1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Radiat Res. Author manuscript; available in PMC 2023 December 01.

-, HHS Public Access
«

Published in final edited form as:
Radiat Res. 2022 December 01; 198(6): 545-552. doi:10.1667/RADE-21-00228.1.

Diffuse Reflectance Spectroscopy of Changes in Tumor
Microenvironment in Response to Different Doses of Radiation

April Jules?, Davin MeansP, Joel Rodriguez Troncoso?, Alric Fernandes®, Sina Dadgar?,
Eric R. Siegeld, Narasimhan Rajaram?2
aDepartment of Biomedical Engineering, University of Arkansas, Fayetteville, Arkansas

bDepartment of Biological Sciences, University of Arkansas, Fayetteville, Arkansas
¢Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas

dDepartment of Biostatistics, University of Arkansas for Medical Sciences, Little Rock, Arkansas

Abstract

Radiation therapy plays an important role in cancer treatment, as it is an established method

used as part of the treatment plan for the majority of cancer patients. Real-time monitoring

of the effects of radiation on the tumor microenvironment can contribute to the development

of better treatment plans. In this study, we use diffuse reflectance spectroscopy, a non-invasive
optical fiber-based technique, to determine the effects of different doses of radiation on the tumor
microenvironment, as well as to determine the sensitivity of diffuse reflectance spectroscopy to
low doses of radiation that are used in the treatment of certain cancers. We injected 4T1 cells into
50 Balb/c mice to generate tumor xenografts. When the tumors grew to 200 mm3, we distributed
the mice into a control group or one of three radiation groups: 1, 2, or 4 Gy/fraction, and they
underwent treatment for five consecutive days. We measured the tumor volume and collected
diffuse reflectance spectra every day, with optical measurements being acquired both before

and one h postirradiation on the five days of treatment. Based on the diffusely reflected light,

we quantified vascular oxygenation, total hemoglobin content, and tissue scattering within these
tumors. There was a significant increase in tumor vascular oxygenation, which was primarily due
to an increase in oxygenated hemoglobin, in response to a 1 Gy/fraction of radiation, while there
was a decrease in tissue scattering in response to all doses of radiation. Immunohistochemical
analysis revealed that tumor cell proliferation and apoptosis were higher in irradiated groups
compared to the control group. Our findings show that diffuse reflectance spectroscopy is sensitive
to microenvironmental changes in tumors treated with doses of radiation as low as 1 Gy/fraction.

INTRODUCTION

Radiation therapy is currently one of the most effective components of cancer treatment,
whether it is used alone or in combination with other modalities such as chemotherapy,

surgery, or immunotherapy (1). The exposure of tumor cells to ionizing radiation triggers
biological processes that inhibit growth and prevent cells from further proliferation. This
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alters the metabolism of these cells and induces different forms of cell damage and death (2,
3). The delivery of treatment through fractionated radiation doses, whereby the total dose is
divided into multiple fractions, has been shown to be protective of normal cells over cancer
cells, as these relatively slower proliferating normal cells have more time to repair radiation-
induced damage before replication (1). Fractionated regimes also promote reoxygenation of
hypoxic tumor cells, resulting in increased sensitivity to subsequent fractions of radiation
(4, 5). Hypoxic tumors have been shown to be more resistant to radiation (4, 5). Therefore,
reoxygenation of tumor cells after irradiation increases the efficacy of the treatment (6, 7).

The tumor microenvironment (TME), which consists of blood vessels, immune cells,
extracellular matrix, and various associated tissue cells, differs from the microenvironment
of normal tissue, and impacts tumor progression and therefore the response of a tumor

to radiation (8-11). While fibroblasts, which are a major constituent of the stroma, in
normal tissue act to suppress tumor growth and progression via direct interactions with
neighboring abnormal cells, cancer-associated fibroblasts in the TME promote tumorigenic
activities (11). Changes in the TME due to treatment with radiation have been examined
from several perspectives, including that of tumor hypoxia and changes to the tumor
vasculature (8, 12-15), and superficial damage caused by these changes have been evaluated
using an array of optical techniques (16). Oxygen-sensing electrodes that measure tissue
oxygen partial pressure (pO,) have been used to detect oxygenation in tumors prior to

and during irradiation (12, 17). However, this method of evaluating treatment response

is invasive, therefore limiting the measurement frequency (18, 19). Diffuse reflectance
spectroscopy (DRS) is a non-invasive optical fiber-based technique that uses non-ionizing
radiation to interrogate tissue. When the light interacts with components in the tissue,
scattering and absorption occur, and the diffusely reflected light is collected. Analysis of the
wavelength-dependent optical parameters can reveal information about relevant biological
properties in the tissue (20). Several studies have used DRS to measure changes in tumor
vascular oxygenation and total hemoglobin concentration in response to immunotherapy,
chemotherapy, and radiation therapy (19, 21-27). Diaz et al. previously demonstrated that
DRS is sensitive to radiation-induced changes in tumor oxygenation in radiation-resistant
and radiation-sensitive tumors treated with 2 Gy/fraction (22). Hu et al. observed changes
in oxygen and perfusion kinetics associated with doses greater than 8 Gy of fractionated
radiation in mice bearing FaDu xenografts using DRS (19).

The goal of this study was to determine the sensitivity of diffuse reflectance spectroscopy

to different doses of radiation on the tumor microenvironment. Specifically, we aimed

to determine the changes in optical properties as a function of time and radiation dose,
investigate the source of these changes in oxygenation, hemoglobin concentration and

tissue scattering, and determine the relationship between reoxygenation and anatomical and
functional measures of the tumor. Tumors were treated with either sham treatment, or 1, 2 or
4 Gy once a day for five days, and optical spectra were acquired before and after treatment
on each day. Our results indicate that DRS can be used to detect tumor microenvironmental
changes in tumors treated with low doses of radiation, as low as 1 Gy/fraction.
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MATERIALS AND METHODS

Cell Culture and Tumor Xenograft Development, and Irradiation

All animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Arkansas (Protocol number: 20033). Figure 1A shows the
timeline for these studies. 4T1 cells, originally derived from a spontaneous breast tumor
growing in a Balb/c mouse (15) were kindly provided by Dr. Fred Miller (Karmanos Cancer
Institute). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with the
addition of 10% fetal bovine serum (FBS), 200 mM L-glutamine, 1% nonessential amino
acids, and 1% penicillin-streptomycin. The cells were cultured twice a week and stored

in a humidified incubator set to 5% CO, and 37°C. Fifty female Balb/c mice that were

6-8 weeks old and weighing approximately 20-25 g were injected subcutaneously in the
right flank with 250,000 4T1 murine mammary carcinoma cells suspended in saline. Tumor
growth was monitored daily, and tumor dimensions were measured using Vernier calipers.

The tumor volumes were calculated according to the equation: Vv = % X (width)2 x length At

tumor volumes of approximately 200-250 mm3, mice were randomly assigned to one of
three treatment groups receiving either 1 Gy (n = 14), 2 Gy (n = 14) or 4 Gy (n = 12) per
day, or to a control group (n = 10). Analysis of tumor optical properties was restricted to
tumor data which met threshold requirements for the lookup table-based model on day 1 of
measurements, and tumors from mice that survived at least five days of radiation treatment.
Here, baseline refers to measurements acquired prior to the first radiation dose.

Fractionated Irradiations of Tumor Xenografts

Radiation doses of 1, 2 or 4 Gy per day were administered for 5 consecutive days.

Irradiation was performed using the X-RAD 320 biological X-ray irradiator (Precision
X-Ray, North Branford, CT). The mice were anesthetized using a mixture of isoflurane

gas (1.5% v/v) and medical grade air through a delivery device placed within the radiation
cabinet and placed on a platform 50 mm away from the X-ray source. A collimated X-ray
beam was produced at a dose rate of 0.82 Gy/min, focusing exclusively on the tumor-bearing
flank, with the rest of the body being shielded by lead blocks.

Diffuse Reflectance Spectroscopy

We used a DRS setup as described previously (28). The DRS system consists of a tungsten
halogen lamp (HL-2000, Ocean Optics, Dunedin, FL), a USB spectrometer (Flame, Ocean
Optics, Dunedin, FL), and a bifurcated fiber optic probe with source-detector separation

of 2.25 mm. DRS spectra were acquired in the wavelength range of 475 to 600 nm. The
common end of the probe consists of four central illumination fibers and five peripheral
detector fibers. An 80% reflectance standard (SRS-80-010; Labsphere, North Sutton, NH)
was used to calibrate the reflectance spectra daily to correct for potential variations in light
throughput. DRS spectra were acquired twice a day on the five days of treatment, and once
per day on days 6-10 after the end of radiation treatment, with about 5-10 spectra being
obtained per tumor. On the treatment days, spectra were acquired prior to irradiation and 1 h
postirradiation (22, 26).
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Quantification of Tissue Optical Properties

We used a lookup table (LUT)-based model, constructed from the absorption coefficient and
reduced scattering coefficient, to fit the measured diffuse reflectance spectra and quantify the
optical properties of the tumor, specifically vascular oxygenation (sO,), total hemoglobin
concentration (THb), and tissue scattering (20, 29). The concentrations of oxygenated

hemoglobin (HbO,) and deoxygenated hemoglobin (dHb) were calculated from measured

. HbO . .
vascular oxygenation: sO, = sz and total hemoglobin concentration: 7THb= HbO, + dHb.

Light scattering in tissue was measured via DRS. Optical properties for each animal were
determined from an average of the multiple spectra acquired, and the averages were then
logarithmically transformed prior to conducting statistical analysis.

Immunohistochemistry

An intraperitoneal (i.p.) injection of 60 mg/kg pimonidazole (Hypoxyprobe, Burlington,
MA) was administered to each mouse 1 h prior to euthanasia. One h post injection, tumors
were resected, the mice were euthanized, and the tumors were embedded in optimal cutting
temperature (OCT) compound and flash frozen using liquid nitrogen. Frozen tumors were
sectioned into 10 um slices using a cryostat (CM 1860; Leica, Inc., Nussloch, Germany),
and the samples were immunostained using a direct labeling protocol. After the slides
were hydrated in phosphate-buffered saline (PBS), we used a pap pen (Vector Laboratories,
Burlingame, CA) to create a hydrophobic barrier around each tissue sample. The tissue
sections were then fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-X
100, and incubated with a blocking solution (95% PBS, 4% goat serum, 1% sodium azide)
at room temperature for 1 h. Pimonidazole staining was performed by incubating tissue
sections with monoclonal antibody conjugated to Dylight™ 549 fluorophore (Hypoxyprobe
Red 549 kit; HPI, Inc., Burlington, MA) for 1 h at room temperature. Ki-67 staining

was done by incubating tissue sections in Ki-67 antibody (Abcam, Cambridge, MA) in

a humidity chamber overnight at 4°C, followed by Alexa Fluor 647 secondary antibody
(A-21244; Thermo Fisher, Waltham, MA) for 1 h at room temperature. TUNEL staining
was performed as recommended by the manufacturer (In Situ Cell Death Detection Kit,
Fluorescein; Roche, Mannheim, Germany). Finally, the samples were rinsed in PBS, covered
with fluoromount, and slides were cover slipped with nail polish and left to dry for 24 h. The
tumor sections were imaged using a confocal laser-scanning microscope (Fluoview FV10i;
Olympus) and analyzed using MATLAB (Mathworks, Natick, MA).

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 9. Prior to statistical analysis,

the measured data were logarithmically transformed to reduce skewness of the data. Two-
way repeated measures analysis of variance (ANOVA) was used to determine statistically
significant differences in tumor volume between each group over the course of the study,

as well as significant differences in vascular oxygenation, total hemoglobin concentration,
oxygenated hemoglobin, deoxygenated hemoglobin and scattering between time points
within each treatment group. Time and radiation dose were considered fixed effects. Post-
hoc analysis was conducted using Tukey’s test. For all statistical analyses, P values less than
0.05 were considered significant.
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Lower Radiation Doses Lead to a Reduction In Tumor Growth Rate

Tumor growth curves for each treatment group are shown in Fig. 1B. Our results show that
on day 2 of treatment, the tumor volume in the 2 Gy group was 37.5% lower than the 4 Gy
group (P = 0.01), and 34.4% lower than the untreated control group on day 4 (P = 0.04).
We found that radiation, particularly at 1 Gy and 2 Gy per fraction led to a reduction in
the tumor growth rate during the five days of treatment. We also compared the values of
tumor volume, vascular oxygenation, total hemoglobin content and tissue scattering across
all groups from measurements obtained prior to treatment on the first day. There were

no significant differences in average baseline values of tumor volume (Fig. 1C) or total
hemoglobin content (Fig. 1E) between the groups prior to treatment. However, the average
baseline vascular oxygenation in the 2 Gy group was 62.0% higher than that of the 1 Gy
group (Fig. 1D; P = 0.03), and the average tissue scattering was 50.1% higher in the 2 Gy
group compared to the 4 Gy group. (Fig. 1F; P = 0.009).

Tumors Iradiated at 1 Gy Per Fraction Display Prominent Reflectance Band and Absorption

Peaks

In the well-established absorption profiles of oxygenated (HbO,) and deoxygenated
hemoglobin (dHb) shown in Fig. 2A, HbO, has distinct dual peaks at 542 nm and 576
nm, while dHb has a single peak at 556 nm (30). Figure 2B presents in vivo DRS
measurements obtained prior to treatment on day 3 from representative tumors in each
treatment group and their corresponding LUT fits. Figure 2C illustrates the corresponding
LUT-extracted wavelength-dependent absorption coefficients. The flatter reflectance band
and single absorption peak from the non-irradiated tumor indicates lower oxygenation
compared to the more pronounced reflectance band and distinct double absorption peaks
displayed by the tumor irradiated at 1 Gy. The representative tumors irradiated at 2 Gy and
4 Gy also display pronounced reflectance bands and absorption peaks, although lower in
magnitude and not as prominent as the tumor irradiated at 1 Gy.

Tumor Vascular Oxygenation and Oxygenated Hemoglobin Concentration Increase in
Response to a Dose of 1 Gy per Fraction

We quantified the optical properties from the measured DRS spectra to determine radiation-
induced changes in oxygenation. Figure 3A presents the measurements of vascular
oxygenation on each day before treatment for irradiated and non-irradiated groups.
Oxygenation in tumors treated with 1 Gy dose/fraction increased by 55.6%, 47.5% and
46.5% on days 3, 4, and 5, respectively, compared with the pre-irradiation baseline, yet the
tumors treated with daily 4 Gy fractions the oxygenation level increased by 35.0% on day 5
relative to day 1. In the non-irradiated group, there was a 37.8% and 35.5% increase on day
5 relative to days 1 and 3, respectively. Figure 3B shows the changes in total hemoglobin
for each group before irradiation on the five days of treatment. While there was an overall
increase in total hemoglobin concentration in irradiated tumors, there were no significant
differences within groups or among the groups. We also compared oxygenated hemoglobin
(Fig. 3C) and deoxygenated hemoglobin (Fig. 3D) in each treatment group on the five days
of radiation treatment. The changes in oxygenated hemoglobin were greater than that of
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deoxygenated hemoglobin. This was particularly noticeable in the 1 Gy group. Statistical
analysis of this data showed increases of 63.5% and 62.0% in oxygenated hemoglobin on
days 4 and 5 of treatment, respectively, relative to the pre-irradiated baseline. In the 4 Gy
group, oxygenated hemoglobin increased by 51.1% on day 5 compared with day 1. There
was also a 15.4% reduction in deoxygenated hemoglobin in the 1 Gy group on day 5 of
treatment relative to day 1.

Tumor Cell Proliferation and Apoptosis are Higher in Irradiated Groups Compared to
Control Groups

We used immunohistochemistry (IHC) staining to assess sections from tumors collected
after five days of radiation treatment or no treatment, shown in Fig. 4. The tumors irradiated
at 2 Gy/fraction showed the highest pimonidazole expression, while those irradiated at 4
Gyl/fraction expressed the lowest percentage of pixels positively stained for pimonidazole
(Fig. 4A), with a statistically significant difference between the two groups (P = 0.02). Ki-67
expression was lowest in the non-irradiated tumors and was similar in irradiated tumors
(Fig. 4F). Tumors irradiated at 4 Gy/fraction had the highest percentage of TUNEL-positive
pixels, while non-irradiated tumors showed low levels of TUNEL (Fig. 4K).

Tissue Scattering Decreases in Response to Irradiation and is not Correlated with Cell
Proliferation and Apoptosis

There was an overall decrease in tissue scattering in all groups across the five days of
treatment (Fig. 5), noticeably in the 2 Gy group where scattering decreased by 30.1% on
day 4 compared to day 1. However, an increase in scattering was observed in all the groups
after receiving four doses of radiation, or prior to treatment on day 5. We also determined
the association between optical scattering in the tumors and cell proliferation and apoptosis
assessed by IHC staining (data not shown). There was a weak positive correlation between
Ki-67 positive stained pixels and mean reduced scattering coefficient and a similar negative
correlation between the percentage of pixels positively stained for TUNEL and mean
reduced scattering coefficient; however, these correlations were not statistically significant

DISCUSSION

Previous studies examining the effects of radiation on the tumor microenvironment using
optical spectroscopy have done so using a single high dose or high-dose irradiations greater
than 8 Gy per fraction (19, 31). Clément-Colmou et al. recently investigated the effects

of high-dose fractionated irradiations on the phenotype and functionality of the tumor
vasculature (8). In this study, we measured changes in the tumor microenvironment in
response to low doses of fractionated irradiations using diffuse reflectance spectroscopy.
We saw changes in vascular oxygenation and total hemoglobin concentration with respect
to time and radiation dose. Tumor oxygenation is one of the microenvironmental factors
that affects response to radiation. Reoxygenation in tumors after fractionated irradiations
has been investigated by several groups, and early reoxygenation has been attributed to a
decrease in oxygen consumption and increase in oxygen supply (6, 26). Short-term changes
in tumor oxygenation after irradiation have also been investigated as a marker for radiation
response (22), and it has been shown previously that tumor irradiation can affect blood flow
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(32-34). We found that tumor vascular oxygenation increased in all the radiation groups,
but we observed a significant increase in response to a radiation dose of 1 Gy/fraction
during treatment (Fig. 3A). This was also evident in the pronounced reflectance band and
prominent peaks seen in the absorption spectrum of the representative 1 Gy tumor on

day 3 of treatment, indicating the presence of oxygenated hemoglobin. While the baseline
vascular oxygenation for some of the tumors in this group was relatively low, the baseline
volumes for those tumors were within the range of baseline tumor volumes that we selected
for this study, and multiple optical spectra were acquired from each tumor. Understanding
changes in hemoglobin concentration is essential in examining radiation-induced changes
in the tumor microenvironment, and has recently been studied using optical techniques like
hyperspectral imaging (35). Using diffuse reflectance spectroscopy, we found that while
there was an overall increase in total hemoglobin concentration throughout the course of
treatment, it did not change significantly (Fig. 3B) but there was an increase in oxygenated
hemoglobin concentration (Fig. 3C). Therefore, the primary driver of changes in vascular
oxygenation are due to changes in oxygenated hemoglobin.

In addition to measuring vascular oxygenation, we used IHC techniques to validate these
changes in oxygenation. Tumor hypoxia, or low-oxygen supply to tissue, is problematic

for radiotherapy and affects treatment outcome. Several methods have been used to detect
tumor hypoxia, including polarographic O, sensors, PET imaging, and IHC methods using
markers like pimonidazole, a well-established method for quantifying hypoxia (36). Palmer
et al. found that using optical spectroscopy to detect changes in tissue oxygenation in tumors
was comparable to the established partial oxygen pressure system where the sensors were
inserted into the tumors (37). Dadgar et al. showed that oxygenation measurements obtained
by DRS are consistent with pimonidazole quantification in head and neck cancer xenografts,
and can be used as a measure of hypoxic fraction (28). In this study, we found that while

the percentage of pimonidazole positive pixels was similar among all groups, the highest
percentage was seen in tumors irradiated at 2 Gy/fraction (Fig. 4A-E). This is consistent
with our finding that the 2 Gy/fraction group showed the lowest levels of oxygenation after
five days of treatment with radiation.

To assess tumor cell proliferation and apoptosis in response to radiation, we conducted
Ki-67 and TUNEL staining, respectively. Vala et al. exposed human lung microvascular
endothelial cells to doses of radiation lower than 2 Gy and found that doses lower than

1 Gy did not affect cell proliferation but above 1 Gy, the proliferation rate significantly
decreased (38). We saw a contrasting trend in this study. While proliferation was lowest

in non-irradiated tumors, it was similar for tumors across all radiation groups, and there
was no significant difference in percentage of Ki-67 positive pixels in control tumors and
irradiated tumors (Fig. 4F-J). In their study, Chung et al. observed that tissues with higher
levels of oxygenation contained more proliferative cells (39). We did not make such an
observation with our data, however, as the Ki-67 levels were similar among all groups.
lonizing radiation is known to induce DNA damage as well as cell death via apoptosis

or necrosis (40, 41). TUNEL staining illustrated differences between the groups receiving
radiation and the control group, particularly in the 4 Gy/fraction group in which the tumor
sections had a higher quantity of TUNEL positive pixels (Fig. 4K-0). Radiation at higher
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doses is expected to cause greater damage, rendering the cells more susceptible to cell death
(42).

Light scattering in tissue can be extracted from DRS measurements by quantification of

the reduced scattering coefficient, which is typically modelled as a power law, from which
scattering amplitude and scattering exponent can be derived. Changes in optical scattering in
tissue can be impacted by multiple factors, including alterations to morphological features
of cell organelles such as mitochondria and nuclei (43), as well as changes in tumor

volume which can be affected by cell proliferation and apoptosis (44). Although we did

not observe any significant differences in tissue scattering between the treatment groups, we
saw a decrease in scattering in all groups (Fig. 5). Tabassum et al., in treating tumors with
chemotherapy and antiangiogenic agents, correlated optical parameters derived from spatial
frequency domain imaging (SFDI), a wide-field technique used to quantify scattering and
absorption due to chromophores in tissue, with tumor physiological markers. They found
that an increase in scattering amplitude is strongly correlated with apoptosis, and a decrease
in scattering exponent is strongly correlated with cell proliferation (45), however in studying
these parameters in the context of radiation treatment, we did not observe such correlations.
From our assessment of tumor cell proliferation and apoptosis and their relationship with
tissue scattering, we saw a weak positive correlation between scattering and Ki-67 positive
pixels and a weak negative correlation between scattering and TUNEL positive pixels, but
neither were statistically significant. While scattering may be associated with an increase in
cell proliferation as well as nuclear and mitochondrial fragmentation due to apoptosis (46),
longitudinal IHC data may have been better able to determine such a relationship in our
study.

In summary, diffuse reflectance spectroscopy has been used as a non-invasive technique to
measure optical properties of tissue, and we have demonstrated that this method can be
used to detect changes in the tumor microenvironment in response to low doses of radiation,
as low as 1 Gy/fraction. We were able to detect an increase in vascular oxygenation in
irradiated tumors, largely due to an increase in oxygenated hemoglobin concentration.
Additional frequent, near-real-time measurements of tumor function are necessary as this
provides knowledge of reoxygenation and can be used to determine the frequency with
which tumors should be irradiated.
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FIG. 1.

Panel A: Study design showing days of radiation treatment (RT) and optical measurements.
Panel B: Average tumor volume measurements + standard error of the mean (SEM) for

each treatment group on the five days of treatment. *Represents significant differences in
tumor volume between the 2 Gy/fraction and 4 Gy/fraction groups on day 2, and between
the control (NT) and 2 Gy/fraction groups on day 4 of irradiation. Baseline comparison of
(panel C) tumor volume, (panel D) vascular oxygenation, (panel E) total hemoglobin content
and (panel F) tissue scattering between treatment groups. *P < 0.05 and **P < 0.01.
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FIG. 2.
Panel A: Absorbance spectra of oxygenated and deoxygenated hemoglobin. Panel B:

Representative diffuse reflectance spectra and their corresponding LUT fits from each group
on day 3 of treatment. Panel C: Corresponding absorption spectra extracted from the LUT

fits.
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Changes in (panel A) vascular oxygenation, (panel B) total-hemoglobin concentration,
(panel C) oxygenated hemoglobin, and (panel D) deoxygenated hemoglobin prior to
irradiation for each treatment group. Data shown as minimum to maximum values for
each treatment group on each day. Significant differences between days within a group are
represented using asterisks (*). *P < 0.05 and **P < 0.01.
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FIG. 4.
Quantification of (panel A) pimonidazole positive, (panel F) Ki-67 positive, and (panel K)

TUNEL positive pixels in irradiated and non-irradiated tumors after five days of treatment.
Representative images of (panels B-E) pimonidazole, (panels G-J) Ki-67 and (panels L-O)
TUNEL stained slides. The scale bar represents 250 um. *P < 0.05.
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Tissue scattering before irradiation for each group on the five days of treatment. *P < 0.05.
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