysis of the number of frames and the acquisition time window, which is required for tissue 
dynamics imaging. It was found that 17 or 33 frames at each location in the tissue were sufficient for dynamics 
imaging as far as the time window is large as 6.55s[26]. From this perspective, we designed a new custom 
made 3-D OCT scanning protocol, which allows the acquisition of OCT volume consists of 128 locations in 
the tissue in less than a minute (exactly 52.5 s). This protocol repeats 32 B-scans at each location in the tissue 
in 6.55 s, where the B-scan repetition time was 204.8 ms[30].  

The OCT signal analysis framework was similar to that was used in phase 1 study. Where the 3-D 
magnitude of the tissue dynamics has been visualized by computing the LIV at each location using the acquired 
32 B-scans. The slow dynamics of the tissue has been visualized using OCDSl, but in this case as the time 
separation between frames became larger and the number of points to compute the correlation became smaller 
(32 B-scans), we computed the autocorrelation using spatially extended kernel with dimensions of (2 × 4 
pixels) in axial and lateral directions, respectively. Then the autocorrelation decay slope (OCDSl) is computed 
at a delay range of [204.8, 1228.8 ms]. 

The utility our developed 3-D dynamics OCT has been investigated using two studies as presented in 
Sections 3.1 and 3.2, respectively. 
3.2. Study1: 3D time-course evaluation of MCF-7 spheroid 
This study involves the time course evaluation of MCF-7 spheroid tissue viability. Where the spheroid has 
been cultured by seeding 1,000 human breast tumor cells for two weeks then extracted from the tissue culture 
environment and measured using 3-D OCT longitudinally. 

Figures 3 and 4 represents the time course LIV and OCDSl visualization of the MCF7 spheroid measured 
at three time points (0 h, 16 h, and 20 h). At 0-hr time point the volume rendering [Fig. 3 (a) and Fig.4 (a)] 
shows a clear low LIV and OCDSl signals (red) at the spheroid core and this appearance is related to the well-
known tumor spheroid necrotic core, while the spheroid periphery shows high LIV and OCDSl signals (green), 
which highlights the living cancer cells at the spheroid periphery[4,28]. The same appearances are appeared in 
cross-sectional views [Figs. 3 (b-d) and 4 (b-d)]. The high LIV and OCDSl are faded along the time and almost 
all the spheroid volumes show tissue necrotic appearance (low LIV and OCDSl). This tissue necrosis is a kind 
of cell death and it could be occurred because of the lack of nutrient supply for the cancer cells as the 
measurement was done in room temperature and without tissue culture condition. 
3.3. Study 2: 3D drug-response evaluation of MCF-7 spheroid) 

This study involves the drug response evaluation of the MCF-7 spheroid. Human breast cancer cells have 
been seeded in three wells of 96 well-plate (500 cells/ well) to form three spheroids after four days. On the 
fourth day the three spheroids have been treated with three concentrations (0 µM, 0.1 µM, and 1 µM) of anti-
cancer drug called Taxol. The treatment was done for three days, then the fluorescence microscopy and the 3-



D OCT measurement were performed. 

Figure 5 represents the drug response visualization of the MCF-spheroid. The first and second rows [Fig.5 
(a) and (b)] represents the LIV cross-sectional and enface images, the third and fourth rows [Fig.5 (c) and (d)] 
LIV cross-sectional and enface OCDSl images, while the fifth to sixth rows [Fig.5 (e) and (f)] represents the 
composite fluorescence image of living cells (green) and dead cells (red) and the dead cells only (red) 
fluorescence image. The column index represents the drug concentrations. 

At the control (0 µM) case the LIV and OCDSl images shows a diffusive appearance of low (red) and high 
(green) signal which the majority of high signal (green) appearance. The fluorescence image shows dead cells 
at the spheroid center surrounded by living cells at the spheroid periphery, which corresponds to the low and 
high LIV signals. 

By increasing the drug concentrations, the high LIV and OCDSl signals are fading along the drug 
concentration until covering almost all the spheroid region with low LIV and OCDSl (red) at 1 µM case. On 
the other hand, fluorescence images show an increase of the dead cells in almost all the spheroid region. 

The increase of the low LIV, low OCDSl, and dead cells fluorescence signals might indicate the cancer 
cell death under the application of the drug. 

The presented results in Section 3; study 1 and study 2 shows that the proposed 3-D dynamics OCT 
successfully visualized the time-course alteration of the tumor spheroid tissue viability. In addition, the drug 
response of the MCF-7 spheroid has been successfully visualized in a totally label-free manner. 
4. Summary and conclusion 

In summary we proposed a label-free optical coherence tomography-based cross-sectional and three-
dimensional tissue dynamics imaging method for the human derived tumor spheroid evaluation. The utility of 

Fig.3: Time-course LIV of MCF-7 spheroid. (a) the cut-

away volume rendering. (b-d) represents the cross-section 

along different directions in the tissue. The scale bars 

represent 200 𝜇m. 

Fig.4: Time-course OCDSl of MCF-7 spheroid. 

The images are displayed in the same manner as 

Fig. 3. 



the proposed methods has been investigated 
for the time-course evaluation of the human 
breast cancer spheroid (MCF-7 cell line). In 
addition, the drug response of the MCF-7 
spheroid has been visualized.  

From the presented results we conclude 
that our method is useful for the evaluation of 
tumor spheroid time-course tissue viability 
alterations. In addition, it is useful for the 
evaluation of tumor spheroid anti-cancer drug 
response. Our method is totally label free and 
non-destructive. So, it might become a useful 
tool for precision medicine research and it 
might complement other conventional 
methods for tumor spheroid based drug 
investigations.  
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