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ABSTRACT

We present an in vivo implementation of a multi-parametric technique for detecting apoptosis using optical coherence
tomography in a mouse tumor model. Solid tumors were grown from acute myeloid leukemia cells in the hind leg of
SCID mice and treated with a single dose of cisplatin and dexamethasone to induce apoptosis. Both spectral features and
speckle decorrelation times indicated good consistency between control mice and reasonable agreement with in vitro
measurements. The integrated backscatter increased significantly in tumors responding to treatment while the spectral
slope and decorrelation time did not show significant changes. This study demonstrates the feasibility of using
spectroscopic OCT and dynamic light scattering for treatment monitoring in vivo.
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1. INTRODUCTION

Apoptosis is a form of cell death often observed in tumor tissues as a result of cancer treatment such as chemotherapy or
radiation therapy. It is characterized by a series of predictable and dynamic morphological changes within the cell, which
occur as early as 24 to 48 hours after the start of treatment. Detection of apoptosis in treated tissues could permit
treatment monitoring, identifying patients who are not showing an early response to treatment and providing the option
of treatment modification at an early stage in the therapeutic process. Since it has been shown that early response can be
a reliable indication of overall response'?, apoptosis detection may play an important role in improving treatment
outcomes in cancer patients.

Light scattering methods have frequently been used to study subcellular structure®*. These methods are sensitive to
variations in cell morphology because the imaging wavelengths are on a similar scale to subcellular structures.
Interferometric techniques including low coherence interferometry, digital holography and optical coherence
tomography (OCT), have successfully been used to study cell morpholog’, variations in intracellular motion® and cell
death’.

During apoptosis the cell undergoes a reduction in volume, condensation of the nucleus, nuclear and mitochondrial
fragmentation and, finally, fragmentation of the cell itself into apoptotic bodies. Such variations in cell morphology
modify the optical properties of tissue because of changes in the size, shape and distribution of subcellular structures.
We have shown that significant differences in signal intensity and spectral properties can be measured® in cell samples
undergoing apoptosis. Moreover, because this morphological transformation is a dynamic process occurring during a
speciﬁc9 time window, we have demonstrated that variations in the OCT speckle intensity can be measured as a function
of time’.
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In the current study we present an in vivo implementation of a multi-paramatric OCT technique for detecting apoptosis.
Through the extension of a previously developed in vitro cell death model into an in vivo mouse tumor model we
demonstrate the feasibility of using our method for in vivo detection of apoptosis.

2. METHODS

2.1 Cell culture and tumor model

The AML cells used in this study (AML-5, Ontario Cancer Institute, Toronto, Canada) were started from frozen stock
samples and grown at 37° C in suspension flasks containing 150 mL of a-minimal essential medium supplemented with
1% streptomycin and 5% fetal bovine serum. For all in vitro measurements, tightly packed cell samples were prepared
using a method previously described'’.

The in vivo cell death model consisted of AML tumors grown in the hind leg of SCID mice. Each tumor was grown
from 2 x 10° cells in 100 ul of phosphate buffered saline (PBS). This cell suspension was injected subcutaneously into
the right hind leg of each of 18 mice (CB-17 SCID, Charles River, Canada). Tumors measuring approximately 5 mm in
diameter developed over 17 days. Each mouse was randomly designated to one of three groups: control, 48 hours post-
treatment and 72 hours post-treatment. The mice in the latter two groups were treated with dexamethasone (32 mg/65
kg) and cisplatin (150 mg/m?), administered slowly and consecutively via a tail vein catheter. Saline was administered
subcutaneously immediately following the chemotherapeutic agents. Prior to imaging, the skin overlying the tumor was
removed to permit direct imaging access to the tumor tissue. The mice in the control group were imaged on day 1 (the
day treatment was administered), while the treated mice were imaged at 48 hours or 72 hours post treatment.
Immediately after imaging, the mice were sacrificed and tumors excised for the acquisition of an additional set of ex vivo
data. All procedures, including surgeries, chemotherapy and imaging were conducted under ketamine (150 mg/kg) and
xylazine (10 mg/kg) aneasthesia, administered subcutaneously and with institutional approval at Sunnybrook Health
Sciences Centre (Toronto, Canada).

2.2 Data acquisition and analysis

All data were acquired in the form of 14-bit OCT interference fringe signals using a custom made swept-source OCT
system similar to one described previously ''. The system used in this study is based on a 36-facet polygon filter
(Lincoln Laser Corp., Phoenix, AZ) and operates at a central wavelength of 1310 nm with in-air axial and lateral
resolutions of 7.5 um and 13.7 wm, respectively.

Two-dimensional (2D) data sets containing 128 axial scans (covering a transverse distance of 1 mm) were collected from
each tumor in 10 planes spaced in such a way as to cover the entire tumor volume. Every effort was made to ensure that
the tissue surface was located at the same distance with respect to the focal plane to maintain consistency between
measurements. From each data set, a region of interest (ROI) starting at 50 um beneath the tumor surface and measuring
250 um axially by 780 um laterally was selected. The lateral dimension was chosen to give approximately 100 a-lines
per 2D image, while the axial dimension coincides with the depth of focus of the system. Spectroscopic OCT
parameters, including the integrated backscatter (IB) and the spectral slope (SS) were calculated by summing the area
underneath, and the slope of, the normalized backscatter spectrum, respectively. Details of this calculation have been
described previously®.

A second set of data was collected for the dynamic light scattering measurements. A series of two-dimensional frames
containing 32 axial scans were recorded covering a transverse distance of 400 um at a frame rate of 111 Hz. The field of
view and number of a-scans, in this case, were minimized in order to maximize the frame rate. A ROI measuring 400 pm
laterally by 50 pm axially (starting at 50 um beneath the tumor surface) was selected. The decorrelation time (DT) at
each image pixel within this ROI was obtained by calculating the autocorrelation of the signal intensity as a function of
time and extracting the line width at 1/e of the maximum autocorrelation value. The details of this calculation have been
described previously’.

All of the above data acquisitions and calculations were repeated for each animal after the tumor was excised post-
sacrifice. Therefore, for each tumor, measurements were made in vivo and ex vivo. Additionally, the same measurements
were acquired from three untreated (control) AML cell samples for comparison.
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2.3 Histological validation

Immediately after imaging tumors were fixed in 10% buffered formalin for 48 hours. Subsequently, the tissue was
processed for haematoxylin and eosin (H&E) staining. Microscopy was carried out using a Leica DC 200 digital imaging
system (Leica Microsystems GmbH, Germany).

Figure 1. Variations in tumor structure. (a) Section of AML tumor stained with
H&E revealing a heterogeneous microstructure. Arrows indicate the presence of
vacuoles (black), blood vessels (white) and areas of cells organized in rows (red).
(b) Section of tumor in which AML cells have invaded muscle tissue (muscle tissue
indicated by black arrow). (¢) Section of tissue in which no tumor growth is present,
only muscle tissue is visible. Scale bars indicate 100 wm.

3. RESULTS AND DISCUSSION

3.1 Variations in tumor microstructure and treatment response

Digital images acquired from H&E stained tumor sections revealed a large variation in tumor microstructure both within
a given tumor and between animals. Examples are highlighted in Figure 1(a) where the presence of vacuoles and
variations in vasculature and cell organization are evident. We also observed cases in which the tumor cells had
infiltrated neighboring muscle tissue (figure 2(b)) or where the tumor failed to develop completely (figure 2(c)). While
heterogeneous tumor structure is a realistic expectation in a clinical setting, we wanted to maintain consistency between
animals. Therefore, the extreme cases where no tumor developed or where muscle tissue was infiltrated (a total of 5
animals — 1 from the control group, 2 from the 48 hour treatment group and 2 from the 72 hour treatment group) were
eliminated from the study.

3.2 Controls

We compared OCT parameters (IB, SS and DT) acquired from untreated AML tumors to those from control AML cell
samples to determined whether our in vivo results would be consistent with in vifro measurements from the same cell
line. The spectroscopic parameters (IB and SS) were calculated from both in vivo and ex vivo data and are plotted in
Figure 2 (a) and (b). In vivo dynamic light scattering measurements were complicated due to respiratory motion. Despite
stabilizing the hind leg of the mouse using surgical tape, in the majority of animals, possibly due to the administration of
generalized anesthetic, the respiratory motion was very strong. For this reason, only the ex vivo data has been included in
the analysis of the decorrelation data (Fig 2 (c)). We have previously used a window chamber model for in vivo DT
measurements'?. The window chamber is less prone to motion artefacts as it is more easily isolated and stabilized since
the tumor is physically contained within the window. The motivation behind using the hind leg tumor model in this
study is to allow for future multi-modality imaging using ultrasound, which requires a larger tumor volume.
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The spectroscopic parameters show good consistency between animals as well as between in vivo and ex vivo
measurements for each animal. This indicates that despite variations in tumor microstructure and the presence of blood
flow we can obtain consistent results using these parameters. Furthermore, reasonable agreement is observed between in
vivo / ex vivo results and those obtained in vitro. This may suggest that AML cells, even in the presence of blood cells,
blood vessels and other tissue components, are responsible for the bulk of the OCT signal in these tumors. Further
experimental investigation is needed to confirm this finding.

The DT parameter varies slightly between animals and is overall lower in the ex vivo tumor measurements compared to
the in vitro cell samples. This discrepancy is not surprising as the presence of blood (even ex vivo) introduces an
additional source of scatterer motion, causing a faster speckle decorrelation, and thus a shorter DT. Intracellular motion
is largely dependent on cell metabolism and available growth factors. These conditions can be very different in a tumor
versus a highly controlled in vitro environment. This can also explain the better consistency between the in vitro
controls vs the ex vivo controls for this parameter, as the former were derived from a highly controlled environment
while the latter were derived from a highly heterogenous and variable tumor environment.

Despite slight discrepancies observed with the DT measurement, the overall consistency of the control measurements of
IB, SS and DT in vivo, and the agreement observed between parameter values acquired from in vivo, ex vivo and in vitro
samples indicate the feasibility of using this technique for in vivo measurements.
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Figure 2. Comparing untreated animals to control cell samples. Integrated backscatter (a), spectral slope (b) and
decorrelation time (c) results for 5 untreated mice (M1 through M5) and 3 control cell samples (S1 through S3). The IB
and SS values are plotted for both in vivo and ex vivo measurements. The in vivo measurements for DT are not included.

3.3 Detecting apoptosis

Based on a qualitative assessment of the histological data, the treatment response in this study was neither consistent
across all animals, nor as strong as the response we previously observed in vitro®. To the best of our knowledge, this is
the first time this tumor model has been used in combination with a cisplatin/dexamethasone treatment. It is not a
conventional tumor model as AML cells rarely form solid tumors, however it provided an opportunity to implement an
in vivo model that could be directly compared to previous detailed in vitro studies. Due to the variability in the treatment
response and in order to analyze the parameter results calculated from the treated tumors, we studied the H&E slides
from each tumor and classified each animal as either a “responder” or a “non-responder”. As indicated in Figure 3,
“responders” were identified as tumors in which a significant number of cells displayed the characteristic morphological
features of apoptosis such as nuclear condensation and fragmentation. This resulted in a total of 3 animals being
classified as responders and 5 as non-responders.

The resulting parameter averages per group are plotted in Figure 4. The IB is significantly higher in the responder group
when compared to the control and non-responder groups (0.068 = 0.016, 0.049 + 0.006 and 0.045 + 0.008, respectively).
The SS increased slightly for the responder group, however, this difference is not statistically significant. Finally, the
DT does not indicate any significant difference between groups. These results suggest that the IB parameter is the most
robust and can detect apoptosis in vivo (and ex vivo) in this tumor apoptosis model. The SS and DT, despite showing
significant differences between treated and untreated cell samples in previous in vitro studies®’, do not clearly
differentiate between tumors responding or not responding to treatment. One possible explanation for this may be the
weak and variable treatment response.
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Figure 3. Representative H&E stained sections from AML tumors treated with cisplatin
and dexamethasone. Tumors were classified as non-responders in the absence of
apoptotic features (left) or responders if apoptotic hallmarks such as nuclear
condensation and fragmentation were observed (right). Scale bars indicate 50 um.
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Figure 4. Integrated backscatter (a), spectral slope (b) and decorrelation time (c) for control (C), responders (R) and
non-responders (NR). The parameters were calculated from in vivo data for IB and SS and from ex vivo data for DT.

4. CONCLUSIONS

In summary, we have presented an in vivo implementation of a previously developed multi-parametric technique to
detect apoptosis using OCT. The comparison of control measurements acquired from AML tumors and AML cell
samples indicated good consistency between tumors both in vivo and ex vivo, as well as reasonable agreement with in
vitro cell samples. Of the three OCT parameters (IB, SS and DT) the IB was the most robust and increased significantly
in tumors that responded to the cisplatin-dexamethasone treatment, while the SS and DT did not change significantly.
This is the first time, to our knowledge, that OCT has been used to detect apoptosis in a hind-leg mouse tumor model.
Despite limitations of the model such as large tumor microstructure variability and weak treatment response, this study
has demonstrated the feasibility of using spectroscopic OCT and dynamic light scattering for in vivo treatment
monitoring. Future work involves improving the treatment response through modification of the treatment model to
further study the ability of SS and DT to detect apoptosis.
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