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Noninvasive optoacoustic
microangiography reveals dose
and size dependency of radiation-
induced deep tumor vasculature
remodeling

Abstract

Tumor microvascular responses may provide a sensitive readout indicative of radiation therapy efficacy, its time course and dose
dependencies. However, direct high-resolution observation and longitudinal monitoring of large-scale microvascular remodeling in
deep tissues remained challenging with the conventional microscopy approaches.

We report on a non-invasive longitudinal study of morphological and functional neovascular responses by means of scanning
optoacoustic (OA) microangiography. /n vive imaging of CT26 tumor response to a single irradiation at varying dose (6, 12, and
18 Gy) has been performed over ten days following treatment. Tumor oxygenation levels were further estimated using diffuse optical
spectroscopy (DOS) with a contact fiber probe.

OA revealed the formation of extended vascular structures on the whole tumor scale during its proliferation, whereas only short
fragmented vascular regions were identified following irradiation. On the first day post treatment, a decrease in the density of small
(capillary-sized) and medium-sized vessels was revealed, accompanied by an increase in their fragmentation. Larger vessels exhibited
an increase in their density accompanied by a decline in the number of vascular segments. Short-lasting response has been observed
after 6 and 12 Gy irradiations, whereas 18 Gy treatment resulted in prolonged responses, up to the tenth day after irradiation. DOS

Abbreviations: OA, optoacoustic; DOS, diffuse optical spectroscopy; RT, radiation therapy; PVDE polyvinylidene fluoride; MIP, maximum intensity projections; RBC, red blood cell; vWF,
von Willebrand factor; IHC, immunohistochemistry; H&E, hematoxylin and eosin; StO,, blood oxygen saturation; tHb, total hemoglobin; HHb, deoxyhemoglobin; HbO,, oxyhemoglobin.
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elevation of oxygen supply.
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measurements further revealed a delayed increase of tumor oxygenation levels for 18 Gy irradiations, commencing on the sixth day
post treatment. The ameliorated oxygenation is attributed to diminished oxygen consumption by inhibited tumor cells but not to the

This work is the first to demonstrate the differential (size-dependent) nature of vascular responses to radiation treatments at varying
doses in vivo. The OA approach thus facilitates the study of radiation-induced vascular changes in an unperturbed 77 vivo environment
while enabling deep tissue high-resolution observations at the whole tumor scale.

Keywords: Radiation therapy, Tumor models, Microvascular remodeling, Size-dependent vascular response, Optoacoustic angiography

Introduction

Changes in tumor blood supply in response to exposure to ionizing
radiation have been a subject of scientific investigations since 1930s [1].
Numerous studies have demonstrated variations of the tumor vascular bed
response to irradiation, depending on the total and single dose, fractionation,
as well as the histological structure and size of the tumor node [2,3]. The
main manifestations of the microvascular response to irradiation are drop of
perfusion, elevated permeability of the vascular wall, diminished number of
functioning vessels, reduced density of the vascular network, vasoconstriction
and decrease in the blood flow velocity [1,4].

Most studies to date have considered the effects on tumor vessels induced
by a single irradiation over a wide range of doses [1]. In recent years, in
connection with the development of precision irradiation techniques, the
main trend in radiation therapy has become the use of higher single doses
in one or few fractions (stereotaxic radiotherapy or stereotactic radiosurgery)
[5]. Studies on tumor models have shown that irradiation with higher
doses leads to significant damage to microcirculation, changes in the tumor
microenvironment and subsequent cell death [6].

Investigating the mechanisms underlying tumor tissue destruction by
high-dose irradiations, in particular its microvascular responses, is paramount
for optimal treatment planning, prognosis and follow-up. One pivotal
question is how the different components of tumor vascular bed contribute
to the changes in the tumor oxygen state at various time point after exposure
to various doses of radiation.

The spatial computed
tomography [7] and magnetic resonance imaging [8] methods are inadequate
for visualizing the capillary network in vivo. Alternatively, various intravital
optical microscopy approaches [9-11] can be used for high-resolution
angiography with the caveat of having poor penetration depth and small
field of view, which limits most studies to superficial observations on a sub-
millimeter scale. Doppler ultrasound imaging has an appropriate penetration
depth but suffers from insufficient contrast and spatial resolution [12],
making it incapable of clearly discerning small vessels having a slow blood
flow [13].

The optoacoustic (OA) method is based upon the physical phenomenon
of conversion of absorbed light into acoustic waves, which allows for label-
free imaging of hemoglobin-containing structures with high optical contrast
and much deeper penetration compared to optical microscopy [14]. To this
end, OA angiography has been successfully employed for analyzing vascular
pattern changes in response to anti-angiogenic therapies [15,16]. A number
of OA works have monitored the tumor functional state following radiation
therapy (RT) at the macroscopic scale [17-19] by identifying radiation-
induced changes in blood oxygen saturation averaged through thick 2D

resolution of traditional contrast-based

cross-sections. Radiation-induced structural changes of the cortical and skull
microvasculature were also studied with optical-resolution OA microscopy

[20], albeit the study was limited to healthy tissues exposed to radiation and
effective penetration well below 1mm.

Most OA imaging systems have been implemented with piezocomposite
sensors that typically exhibit a limited bandwidth around their central
resonant frequency [21,22]. However, unequivocal differentiation between
vascular structures of various sizes implies detection of OA responses over a
broad range of frequencies [23]. An ultrawideband optoacoustic angiography
can be enabled through the use of non-resonant piezopolymer materials based
on polyvinidylene fluoride (PVDF) [24], which was previously established for
scanning OA angiography in the visible and IR range of optical wavelengths
[25].

In this work, we utilized PVDE-based acoustic-resolution OA microscopy
system [26] for monitoring the response of tumor vascular network to
single exposures to varying doses of ionizing radiation. By employing a
murine colon carcinoma CT26 model, we demonstrate, for the first time,
the differential (size-dependent) nature of vascular responses to RT in vivo.
DOS measurements were further employed to monitor tumor oxygenation
levels using a contact fiber-optic probe.

Methods and materials
Animals and tumor models

The experiments were carried out on eighteen 6-week-old female Balb/c
mice (18-20 g). The animals were obtained from the “Pushchino” Nursery
for laboratory animals (Moscow, Russia). The study was performed on the
model of murine colon carcinoma CT26 (ATCC No CRL-2638). 5 x 10°
cells in 50 ul PBS were injected subcutaneously into the outer side of the left
thigh.

The experiments were conducted in accordance with the codes and
enactments regulating research studies pertaining the safety and efficiency of
pharmaceuticals (Regulation by Ministry of Health and Social Development
of Russian Federation No. 708-n from 23.08.2010), as well as international
legal and ethical rules pertaining experimental use of animals (NIH
Publications No. 8023, revised, 1978). The animal studies were approved by
the Ethics Committee of Lobachevsky State University of Nizhny Novgorod
(Protocol No 47, 22.10.2020).

OA imaging system and data processing

Detailed description of the raster-scan optoacoustic angiography
apparatus is available elsewhere [26,27]. In short, the generated OA responses
were captured by a single-element spherically focused ultrasonic detector
based on 9 um polyvinylidene fluoride (PVDF) film. The transducer had an
ultrawideband detection bandwidth between 1 and 100 MHz, F = 6.8 mm
focal distance and 0.6 numerical aperture. The scanning OA head was
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Figure 1. MIP OA images of CT26 tumor reconstructed in three frequency ranges and merged: 100-40 MHz range (small vessels of <40 pum in diameter);
40-5 MHz range (vessels of middle sizes of 40-300 pm in diameter); 5-0.1 MHz range (large structures of >300 um in diameter).

mounted on two computer-driven stages M-664 and LS-40 (PI, Germany)
performing fixed lateral steps (6x = 8y = 15 pm) within lateral scanning
areas (AX = AY = 10 mm). The low-jitter input of the laser Wedge
HB 532 (BrightSolutions, Italy) was triggered by the scanning stages and
provided optical pulses at a 532 nm wavelength (close to isosbestic point
for hemoglobin) with 1.4 ns pulse duration and 300 p] per-pulse energy.
The average radiant exposure at the tumor surface was less than 4 m]J/cm?
complying with the ANSI Z136.1 standard for laser safety. Two-channel 16-
bit analog-to-digital converter (ADC) CSE1622 (Gage, USA) with 200 MS/s
was triggered by the laser pulses, thus capturing single OA waveforms (A-
scans) corresponding to discrete XY positions of the scanning head.

After the acquisition of OA data, an acoustic reconstruction algorithm
[28] was consequently applied to the lateral scans. Images were reconstructed
separately in three frequency ranges [15,29,30] (5-0.1 MHz, 40-5 MHz,
100—40 MHz) corresponding to the characteristic dimensions of blood-
containing objects in the 0.3-15 mm, 40-300 pm, 15-40 pm ranges when
assuming 1.5 mm/ps sound speed. Note, however, that spectral content
of OA waveforms generated by each vessel generally depends on multiple
physical and geometrical parameters related to the propagation medium,
vessel orientation, ultrasonic detector geometry etc. The OA angiograms
corresponding to different frequencies were subsequently color-coded using
Avizo software (Thermo Scientific, USA) and plotted as maximum intensity
projections (MIP) (Fig. 1).

Each MIP image was then binarized and analyzed using “Color Threshold
and Analyze Particles” Image] plugin (NIH, USA). For the vessel analysis
tumor zones free from superficial scabs were selected, at the outer boundary
of the peripheral small vessel area. Threshold parameter was chosen to reduce
the amount of background noise in binarized OA images. Vascular density
was determined as a percentage of tumor area occupied by vessels in the
OA images. Number of vessel segments was calculated as a ratio between the
number of visualized vessel fragments and the corresponding vessel area. The
characteristic size of vessel segments was calculated by averaging all the vessel
thicknesses.

Diffuse optical spectroscopy

The DOS studies were carried out using a fiber-optic-based system
operated in a reflectance mode with a broadband LED source (MCWHE2,
Thorlabs Inc., USA) used for illumination and a spectrometer (QE65000,
Ocean Optics Inc., USA) as a detector. The probe includes four 200 pm
optical fibers (Polironik LLC, Russia) with a fixed separation of 1.75 mm
between them [27,31]. The intensity of scattered light at two different
source-detector separations was measured and used for reconstructing the
absorption spectra in the 520-590 nm wavelength range, while hemoglobin
concentration and blood oxygen saturation (StO,) were calculated using a
deep learning neural network [32]. For DOS investigation the contact surface
of the optical probe was placed on the tumor region.

For the current DOS configuration (source-detector separation of 1.75—
3.5 mm and spectral range 500-600 nm), the median probing depth is about
1-2 mm according to Monte-Carlo simulation results. Thus, DOS results
predominantly associated with the average hemoglobin concentrations in
subcutaneous tumor tissue were considered. Between 3 and 5 diffuse optical
spectra were measured from the surface of each tumor.

Irradiation and measurement protocol

Irradiation was performed with Novalis Tx linear electron accelerator
(Varian Medical Systems, USA) in the 6X SRS mode with an equalizing filter,
the source to surface distance 100 cm and the average dose rate 1000 MU/min
ata target depth. Treatment was delivered with a multi-leaf collimator to form
an irradiation field of 10 x 10 mm, the size of the field of the accelerator
shutters was 22 x 22 mm. Since the tumor was located under the skin, a
13-mm thick thermoplastic bolus was used to create a uniform irradiation
area.

Animals (4-5 mice in a group) were irradiated at the single doses of 6,
12 and 18 Gy. Four mice were used as an untreated control. Irradiation
was performed on the 7th day of tumor growth (Fig. 2A) when the tumor
diameter reached 5—7 mm. Prior to irradiation, mice were anesthetized with
intramuscular injection of the mixture of 40 mg/kg Zoletil (Valdepharm,
France) and 10 mg/kg XylaVet (Alpha-Vet Veterinary Ltd., Hungary).

OA and DOS investigations were performed every 2—3 days for 11 days
starting from the 6th day after tumor inoculation (one day prior to RT).
For the study, the animals were anesthetized with 1.5% isoflurane (Karizoo
Laboratories, Spain) in 100% oxygen with a flow of 0.1 I/min and fixed on a
support plate in a side position. For OA angiography the center of the tumor
was aligned with the center of the scanned area, while the focal position of
ultrasonic detector was targeted at 500 pm depth from the skin surface. The
measurement volume was similar for all the frequency ranges covering the
approximately 400 pm thick skin [33,34] and the superficial layer of the
tumor up to a depth of about 1 mm.

Before each OA/DOS investigation, tumors were measured along three
perpendicular directions with a caliper, and their volumes were calculated as
follows: V= (4/3) x  x (a/2) x (b/2) x (c/2), where V is the volume and a,
b and c are the three corresponding diameters. The tumor growth inhibition
factor was defined as (1—(mean V of treated tumors)/(mean V of control
tumors)) X 100% [35].

Morphological study

Histological examination was performed on the 3rd (one mice per group)
and 10th (3—4 mice per group) days after treatment. For tissue fixation,
samples were placed into 10% neutral buffered formaldehyde (Biovitrum,
Russia) for 24 h. Samples were processed on an automated tissue processor
(Logos, Milestone Medical, Italy) with the protocol consisting of incubation
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Figure 2. Single-dose irradiation inhibits CT26 growth: experiment schedule (A) and dynamics of CT26 volume after irradiation at different doses (B). Time
point of tumors irradiation is indicated by red triangle, time points of OA and DOS investigation - by blue triangles, time points of histology — by yellow

triangles. * - statistically significant differences between the treatment groups. # - statistically significant differences between the current and the initial values.

in isopropanol for no longer than 10 h at room temperature. The paraffin-
embedded tumor samples were cut into 3 pm-thick slices on a rotary
microtome (Thermo Fisher Scientific, USA). Deparaffinized slices were
manually stained with hematoxylin and eosin (H&E) (Biovitrum, Russia)
to assess general tissue architectonics. The tissue slices were scanned using a
high-resolution digital slide scanner Pannoramic 250 (3DHistech, Hungary).

In order to quantify the tumor vascularity, we calculated the red blood
cell (RBC) fraction consisting of blood vessels and hemorrhages, as the ratio
between the erythrocytes-containing areas and the total tumor area in the
sections. RBC fraction calculation was performed using the Analyze Particles
Image] function choosing as a reference the values of brightness, saturation
and hue, which coincide with the values of erythrocyte staining for eosin.
5—14 slices per tumor were analyzed.

Mitotic index was calculated as quantity of mitotic figures per 1 mm?.

Immunohistochemical staining with antibodies against Factor VIII-
Related Antigen/von Willebrand factor (vWF) (Rabbit polyclonal Antibody,
Cell Marque, USA) for endothelial cells, megakaryocytes, platelets and mast
cells was performed by manual IHC established protocol (one mouse per
group on the 3rd and 10th days after treatment). ICH allows the visualization
of vascular structures including those that do not contain red blood cells, such
as collapsed vessels and very small newly formed tumor vessels.

Statistical analysis

All measurement data obtained for tumor growth are shown as
means £ SD; StO,, hemoglobin concentrations are shown as means £
SEM. Parameters of vascular density, vessels segments number, size and
RBC fraction are shown as the box-whisker plots including interquartile
ranges, medians, means, minimum and maximum values of the data set.
One-way ANOVA with Bonferroni correction was performed to estimate the
significance of the differences between treatment groups in each time point
and t-test for dependent samples - between the current and initial values
inside the groups. Statistically significant value was taken as p < 0.05.

Results
Single-dose irradiation affects the growth of CT26 tumor

Figure 2B shows CT26 tumor growth commencing on day 6th after
tumor inoculation. The volume of untreated tumors increased from

17.7 £ 11.9 mm® to 619.4 &+ 365.5 mm® on day 17 (10 days after
irradiation).

Irradiated tumors appeared to be of smaller size as compared to untreated
ones at the time of monitoring completion. Differences between treated
and untreated tumors on 8th day of the experiment were assessed for all
groups: 6 Gy (p = 0.04), 12 Gy (p = 0.02) and 18 Gy (p < 0.01). Tumor
growth inhibition index was 72% for 6 Gy-irradiated tumors, 74% for 12-Gy
irradiated tumors and 85% for tumors irradiated with the 18 Gy dose.

Irradiation-induced changes of tumor vascular morphology are
dependent on the vessels size

As evidenced by the OA images of CT26 tumors before and after
irradiation (Fig. 3), the severity and duration of vascular response depended
on the vessels size. Upon the start of monitoring, the tumors presented as
regions containing small, tortuous, randomly distributed vessels, significantly
differing from the normal microvasculature in the surrounding healthy
tissues. The characteristic features of untreated CT26 tumors are the
formation of lengthened small-sized vessel structures along with the
development of extensive hemoglobin-containing regions located on the
surface of the neoplasm, subsequently forming a superficial scab in the
later stages of tumor development. After irradiation, only short fragmented
vascular structures remained in the tumor region accompanied by an overall
reduction of tumor vascularity. The most pronounced response occurred for
the 18 Gy irradiation dose.

For untreated tumors, no significant changes of density of small and
middle-sized vessels were revealed during the monitoring period (Fig. 4A,B).
Large vessels exhibited a temporary rise in vascular density (Fig. 4C), which
lasted up to day 6 of the experiment.

Furthermore, a rapid decrease in the density of small vessels was observed
within one day after irradiation (Fig. 4A). Relative changes from the baseline
values were obtained for 12 Gy group (p < 0.01) one day following irradiation
and for 18 Gy group (p < 0.05) at days 1 and 10 post irradiation. Differences
with the untreated group were observed for tumors irradiated with 18 Gy at
day 3 (p = 0.02) and day 6 (p = 0.03) after treatment. The drop in the
density of middle-sized vessels lasted until day 6 after treatment (Fig. 4B),
with the vascular density values dropping at one day post RT by a factor of
approximately 2, 1.5, and 3 in the 6, 12, and 18 Gy groups, respectively.
On the last day of monitoring the vascular density remained low in the
tumors which were irradiated with the 18 Gy dose. Large (>300 pm) vascular
structures manifested an opposite trend in response to irradiation, as evinced
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Figure 3. Examples of OA images of CT26 vasculature before and after irradiation at different doses. The images were merged through the three ultrasound
frequency ranges: blue — 100-40 MHz range (small vessels of <40 pm in diameter), green — 40-5 MHz range (vessels of middle sizes of 40-300 um in

diameter) and red — 5-0.1 MHz range (large vessels of >300 wm in diameter).
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Figure 4. Vascular density (A-C) and vessels segments number (D-F) of small (A,D), middle (B,E) and large (C,F) vessels of CT26 tumors after irradiation.
@, — vessels diameter. * - statistically significant differences between the treatment groups. # - statistically significant differences between the current and the

initial values.

by temporary increase in the vessel’s density (Fig. 4C). The most pronounced
changes were presented by tumors irradiated with 18 Gy at day 1 post RT
when the indicator has risen in relation to the baseline (p < 0.01) and
untreated tumors (p < 0.01).

Besides the changes in vascular density, a radiation-induced response was
manifested in the structure of the vascular network (Fig. 4D-F). The tumors
irradiated with the 6 Gy dose demonstrated a nonsignificant temporary
increase in the number of segments of small-sized vessels (Fig. 4D), whereas
for tumors irradiated with 12 Gy the increase in the number of small-sized
segments was more pronounced. Differences with respect to the baseline were
observed at days 1 (p = 0.03), 3 (p = 0.04) and 8 (p = 0.02) after RT. After,
the most significant rise in the small-sized vessel segmentation was caused
by irradiation with the 18 Gy dose, commencing after day 1 post treatment
(p = 0.04 as compared to the baseline and p = 0.02 as compared to untreated
tumors) and sustaining throughout the entire duration of the study. While
18 Gy irradiation caused a persistent drop in the size of vessels segments (Fig.

S1A), the lower doses have only resulted in a temporary decrease followed by
recovery to the initial values starting on day 3 after irradiation.

For mid-sized vessels, a similar yet less pronounced trend was observed
(Figs. 4E and S1B). Large hemoglobin containing structures demonstrated
a decrease in the number of segments (Fig. 4F). Regardless of the exposure
dose, the maximum difference between irradiated and non-irradiated tumors
was observed on the 1st day after radiation (»p = 0.01 for 6 Gy, p < 0.01
for 12 Gy and 18 Gy), concurrently with an overall increase in the size
of large vascular structures (Fig. S1B). For irradiation doses of 12 Gy and
18 Gy, differences were found both in relation to the baseline (p = 0.02
and p < 0.01, respectively) as well as non-irradiated tumors (p = 0.04 and
p = 0.01, respectively).

Late increase of blood oxygen saturation after 18 Gy irradiation

DOS shows that RT influences tumor StO, level.
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Examples of the optical absorption coeflicient spectra of the CT26 tumor
retrieved by DOS on days 6 and 15 after tumor inoculation are shown in
Fig. 5, corresponding to 1 day prior to and 8 days post irradiation. Before
irradiation the tumor absorption spectra were similar for all the animal groups
(Fig. 5A), suggesting similar chromophore content in the tumors. On day
8 of the experiment the non-irradiated tumors as well as the 6 Gy and 12
Gy groups predominantly exhibited deoxyhemoglobin content (Fig. 5B). For
tumors irradiated with the 18 Gy, the shape of the absorption spectrum
remained unaltered.

Dynamics of StO, levels calculated from the DOS spectral data are
shown in Fig. 5C. Upon start of the monitoring, the average StO, measured
across the CT26 tumor was in the 35-50% range, resembling well the
previously reported values for CT26 tumors [36,37]. In untreated tumors
StO, remained unchanged between days 6 and 13 of the monitoring followed
by a statistically insignificant decrease. A gradual decrease in the level of
StO, was revealed for tumors exposed to 6 Gy and 12 Gy radiation doses,
while no statistically significant variations were detected in non-irradiated
tumors. However, tumors treated with the 18 Gy dose demonstrated a delayed
increment in the tissue saturation starting from day 6 post treatment. At
day 8 after irradiation, the differences became significant as compared to the
baseline reading (p < 0.01) and untreated tumors (p = 0.02).

In tumors irradiated with the 18 Gy dose a temporary decrease in the
concentration of deoxyhemoglobin was observed from day 3 to day 10
after irradiation (Fig. S2B). On the other hand, there were no statistically
significant differences in the values of oxyhemoglobin (HbO,) and total
hemoglobin (tHb) content between the irradiated and untreated groups (Fig.
S2A,0).

Ex vivo microscopic analysis detected reduction in tumor vascularity

Histopathological study of H&E-staining samples and ICH study for
vWEF performed at days 3 and 10 after irradiation (Fig. 6) confirmed the
in vivo OA findings. Both histology and ICH study have shown reduction
in the vascular density. When comparing H&E and anti-vWF stainings,
the latter is sensitive to endothelial cells thus was able to reveal more vessel
segments due to the ability to visualize vessels not containing erythrocytes
(Fig. 6A,B). Large hemorrhagic regions are formed by the 10th day of
experiment with their area decreasing after irradiation (Fig. $3). IHC showed
the decrease of vessels number after irradiation with only small vessels being
present comparable in size with tumor cells after 18 Gy (Fig. 6B).

The RBC-positive areas in H&E images (Fig. 6C) decreased in size at
10 days post irradiation with statistically significant difference for tumors
irradiated at 18 Gy as compared to untreated tumors (p = 0.05). Mitotic
index gradually decreased with increasing radiation dose, however even the

maximum drop recorded for the 18 Gy dose was not statistically significant

(Fig. 6D).

Discussion

Detailed insight into radiation-induced tumor microvasculature changes
is important for maximizing efficacy of radiotherapy treatments. In particular,
study of the mechanisms underlying tumor responses to single high dose
irradiation represents an urgent challenge in radiobiology. One key aspect is
the dynamic assessment of the delicate interplay between tumor vasculature
responses and the inextricably linked changes in oxygen state as well as
its contribution to the processes driving the tumor cells death. In this
work, we used complementary methods for assessing structure of the tumor
neovasculature and oxygenation state under the influence of RT. Scanning
OA angiography assisted with an ultrawide detection bandwidth transducer
allowed for precision assessment of both micrometer-sized capillaries and
millimeter-size vascular structures often co-existing within the same tumor
areas [38,39].

Murine colon carcinoma CT26 is characterized by rapid growth and
relatively high vascularity [40]. CT26 vessels diameter depends on the phase
of tumor growth and varies in the 7-200 wm range [41]. OA angiography
revealed the structural architecture of the CT26 vascular system in the
process of tumor growth. Analysis of different ultrasound frequency ranges
allowed to observe the formation of elongated small- and mid-sized vascular
structures. Vascularization rate fluctuations were similarly noted for the CT26
tumor in previous studies [40,42]. We also observed an expansion of large
hemoglobin-containing zones, which is likely ascribed to the formation of
diapedetic hemorrhages typical for late stages of the CT26 development
[41]. It is important to note that only internal hemorrhages were examined
(Fig. 3) while regions of superficial scabs forming in the later stages of
tumor development, which impeded visualization of underlying vessels, were
excluded from the analysis.

A decrease in the density of small- and medium-sized vessels appears to be
a universal response, which was observed after irradiation in the entire dose
range. For the 6 Gy and 12 Gy doses, the effect was relatively short-lived,
with the return to the baseline levels observed on day 8 after irradiation. For
the 18 Gy dose, the decrease in vascular density persisted for a longer period
(Fig. 4A,B). At the same time, we observed a dose-independent increase in
density of large hemoglobin-containing structures (Fig. 4C). Our results are
in good agreement with previous reports [43] showing that small, immature
vessels are most sensitive to high dose RT, with the vessels being affected
proportionally to the radiation dose [6,44].

Radiation-induced changes in cervical cancer and pancreatic cancer
models were studied by optical coherence angiography (OCA) revealing
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Figure 6. Histopathological analysis of CT26 tumors after irradiation at different doses. Examples of H&E and IHC staining with vWF antibodies in day 3
(A) and 10 (B) after irradiation; all bars are 100 pm. RBC fraction (C) and mitotic index (E) calculated from H&E-stained slides in day 10 after irradiation.

* - statistically significant differences between the treatment groups.

a temporary dose-dependent drop in the vascular density [45,46]. Yet,
OCA only allowed visualizing vessels with preserved blood flow, failing to
depict changes in vessels where blood flow is arrested. Magnetic resonance
imaging performed in the first 24 h after irradiation has previously revealed
transient increase of vessel permeability, which can be attributed to tumor
vessel damage [47]. A different method of microbubble-enhanced acoustic
angiography was used for the long-term follow-up of rat fibrosarcoma
microvasculature after irradiation [48]. The study allowed revealing the
predictive value of an earlier recovery of tumor blood flow in relation to
continued tumor growth.

Our results indicate that decrease in the density of small and mid-sized
vessels (Fig. 4A,B) was accompanied by enhanced vessels fragmentation
(Fig. 4D,E), in congruence with results obtained after irradiation of healthy
tissues [20]. However, since angiogenesis is not typical for normal tissues,
the alterations in the size of vascular structures were long-lasting. Our study
demonstrated the significant increase in the number of vessels segments
immediately after irradiation for the entire dose range. When irradiation
doses were 6 Gy and 12 Gy, the number of vascular structures and their
size returned to the baseline at 6 days after irradiation, arguably indicating
regrowth of tumor vessels [49] (Fig. 4D,E). After the 18 Gy irradiation,
sustained changes in the size and number of segments were observed until
day 10 after treatment (Fig. 4F).

The increase in the number of vessels segments visualized by OA in the
early post-irradiation phase may indicate an increased number of ruptured or
blood-free vessels. The IHC study made it possible to discern both blood-
free and damaged vessels, thus confirming this hypothesis (Fig. 6A). For
the later time points, the number of small vessels was restored in the case
of 6 Gy and 12 Gy irradiations, but irradiation at 18 Gy resulted in long-
lasting effects. After high-dose irradiation, IHC revealed the formation of a
network of very thin vessels around small clusters of tumor cells (Fig. 6B),
suggesting the formation and branching of new tumor capillaries. The sizes
of vascular structures were comparable to the sizes of tumor cells with some
vessels represented by a single stained endothelial cell. Such small size lying
below the spatial resolution limit of the OA system as well as absence of blood
in the vascular lumen hindered the detection of this type of vessels in OA

images. Note that one may not rule out the influence of changes in the area of
hemorrhages and the number of functional tumor vessels on the RBC fraction
after radiation therapy. Since RBC fraction includes both blood vessels and
hemorrhages, the analysis could instead use pairwise comparison of adjacent
sections stained with eosin and a vessel marker [22].

Increase in the overall number of vessels and diminished size of small- and
middle-sized vessel fragments (Figs. 4D,E and S1A,B) were accompanied by a
transient increase in the size of large hemoglobin-containing structures and a
drop in their number (Figs. 4F and S1C). Importantly, assessment of changes
across a wide range of vascular structure dimensions has been enabled by the
ultrawideband (1-100 MHz) effective detection bandwidth featured by the
PVDF-based ultrasonic detector, which would not be possible with resonant-
type high-frequency transducers used in conventional OA imaging systems
[15].

It should be noted that due to the broad bandwidth of the detected OA
responses, some blood-containing structures with borderline dimensions may
appear simultaneously in more than one adjacent frequency range. In order to
exclude misinterpretation of one vessel as several vessels of different diameters,
more advanced volumetric image processing algorithms should be developed
to accurately account for the local vessel diameter.

Radiation-induced changes of tumor vascular bed were further
accompanied by dose-dependent changes of tumor oxygenation. It is
important to note that, although reoxygenation is the most typical tumor
response to single irradiation [50-52], the absence of radiation-induced
changes or even a decrease in oxygen state have also been identified [53-56].
In our work irradiation with 6 Gy and 12 Gy doses did not lead to significant
changes of StO,, whereas 18 Gy dose resulted in a significant increase
of StO; at 6-10 days post exposure, which is consistent with previous
DOS findings [57]. DOS did not reveal a decrease in oxygenation in the
first days after RT, when, according to the OA findings, the vessels were
damaged. To increase the information content of the DOS measurements,
oxygen saturation changes in the tumor could potentially be assessed
during a gas breathing challenge, which has previously been employed for
evaluating responses to vascular disrupting agents and radiation therapy
[21,22,58].
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Reoxygenation after RT might be caused by both enhanced tissue
perfusion and drop in the oxygen consumption by dying parenchymal cells
[52,53,59,60]. No significant changes in the concentration of oxyhemoglobin
were detected after irradiation with the decrease in the deoxyhemoglobin
concentration being the main contributor to the elevated oxygenation (Fig.
§2). It can be thus concluded that the decrease in oxygenation due to vessels
destruction could be compensated by the diminished oxygen consumption
of irradiated cells. Late tumor reoxygenation may occur even if the presence
of vascular destruction. Arguably, the inhibited cellular component plays a
more significant role in the ameliorated tumor oxygenation as compared to
the contribution made by the vascular alterations.

Conclusion

Our in vivo imaging study revealed consistent dose- and size-dependent
tumor vascular response patterns in tumors undergoing single-irradiation
treatments. In the initial phases following the radiation exposure, small- and
medium-sized vessels chiefly manifested a decrease in vascular density and
increased vascular fragmentation accompanied by an increase in the density
of large hemoglobin-containing structures. When using doses on the lower
end (6 or 12 Gy), the vascular bed restores around day 6 after exposure.
By contrast, when irradiated with the 18 Gy dose, the tumors responded
in a prolonged fashion, with the vascular not recovering up to day 10 of
the longitudinal monitoring. The absence of vessels recovery at a later stage
after 18 Gy irradiation was accompanied by oxygenation impairment caused
by a decrease in oxygen consumption by injured tumor cells. Importantly,
the multi-scale imaging performance of OA angiography allows assessing the
response of small, medium and relatively large tumor vessels simultaneously
over large areas spanning several centimeters. This makes the method highly
suitable for microangiographic observations on the whole tumor scale with
the main limitation being the inability to visualize capillaries smaller than
15 um in diameter as well as vessels containing no erythrocytes.
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