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Introduction

Abstract. Apoptosis is a form of programmed cell death characterized by a series of predictable morphological
changes at the subcellular level, which modify the light-scattering properties of cells. We present a spectroscopic
optical coherence tomography (OCT) technique to detect changes in subcellular morphology related to apop-
tosis in vitro and in vivo. OCT data were acquired from acute myeloid leukemia (AML) cells treated with cisplatin
over a 48-h period. The backscatter spectrum of the OCT signal acquired from the cell samples was charac-
terized by calculating its in vitro integrated backscatter (IB) and spectral slope (SS). The IB increased with treat-
ment duration, while the SS decreased, with the most significant changes occurring after 24 to 48 h of treatment.
These changes coincided with striking morphological transformations in the cells and their nuclei. Similar trends
in the spectral parameter values were observed in vivo in solid tumors grown from AML cells in mice, which were
treated with chemotherapy and radiation. Our results provide a strong foundation from which future experiments
may be designed to further understand the effect of cellular morphology and kinetics of apoptosis on the OCT
signal and demonstrate the feasibility of using this technique in vivo.© 2015 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JB0.20.12.126001]

Keywords: optical coherence tomography; spectroscopy; integrated backscatter; spectral slope; cell death; apoptosis; treatment
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We have previously used quantitative ultrasound methods to

Many cancer therapies rely on the induction of apoptosis,'™ a
form of programmed cell death, to reduce tumor burden. Cells
can begin to undergo apoptosis in treated tissues as early as 24 h
after the start of treatment.* However, cancer treatment efficacy
is still largely assessed by measuring changes in tumor size sev-
eral weeks or months later. Detection of apoptosis in treated tis-
sues could permit rapid treatment monitoring, identifying
patients who fail to show an early response to treatment and
providing the option of treatment modification at an early
stage in the therapeutic process. It has been found with a number
of cancer types that early response to therapy can be predictive
of overall response and patient survival.>® The ability to detect
early changes associated with cell death could, therefore, permit
the cessation of ineffective treatments, sparing the patient from
unnecessary side effects and allowing a shift to a more effective
treatment, potentially improving overall outcome.

Apoptosis is characterized by a series of predictable morpho-
logical changes at the subcellular level. During this process, the
cell undergoes a reduction in volume, disruption of the mito-
chondrial network, condensation and fragmentation of the
nucleus, and eventually fragmentation of the cell into apoptotic
bodies. The structural changes that occur as a result of apoptosis
modify the optical and mechanical properties of tissues, which
can be probed using appropriate physical techniques.

*Address all correspondence to: Golnaz Farhat, E-mail: golnaz.farhat@ gmail
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detect cell death in vitro and in vivo as well as to monitor
response to treatment in a clinical study of breast cancer patients
undergoing chemotherapy.”'! These quantitative methods were
developed with the help of ultrasound spectral analysis tech-
niques described by Lizzi et al.'>'* Our work indicated that
ultrasound backscatter signals may be correlated with changes
in nuclear size in tissues and cell samples undergoing apopto-
sis.'* More recently, we have applied similar quantitative tech-
niques to optical coherence tomography (OCT) backscatter
signals. We demonstrated that significant differences in back-
scatter signal intensity and OCT speckle statistics can be mea-
sured in acute myeloid leukemia (AML) cell samples
undergoing cell death.”> Moreover, because the morphological
transformations related to cell death are part of a dynamic proc-
ess occurring during a specific time window, we demonstrated
that variations in the OCT speckle intensity can be measured as a
function of time using dynamic light scattering OCT.'®

OCT is advantageous for treatment monitoring because it is
noninvasive and nonionizing, making it safe for longitudinal
studies and providing rapid imaging at low cost. Furthermore,
OCT may be particularly sensitive to subcellular structures,
because the imaging wavelengths are similar in scale (micron
scale) to subcellular organelles. Light backscattered from bio-
logical tissues will undergo Mie scattering from organelles
inside the cells, making this imaging modality sensitive to
changes in size, shape, and refractive index of such structures.
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Several studies have been conducted using optical techniques
to detect structural changes in cells. Light-scattering methods
have been used to detect alterations in nuclear morphology in
dysplastic cells,'” and spectroscopic OCT has been used to
differentiate between cell types based on cell and nuclear mor-
phology.'® Optical techniques have also been used to detect cell
viability. Mulvey et al.'” developed an elastic light scattering
method for detecting changes in wavelength-dependent light
scattering from cells undergoing apoptosis. OCT has been used
for cell-death monitoring both in vitro and in vivo. Apoptosis
and necrosis have been detected in human fibroblast cells
using the total attenuation coefficient of cell samples computed
from OCT images,° ultrahigh resolution OCT has been used to
detect apoptosis in neuronal cells through texture-based analysis
of the OCT speckle pattern,?' and changes in relative tissue scat-
tering have been measured between viable and nonviable tissue
regions in a mouse tumor model using optical frequency domain
imaging.?

In this study, we present a method to characterize the OCT
signal by computing its spectral slope (SS) and integrated back-
scatter (IB), the wavelength average of the backscatter power
spectrum. This spectroscopic technique is implemented here
both in vitro and in vivo using the same cell line. Measurement
of the spectroscopic parameters in an in vitro cell-death model
indicates that the IB increased in cell samples undergoing apop-
tosis caused by a chemotherapeutic drug, relative to untreated
control samples, while the SS decreased. The change in param-
eter values was largest 24 to 48 h after the start of treatment,
coinciding with significant morphological transformations at
the cellular level. Similar trends in the spectroscopic parameters
were observed in an in vivo implementation of this technique.
Measured changes in IB and SS from tumor xenografts in
mice treated with chemotherapy and radiation demonstrate
the feasibility of using this method for in vivo detection of
apoptosis.

2 Methods
2.1 Biological Models

The in vitro cell samples and in vivo tumors in this study were
generated using AML cells. Extensive use of AML cells for cell-
death monitoring using ultrasound techniques®* has permitted
the characterization of in vitro kinetics of apoptosis in these
cells. Due to its short doubling time and nonadherent nature,
this cell line permits the rapid production of large numbers
of cells, as required in an in vitro cell-death model as used
here. Furthermore, the cell packing observed in the AML cell
samples resembles that observed in tumor xenografts in vivo
and thus has served as a good model for cell-death monitoring
in tumors.?* In order to demonstrate the feasibility of in vivo
cell-death detection using our technique, we developed an in
vivo tumor model using the same AML cell line, allowing a
direct comparison between our in vitro and in vivo results.

2.1.1 In vitro cell sample preparation

Approximately 10° cells (AML-5, Ontario Cancer Institute,
Toronto, Canada) started from frozen stock samples were
grown at 37°C in suspension flasks containing 150 mL of a-min-
imal essential medium supplemented with 1% streptomycin and
5% fetal bovine serum. Apoptosis was induced by treating cells
with the chemotherapeutic agent cisplatin, a DNA intercalater,
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which causes a p53-dependent apoptosis.”> Seven flasks were
treated simultaneously with 10 ug/mL of cisplatin and returned
to the incubator for up to 48 h with one additional untreated
flask to serve as a control. The cisplatin dose used in these
in vitro experiments has previously been confirmed to cause
apoptosis.(”%'28 Imaging times were set at 0, 2, 4, 6, 9, 12,
24, and 48 h of cisplatin exposure. At each imaging time, a cell
sample was prepared for imaging from a single treated flask.
The cells were washed with phosphate buffered saline (PBS)
and processed using a benchtop swing bucket centrifuge (Jouan
CR4i, Thermo Fisher Scientific, Waltham, Massachusetts) in a
flat-bottom eppendorf tube at 2000g for 5 min. This resulted in a
densely packed cell sample approximately 1 cm in diameter and
2 mm in thickness. The supernatant above the sample was care-
fully removed using a 200-uL pipette tip. The entire experiment
was conducted a second time to test for repeatability.

2.1.2 Mouse tumor model

The in vivo cell-death model consisted of AML tumors grown in
the hind leg of severe combined immunodeficiency (SCID)
mice. Each tumor was grown from 2 x 10° cells in 100 uL of
PBS. This cell suspension was injected subcutaneously into the
right hind leg of each of 32 mice (CB-17 SCID, Charles River,
Canada). Tumors measuring 3 to 5 mm in diameter (determined
by palpation) developed over approximately 21 days. Each
mouse was randomly designated to one of the three groups: con-
trol (total of eight mice), chemotherapy (total of 12 mice), and
chemotherapy with radiation (total of eight mice). An initial
series of experiments revealed that chemotherapy alone did
not induce a very strong treatment response. The third group
of mice (receiving a combination of chemotherapy and radia-
tion) was added to the study in order to increase the level of
cell kill in the AML tumors.

The mice receiving chemotherapy were given dexametha-
sone (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 chemo-
therapeutic agents. Radiation treatment was given 24 h after the
administration of chemotherapy using a Faxitron Cabinet X-ray
device (Faxitron X-ray, Lincolnshire, Illinois) with 160 kVP
energy and a source to skin distance of 30 cm. Each animal
was restrained and a single 8 Gy dose was localized to the
tumor site using a 3-mm thick lead sheet with a circular cut-
out to expose the tumor.

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 or 72 h
postchemotherapy. Immediately after imaging, the animals were
sacrificed and their tumors were prepared for histological
staining.

All surgeries, chemotherapy, and imaging procedures were
conducted under ketamine (150 mg/kg) and xylazine
(10 mg/kg) anesthesia, administered subcutaneously and with
Institutional Animal Care Committee approval at Sunnybrook
Health Sciences Centre (Toronto, Canada).

2.2 Data Acquisition

Data for the in vitro experiments were collected using a Thorlabs
Inc. (Newton, New Jersey) swept-source OCT (OCM1300SS)
system. This system uses a frequency-swept external cavity
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laser with a central wavelength of 1325 nm and a —3 dB band-
width of approximately 100 nm with an axial resolution of
9 pm, a lateral resolution of 15 ym, and a spectral resolution
of 0.15 nm. In vivo data were collected using a custom-made
swept-source OCT system similar to the one described previ-
ously.” The system used in this study is based on a 36-facet
polygon filter (Lincoln Laser Corp., Phoenix, Arizona) and
operates at a central wavelength of 1310 nm with an axial res-
olution of 7.5 pm, a lateral of 13.7 um, and a spectral resolution
of 0.15 nm. The Thorlabs Swept-source Optical Coherence
Tomography Microscope software package (version 1.3.0.0,
Thorlabs Inc.) was used with both OCT systems.

Data were acquired in the form of 14-bit OCT interference
fringe signals. For each cell sample or tumor, 10 two-dimen-
sional (2-D) data sets containing 128 axial scans were collected
in planes spaced at least 10 um apart and in such a way as to
span the entire cell sample or tumor volume. Each 2-D scan
covered a total transverse distance of 1 mm. All samples
were imaged such that the surface was located at the same dis-
tance in relation to the focal plane to maintain consistency
between measurements with respect to variations in signal inten-
sity due to the focal properties of the lens and the depth-depen-
dent signal roll-off of the laser source. Similar measurements
were acquired from five untreated (control) AML cell samples
for comparison.

An optical scattering calibration reference was used for nor-
malizing all signals measured from cell samples and tumors to
maintain consistency between experiments and to remove sys-
tematic errors. The use of a calibration reference for spectrum
normalization was adopted from ultrasound spectral analysis
methods developed by Lizzi et al.**. The calibration reference
was prepared from a silicone base mixed with titanium dioxide
as the scattering agent, at a concentration of 0.1 g/mL.
Reference measurements were collected at each data acquisition
to remove system effects.

2.3 Data Analysis

A structural B-mode image was generated for each data set
acquired from a 2-D imaging plane by computing the inverse
fast Fourier transforms (IFFT) of the digitized interference sig-
nals and calculating the magnitude of the complex IFFT outputs.
As shown in Fig. 1, from each B-mode image, a region of inter-
est (ROI) covering a depth of 290 ym and a lateral distance of
780 pm was selected for analysis. The lateral dimension was
chosen to give approximately 100 A-lines per B-mode image.
The axial dimension was chosen to coincide with the depth
of focus of the system and begins at approximately 50 ym
below the sample/tumor surface to avoid any specular
reflections.

For each 2-D imaging plane, backscatter spectra were gen-
erated from each of the 100 individual A-lines contained within
the selected ROI by calculating the fast Fourier transforms
(FFT) of the corresponding complex time-domain signals.
Normalized power spectra were calculated by normalizing the
squared magnitude of these spectra by the square of the spec-
trum computed from the titanium dioxide optical calibration
reference (see Fig. 2). The resulting 100 normalized power spec-
tra were averaged to generate a mean, normalized backscatter
power spectrum. This resulted in a total of 10 mean normalized
power spectra per sample, one for each 2-D ROI selected. Each
of the 10 average normalized backscatter power spectra was then
individually integrated over the —3 dB bandwidth of the light
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Fig. 1 (a) Region of interest (ROI) selection. B-mode optical coher-
ence tomography (OCT) image of an acute myeloid leukemia (AML)
cell sample. (b) The selected analysis ROl is outlined by a dashed
gray line. Scale bar indicates 200 um. Representative mean depth
profile (black solid line, left y-axis) of AML cell sample. Axial depth
of selected ROI indicated by dotted lines. Calibration reference
peak intensity (circular markers, right y-axis) measured at multiple
axial distances indicates system focal properties.

source to compute an IB. Integrating over all wavelengths pro-
vides a wavelength average of the backscatter power. Within the
same —3 dB bandwidth region, a linear regression was per-
formed, as shown in Fig. 2, to fit each normalized spectrum
to a line, from which the SS was obtained. This resulted in
10 IB and SS measurements for each sample or tumor imaged.

Due to the limited number of sample points contained within
the selected ROIs, the spectral resolution in the calculated back-
scatter spectra was reduced to 3 nm. We do not expect this loss
in resolution to significantly affect our results, since we are pri-
marily interested in measuring changes in the SS. In the case
where the detection of high-frequency spectral oscillations
were of interest, more advanced signal processing methods
would be required to preserve the spectral resolution.

2.4 Histological Validation

Immediately after the completion of OCT imaging, cell samples
and tumors were fixed in 10% formalin for 48 h and sub-
sequently processed for hematoxylin and eosin (H&E) to
observe cell morphology. Tumor sections were also processed
for terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) to confirm apoptosis. Microscopy was carried out
using a Leica DM LB microscope, and digital images were
acquired with the Leica DC 200 digital imaging system
(Leica Microsystems GmbH, Germany). Digital images
obtained from H&E and TUNEL sections were used to observe
cell and nuclear structure and to confirm apoptosis.
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Fig. 2 Data analysis. (a) OCT backscatter power spectra from a
selected ROI for a calibration reference and an AML cell sample.
(b) AML backscatter power spectrum normalized to the calibration
reference with corresponding linear regression.

2.5 GStatistical Analysis

For each in vitro cell sample, a set of average parameters was
calculated for each of the 10 ROIs. Statistical significance for
the spectral parameters was determined for each treated sample
relative to the control using a Kruskal-Wallis (nonparametric)
test with Dunn’s multiple comparisons test. When comparing
mean spectral parameter values acquired from untreated controls
in vitro and in vivo, a two-tailed Mann—Whitney (nonparamet-
ric) test was used. The Kruskal-Wallis test with Dunn’s multiple
comparisons test was used to compare the in vivo spectral
parameter means from the responder and nonresponder groups
to the control group, as well as to compare the responders from
the two different treatment groups (chemotherapy-only and
chemotherapy combined with radiation) to the control group.
Statistical significance was determined using a = 0.05.

2.6 Mie Theory Predictions

In order to interpret the experimental OCT spectra, backscatter
cross sections representing particle sizes and refractive indices
relevant to biological cells were calculated based on Mie theory.
MiePlot version 4.5 (Philip Laven, Geneva, Switzerland) was
used to calculate the Mie-predicted backscatter efficiency, Qpacx»
as a function of wavelength for particles in size ranges represent-
ing mitochondria and nuclei. Nuclei were modeled as spherical
particles ranging in size from 4 to 11 ym. This range of sizes
was chosen to represent nuclei in viable AML cells (approxi-
mately 9 ym) as well as condensed and fragmented nuclei in
apoptotic cells. Sphere diameters ranging from 0.2 to 1.0 yum
were used to represent the length (~1 pym) and width (~0.5 ym)
of mitochondria, as well as smaller spheres to represent
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mitochondrial fragmentation. An index of refraction of 1.37
was used for cytoplasm, 1.39 for nuclei, and 1.42 for mitochon-
dria.’! The scattering cross section, o, was calculated by multi-
plying Q.. by the physical cross section of the spherical
particle and was plotted as a function of wavelength.

3 Results
3.1 In Vitro Cell-Death Monitoring

3.1.1 Treatment response in vitro

Representative H&E-stained sections obtained from AML cell
samples are shown in Fig. 3. No significant morphological
changes were observed in the histological slides for samples
treated from O to 12 h. These samples displayed rounded cell
shapes and large nuclei occupying the majority of the cell vol-
ume, as are normally seen in viable AML cell cultures.
Significant nuclear condensation and fragmentation are present
in the 24-h sample [Fig. 3(e)]. Signs of more advanced apopto-
sis, such as cellular fragmentation and irregular cell shapes
indicative of cell blebbing, were observed in the 48-h samples.
The areas, which are void of cells (white spacing) visualized in
the 24 and 48-h slides [Figs. 3(c) and 3(d)], are due to a retrac-
tion artifact resulting from fixation and are not indicative of the
cell packing in the samples at the time of imaging.

3.1.2 Spectroscopic parameters in vitro

Representative mean backscatter spectra acquired from cell
samples treated with cisplatin over the course of 48 h are plotted
and compared to an untreated sample in Fig. 4(a). Differences in
the overall magnitude and slope of the average spectra from
treated cells are observed as early as 6 h. The variability in spec-
tral curves acquired from a given sample is shown in Fig. 4(b),
where backscatter power spectra from 10 individual ROIs for
control and treated (24 h) samples are plotted along with their
respective mean spectrum.

Both spectral parameters (IB and SS) changed significantly
during the in vitro time-course experiment. The average change
in parameter values calculated from the two separate experimen-
tal runs is plotted in Figs. 5 and 6, and values from each indi-
vidual experiment are tabulated in Tables 1 and 2. Here, each
parameter value consists of the average from 10 individual 2-
D ROIs with the error indicating the standard deviation. The
parameter value for each ROI was determined from 100 spectra
corresponding to the A-scans contained in the selected ROL

IB values increased consistently with treatment duration,
more than doubling by 48 h with statistically significant
increases observed as early as 9 h after the start of treatment.
SS decreased by 2.5-fold over 48 h. Here, a significant drop
in SS value was observed after as early as 9 h of cisplatin
exposure.

Results from the individual experiments are plotted in
Figs. 5(b) and 6(b). Here, each point represents the average
parameter value obtained from 10 measurements within a single
cell sample with error bars indicating the standard deviation. Of
the two parameters, IB exhibited the least amount of variability
between the experimental runs and indicated a slightly earlier
sensitivity to apoptosis. The SS measurements indicated repeat-
ability in trend, with both cell cultures exhibiting a decrease in
SS over 48 h. However, we observed a variation in the absolute
SS values between the two groups.
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Table 1 In vitro integrated backscatter for two sets of time-course
experiments (G1 and G2). Each value represents the mean of 10 sep-
arate measurements from within a single cell sample.

G1 G2

Treatment Mean = st. dev. Mean = st. dev.

time (h) (a.u.) p* (a.u.) p*

0 0.0403 + 0.002 — 0.0362 + 0.002 —

2 0.0426 + 0.003 >0.9999 0.0388 +0.002 0.8990
4 0.0467 +£0.002 0.2286 0.0393+0.002 0.5253
6 0.0476 +£0.003 0.0734 0.0399+0.002 0.1704
9 0.0479 +£0.004 0.0570 0.0409 +£0.002 0.0206
12 0.0525+0.002 0.0001 0.0437 +0.003 0.0003
24 0.0863 + 0.007 <0.0001 0.0583+0.009 <0.0001
48 0.0928 + 0.005 <0.0001 0.0975+0.018 <0.0001

*p-value determined by Kruskal-Wallis nonparametric test with
Dunn’s multiple comparisons test. The mean of each sample was
compared to the mean of the control sample (0 h). p-value was
adjusted for multiple comparisons.

3.2 In Vivo Tumor Model
3.2.1  \Variability in tumor growth and microstructure

Tumor growth was estimated by palpating the hind leg of each
mouse. During surgery to remove skin overlying the tumor, we
observed that eight mice failed to develop tumors. These ani-
mals were excluded from the study. Digital images acquired
from H&E-stained tumor sections from the remaining animals
also revealed a large variation in tumor microstructure both
within a given tumor and between animals. Examples are high-
lighted in Fig. 7, where variations in tumor vasculature and cell
organization are evident. We also observed cases in which the
tumor cells had infiltrated neighboring muscle tissue [Fig. 7(b)].
The cases, where the tumor had infiltrated muscle tissue (five
animals), or where the tumor microstructure was very hetero-
geneous (three animals), were eliminated from the study. After
these exclusions, there remained a total of five animals in the
control group, seven animals in the chemotherapy group, and
two animals in the combination therapy group. The measure-
ments obtained from these remaining animals are presented.

3.2.2 Classification of treatment response

Based on a qualitative assessment of the histological data, the
treatment response in the chemotherapy group was neither con-
sistent across all animals, nor as strong as the response we pre-
viously observed in vitro. Due to the variability in the treatment
response and in order to analyze the parameter results calculated
from the treated tumors, we studied the tumor histology slides
and classified each animal as either a “responder” or a “nonres-
ponder.” Responders were identified as mice with TUNEL-pos-
itive tumors (indicated by the dark brown staining in Fig. 8) in
which a significant number of cells displayed the characteristic
morphological features of apoptosis such as nuclear condensa-
tion and fragmentation. The nonresponders exhibited viable
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Table 2 In vitro spectral slope values for two sets of time-course experiments (G1 and G2). Each value represents the mean of 10 separate

measurements from within a single cell sample.

G1

G2

Treatment time (h) Mean =+ st. dev. (a.u.)

p* Mean =+ st. dev. (a.u.) p*

0 -321x10*+4.14x 1075
2 —2.49x 1074 +£2.76 x 1075
4 —3.08x 1074 +4.48 x 1075
6 -3.93x 1074 +8.53x 1075
9 -357x10*+£511x 1075
12 -4.43x 1074 +£3.87x10°°
24 -6.85x10* +1.32x10™*
48 -8.09x 104 +1.16x 1074

— —4.26x 107 +£3.29x 10753 —

0.4828 —3.45x 1075 £ 4.33x 1075 >0.9999
>0.9999 —5.87x 1075 + 4.63x 1075 >0.9999
>0.9999 —5.11x 1075 + 4.54 x 1075 >0.9999
>0.9999 —1.13x104+£4.35x10°5 0.1791

0.1101 -1.52x 1074 +3.24x 1075 0.0080

0.0005 —217x107* +£7.42%x 1075 0.0008
<0.0001 —4.51x107* +£1.47x 1074 <0.0001

*p-value determined by Kruskal-Wallis nonparametric test with Dunn’s multiple comparisons test. The mean of each sample was compared to the
mean of the control sample (0 h). p-value was adjusted for multiple comparisons.

appearing tumor cells with rounded cell shapes and nuclei occu-
pying the majority of the cell volume, similar to what is seen in
untreated tumors. This resulted in a total of seven animals
being classified as responders and two as nonresponders.
Representative H&E- and TUNEL-stained tumor sections are
shown in Fig. 8 for responders to chemotherapy, responders
to the combination therapy, and nonresponders. These images
illustrate that the treatment response in the combination therapy
group was stronger, as indicated by the greater number of cells
with condensed and fragmented nuclei.

3.2.3 Spectroscopic parameters in vivo

Mean spectral parameter values for individual tumors along with
control in vitro cell samples are plotted in Fig. 9. Each data point
represents the average of 10 ROIs from a single tumor/sample
with error bars indicating the standard deviation. A larger
variability in parameter values is observed between the in
vitro control samples compared to the control tumors, while
the opposite is true for the variability within each sample (indi-
cated by smaller error bars for the in vitro parameters). The vari-
ability of parameter values within and between the responding
tumors is markedly larger than the control and nonresponding
tumors.

We compared OCT parameters (IB and SS) acquired from
untreated AML tumors to those from control AML cell samples
to determine whether our in vivo results would be consistent, and
therefore comparable, with in vitro measurements from the same
cell line. The IB and SS calculated from in vivo tumor data and
in vitro cell samples are plotted in Fig. 10.

The spectroscopic parameters were consistent between in
vivo and in vitro measurements with IB values of 0.049 4 0.001
and 0.045 £ 0.012 and SS values of —6.5 x 107> £2.2 x 107>
and —8.8 X 1075 £ 5.9x 1072, respectively. This indicates that,
despite variations in tumor microstructure, the presence of blood
flow and extracellular structures, we can obtain consistent
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results using these parameters. Statistical analysis confirmed
no significant difference between the two groups.

Average parameter values for the treated tumors are plotted
in Figs. 11(a) and 11(b) with the results grouped by treatment
response. Average IB values were significantly higher in the
responders group when compared to the control and nonres-
ponders groups (0.063 +0.003, 0.049 £ 0.001, and 0.051 &+
0.002, respectively). The increase in IB relative to the controls
was statistically significant for the responders group, but not for
the nonresponders group. The parameter averages for the
responders group were further separated by treatment type, plot-
ted in Figs. 11(c) and 11(d). Average IB values of 0.066 + 0.004
and 0.054 + 0.005 were calculated for the chemotherapy and
the combination therapy groups, respectively. The increase in
IB relative to the controls was statistically significant for the
chemotherapy group, but not the combination therapy group.
Other OCT-based parameters provided further discrimination,
however.

The average SS was lower in the responder group compared
to the control and nonresponders (—3.21 X 1074 +9.87 x 1073,
—-6.51x 107 £2.21 X 107>, and =7.13 x 1075 + 1.41 x 107,
respectively). The differences, here, were not statistically sig-
nificant; however, the trends agree with those from in vitro
experiments. Once separated by treatment type [Fig. 11(d)],
it became apparent that the decrease in SS was due to a
significantly lower SS value for the combination therapy
(—=6.79 x 107* 4 4.49 x 1075) responders, while the SS for
responders in the chemotherapy group (—1.88x 107* +
6.96 X 1073) was similar to the control average. Here, the drop
in SS for the combination group relative to the control was
confirmed to be statistically significant.

To better understand the differences in spectral parameters
between the chemotherapy-treated responders and the combina-
tion-therapy-treated responders, the mean backscatter power
spectra for individual tumors were plotted (Fig. 12). Relative
to the control, the backscatter power from the chemotherapy
group was higher, to some degree, across all wavelengths. The
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Fig. 7 Variability in AML tumor microstructure. (a) Highly cellular AML tumor with no remarkable micro-
structure variability. (b) Hind leg muscle with no tumor present (excluded from study). (c) Presence of
vacuoles. (d) Striated cell organization and presence of abundant blood cells (excluded from study).
(e) Tumor infiltrating muscle tissue (excluded from study). Scale bars indicate 200 ym.

Control

H&E

TUNEL

1%
35

% } R
>4 g?)‘&‘/

Fig. 8 Representative H&E (top row) and TUNEL (bottom row) sections illustrating treatment response
with group names indicated above each column. Scale bar indicates 50 um.
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Fig. 9 Spectral parameter values (a) IB and (b) SS for individual cell
samples and tumors. Abbreviations: C, control; R, responders; and
NR, nonresponders. Each point represents the mean parameter
value calculated from 10 measurements within a single sample/
tumor. Error bars indicate the standard deviation. Parameter values
from in vitro control samples are included for comparison.
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Fig. 10 Spectral parameters (a) IB and (b) SS measured in control
cell samples (in vitro) and tumors (in vivo). Here, n =5 for both in
vivo and in vitro results. Each bar represents the mean of the param-
eter values for each control group indicated in Fig. 9. Error bars re-
present the standard error of the mean. The difference in parameter
means between the in vivo and in vitro groups was not statistically
significant as determined by a Mann-Whitney (nonparametric) test
with a = 0.05 (p-values indicated on graphs).

backscatter power from the combination therapy group, however,
was larger at shorter wavelengths but smaller at longer wave-
lengths. This explains how the SS could increase markedly
while the change in IB remained insignificant. It should be
noted that with our in vitro studies, the treatment time points
that resulted in significant SS changes also resulted in a signifi-
cant rise in IB.
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3.3 Mie Simulations

Backscatter cross section as a function of wavelength is plotted
in Fig. 13 for particles with sizes and indices of refraction sim-
ilar to cell nuclei and mitochondria. The spectra indicate that
changes in nuclear and mitochondrial size may contribute to var-
iations in SS and overall backscatter intensity. High-frequency
oscillations are not observed in these spectra.

4 Discussion

This study has demonstrated that OCT spectroscopic parameters
are sensitive to subcellular morphological changes related to
apoptosis both in vitro and in vivo. In vitro data provided an
understanding of how the temporal dynamics of apoptosis
affects OCT parameters. The in vivo results demonstrated the
feasibility of using spectroscopic OCT to assess cell death in
a preclinical model and highlighted some of the limitations
and challenges associated with this technique.

Our in vitro results indicated an increase in IB in the cis-
platin-treated cell samples. These results were repeatable
between two experimental runs. Both the IB values and the
change in IB were consistent between experiments. The most
significant change in IB was noted at 24 to 48 h after the
start of treatment, and the largest variability of measurements
was observed at 24 h. These observations correspond to the
time at which structural changes of the cells were most striking
in the H&E-stained sections from the same samples.

IB is a wavelength average of the backscatter power spec-
trum and provides a relative measure of the backscattering effi-
ciency of the probed sample volume. Several cell morphological
changes were observed in the apoptotic cell samples that could
modify scattering efficiency. These include nuclear condensa-
tion, nuclear fragmentation, and cell fragmentation. Further-
more, in samples where significant apoptotic features were
observed, the spatial organization of the nuclei was also altered.
Whereas in the untreated samples the cells were tightly packed
and, consequently, distributed in an organized manner, in the
treated samples where nuclei were condensed and fragmented,
their spatial distribution appeared to be more random and
heterogeneous. All of these changes may cause variations in
measured OCT signals by affecting the size, optical properties,
and spatial distribution of the underlying scatterers.

The IB is influenced by optical attenuation within the sam-
ple. To obtain an absolute measure of the backscattering effi-
ciency, a correction would have to be made to account for
attenuation. Since we are primarily interested in measuring rel-
ative changes in optical properties of tissues before and after
treatment, we have not included the attenuation correction in
our current study. Such a correction would be particularly
important in applications, where absolute measures were
required such as characterization of vulnerable plaques in the
arteries, or early cancer detection. It should be noted that a
recent study® has demonstrated variations in the attenuation
coefficient in cell samples undergoing apoptosis, and we believe
that the methods presented in our study could be strengthened
with the addition of attenuation correction in the future.

The SS parameter decreased as a function of treatment time
in vitro. While the change in SS was consistent between experi-
ments, we observed a slight difference between the absolute val-
ues of the SS. The cells used in this study originated from a
single frozen stock; however, the cells for each individual
experiment were cultured separately. It is possible to see slight
variations in cell morphology from one cell culture to another,
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Fig. 11 Mean in vivo IB and SS values. Abbreviations: C, control; R, responders; NR, nonresponders; R-
Ch, responders receiving chemotherapy; and R-Cb, responders receiving combination therapy. (a) 1B
and (b) SS shown for control tumors (n =5) compared to responders (n=7) and nonresponders
(n=2). (c) IB and (d) SS separated by treatment type shown for control (n = 5), responders to chemo-
therapy (n = 5), and responders to combination therapy (n = 2). Each bar represents the mean of the
parameter values for each group indicated in Fig. 9. Error bars represent the standard error of the mean.
Statistical significance was determined by the Kruskal-Wallis (nonparametric) test with Dunn’s multiple
comparisons test. Each group was compared to the control group. p-values were adjusted to account for
multiple comparisons. Statistical significance is indicated by an asterisk (*) and corresponds to « = 0.05.

particularly in a transformed cell line that divides rapidly,
thus increasing the probability of genomic variability. This
may explain the difference in SS values between the two
experiments.

As with the IB parameter, the SS changed significantly at 24
to 48 h after the start of cisplatin treatment, corresponding to
significant morphological changes in the cell nucleus. We
expect a change in SS with apoptosis due to a reduction in
scatterer size caused by fragmentation of organelles such as
mitochondria and nuclei. Based on Mie theory, for a given
wavelength range and scattering angle, the shape of the back-
scattered spectrum will be determined by the size and relative
refractive index of the scatterers. Consequently, the SS will
depend, in part, on scatterer size of the dominant scatterers

Controls Non responders
. 0.1 0.1
o
S 0.08 0.08
7]
= —_
& 5 0.06 0.06
2 g
? = 0.04 0.04
N2
g8 002 0.02
5]
z 0 0
1300 1320 1340 1360 1380 1300 1320 1340 1360 1380
(a) Wavelength (nm) (b) Wavelength (nm)

in the pellets/tissues. In an elastic light scattering spectroscopy
study by Mulvey et al.,'” a decrease in the negative slope of the
backscatter spectrum in the 500 to 750 nm wavelength region
was correlated with an overall decrease in dominant scatterer
size. The relation between scatterer size and wavelength-depen-
dent scattering, as described by Mie theory, is complex. Spectral
characteristics vary from one wavelength range to another;
therefore, we would not necessarily expect the SS to change
in an identical way at 1300 nm.

Results from our Mie calculations presented in Sec. 3.3 indi-
cated that spheres similar in size and refractive index to nuclei
and mitochondria give rise to backscatter cross sections which
vary slowly and, for the most part, monotonically as a function
of wavelength within the bandwidth of our OCT light source.

Responders Responders
(chemotherapy) (combination)
0.1 0.1
0.08 0.08
0.06 |, 0.06
0.04 0.04
0.02 0.02
0 0
1300 1320 1340 1360 1380 1300 1320 1340 1360 1380
(c) Wavelength (nm) (d) Wavelength (nm)

Fig. 12 (a)—(d) Mean backscatter spectra for AML tumors. Spectra are grouped according to response
and treatment type. Color curves represent the mean spectrum from individual tumors, and bold black
curves represent the overall mean of all control tumors.
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Fig. 13 Mie-predicted backscatter cross section as a function of wavelength for spherical particles rep-
resenting (a) nuclei and (b) mitochondria embedded in cytoplasm. Diameters (d) of spherical particles are

indicated in the graphs.

Therefore, as shown in Fig. 13, a change in the size of subcel-
lular scatterers could affect both the slope and the overall mag-
nitude of the backscatter spectrum. This supports the use of SS
and IB as parameters for detecting morphological changes
related to apoptosis. However, the Mie predictions account
for changes in particle size only. We also know that the conden-
sation and fragmentation of nuclei and mitochondria result in a
number of other modifications in the underlying scatterers in
tissue. These include changes in the refractive index of scatterers
resulting from the condensation of the nucleus and cytoplasm as
well as changes in the overall number of scatterers and their spa-
tial organization. Such phenomena are far more complex and
difficult to model than variations in particle size. Yet, they
are likely to contribute in a significant way to the OCT signal.
A simulation study which measured the effects of scatterer spac-
ing and organization on the ultrasound backscatter signal deter-
mined that an increase in randomization of scatterers contributed
significantly to increases in ultrasound backscatter intensity.*> A
light scattering study*® measuring the fractal dimension of the
scattering profiles of cells undergoing apoptosis has also deter-
mined that subcellular organization contributes to scattering
changes. Specifically, this study pointed to changes in mito-
chondrial subcellular organization as the cause of early scatter-
ing effects and the nucleus as the cause of late scattering effects.
These studies support our hypothesis that variations in the spa-
tial organization of subcellular scatterers contribute to changes
in the OCT signal. Finally, a wavelength-dependent light scat-
tering study** of cells undergoing apoptosis attributed early
changes in the scattering spectrum, in part, to cytoplasmic
water loss.

Apoptosis is a dynamic process with kinetics that can vary
significantly between cell types, treatment types, and even dif-
ferent batches of cells from the same cell line. The time-course
experiment in this study permitted us to observe the kinetics of
this process and to correlate changes observed in our measure-
ments with the various stages of apoptosis. For both IB and SS,
small changes were observed at shorter treatment times (2 to
12 h). It is known that one of the first morphological changes
observed during apoptosis is the fragmentation and deterioration
of the mitochondrial network.*> Early changes observed in the
spectral parameters could be related to mitochondrial fragmen-
tation. The most significant changes in the parameters were
observed 24 to 48 h after treatment. The H&E-stained sections
shown in Figs. 3(c) and 3(d) indicated significant modification
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of nuclear structure in this time period. Several studies**—® have
suggested that mitochondria may be one of the dominant scat-
terers with OCT imaging. However, light scattering techniques
have also been used successfully to detect variations in nuclear
size."” It is therefore reasonable to assume that the changes
observed in the 24 to 48 h time window could be related to
changes in the nuclear structure.*

The kinetics of cisplatin-induced apoptosis are affected by
the length of the cell cycle as well as the specific pathway
involved in triggering the apoptotic process. Cell cycle dynam-
ics and the specifics of a given apoptotic pathway cannot be
ignored when developing methods for cell-death monitoring.*’
The timing of the apoptotic response of AML cells to cisplatin
treatment has previously been characterized in our laboratory as
part of detailed high-frequency ultrasound studies.”?* Given our
familiarity with the dynamics of this in vitro cell-death model,
we developed an in vivo AML tumor model to demonstrate the
feasibility of in vivo cell-death detection using spectroscopic
OCT. To the best of our knowledge, this is the first time this
tumor model has been used in monitoring studies in combina-
tion with radiation therapy and/or a cisplatin/dexamethasone
treatment. It is not a conventional tumor model—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.

The larger variability of measured parameter values between
the in vitro control samples (compared to tumors) was unex-
pected given the highly controlled environment in which in
vitro studies are conducted. However, it must be noted that
all the tumors in this study were grown from the same batch
of cells in culture, while in vitro measurements were collected
over a period of over 12 months, each from a different batch of
cells. The variability in measurements within each sample is
much smaller in vitro, compared to tumors. This is explained
by the homogeneity of cells and their spatial organization in
each individual sample compared to tumors, in which some
heterogeneity in tissue structure is inherent. In vitro cell samples
lack the extracellular matrix and vasculature present in tumors,
which could affect the spacing and organization of cells.
Furthermore, cells in culture are maintained in a highly con-
trolled growth environment and are mixed prior to cell sample
preparation. We expect any variations in cell size or cell cycle to
be distributed evenly throughout the cell sample volume. In
tumors, however, a cell’s proximity to blood vessels and
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other extracellular components could induce gradients in these
morphological characteristics.

A comparison of the overall mean of the spectral parameters
obtained from control AML cell samples and tumors indicated
good agreement between in vitro and in vivo quantitative OCT
measurements. This finding suggests that AML cells, even in the
presence of blood cells, blood vessels, and other extracellular
tissue components, are responsible for the bulk of the OCT sig-
nal in these tumors.

In the treated tumors, we observed an increase in variability
of parameter values both between and within tumors in the
“responders” group. This was expected due to the heterogeneity
in tumor response between animals as well as the heterogeneity
in cell morphologies caused by apoptosis within each tumor,
respectively.

Results from the treated tumors indicated an increase of IB
with the presence of morphological features associated with
apoptosis. This trend agrees with our in vitro results.
However, the IB was slightly lower for the treatment responders
who received the combination therapy (the increase was not sta-
tistically significant relative to the controls), despite the histo-
logical slides indicating substantially more cell death.
Although we expected the IB to be higher in tumors with
more cell death, it is reasonable to assume that in tissue with
a large number of apoptotic cells, the overall scatterer volume
within the tumor is reduced due to the removal of apoptotic
bodies and cellular debris by phagocytic cells—a phenomenon
that does not occur in vitro.

The SS values decreased for all responders; however, the
change was not statistically significant in tumors treated with
chemotherapy only. This result is not unexpected given the
weak treatment response in this group. The decrease in SS
observed with the in vitro cell samples was correlated with a
significant number of cells in the late stages of apoptosis (24
to 48 h after treatment), similar to what was observed in vivo
with the combination of chemotherapy and radiation. It is
also known that in addition to apoptosis, some irradiated
cells may undergo mitotic catastrophe*! characterized by multi-
nucleated cells and nuclear fragmentation.>* We expect the scat-
tering properties of cells undergoing mitotic catastrophe to be
different from those undergoing apoptosis due to the difference
in the morphological features in the cell. However, our analysis
of the H&E-stained tumor sections did not indicate any clear
evidence of mitotic catastrophe in contrast to apoptosis in the
irradiated tumors.

In this study, we elected to exclude tumors that presented
with a great deal of heterogeneity, either in the form of
tumor cells invading muscle tissue or with significant areas
of heterogeneous vasculature or cell organization. While hetero-
geneous tumor structure is a realistic expectation in a clinical
setting, we insisted on maintaining consistency between animals
in this early feasibility study. Due to the limited penetration
depth of OCT, our tumor model required the removal of skin
overlying the tumor prior to imaging. We did not image the
same animal on consecutive days in order to avoid complica-
tions from scar tissue formation over the tumor area. We are
currently exploring more superficial tumor models that would
avoid the step of skin removal. This would have the added ben-
efit of permitting longitudinal imaging, with which we could
compare the spectral parameters before and after treatment in
a single animal. This type of longitudinal study would also
allow us to include animals with large tumor heterogeneity,
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since we would be measuring relative changes to the spectral
parameters versus the absolute values of these parameters.

5 Conclusions

In summary, we have demonstrated that spectroscopic parame-
ters derived from OCT data are sensitive to cell morphological
changes caused by apoptosis in vitro and in vivo. In vitro AML
cell death experiments with known kinetics allowed us to cor-
relate IB and SS values with characteristic morphological fea-
tures of apoptosis resulting from exposures to cisplatin ranging
from O to 48 h. Both IB and SS changed significantly after 24 to
48 h, coinciding with striking morphological changes in the
cells and their nuclei. Smaller changes were seen at shorter treat-
ment times, which may correlate with earlier apoptotic events
such as disruption of the mitochondrial network and their frag-
mentation. A comparison of spectral parameters from untreated
cell samples and tumors demonstrated a good agreement
between in vitro and in vivo measurements. The IB increased
for all responding tumors—though more significantly in the
chemotherapy versus the combination-therapy-treated tumors.
The SS decreased in responding tumors, and most significantly
in tumors undergoing combination therapy. Despite the limita-
tions of our in vivo tumor model, such as large tumor micro-
structure variability and the inability to conduct longitudinal
measurements, this study has demonstrated the feasibility of
using spectroscopic OCT for in vivo treatment monitoring.
Future work will include more detailed in vitro experiments
to correlate specific cell morphological features to spectral
parameter changes. Based on the demonstration of feasibility
for in vivo imaging in this study, an implementation of a
more superficial tumor model would permit an assessment of
the effect of tumor microstructure variability and the longi-
tudinal characterization of treatment response in tumors.
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