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Abstract

Objective. Microvascular ablation during high dose-per-fraction radiotherapy (HDFRT) is
disparately reported in the literature. This study was conducted to quantify the tumour
microvascular response to different HDFRT schedules. Approach. A high single-dose irradiation of
20 Gy and two multifraction schedules (three fractions of 10 Gy and 15 Gy each) were studied.
Patient-derived BxPC-3 pancreatic tumours in a mouse dorsal skinfold window chamber were
treated and their 3D microvascular networks were longitudinally imaged with speckle variance
optical coherence tomography for up to 7 weeks post irradiation. The overall vascular volume
density (VVD), VVD for small vessels (diameters between 15-25 m and 25-35 m), and the
vascular convexity index (a measure of vessel organization and space filling at short distances)
were quantified. Main results. There were no significant differences in overall VVD for treated vs.
control tumours at all timepoints. Examination of small-diameter vessels revealed some transient
reductions in VVD15 35 1, and VVDss 35 1, compared to controls at ¢ 3 weeks for larger
dose-per-fraction regimens (3 15Gyand 1 20 Gy); ablated vasculature regrew back to baseline
values by 7 weeks. Convexity indices for these larger-dose-per-fraction tumours were  55% larger
than unirradiated controls by the end of monitoring period; no such effects were seen in the

3 10 Gy cohort. Significance. The results of this study reveal the complex role of small vessels in
microvascular ablation caused by HDFRT, with a dependence on the dose per fraction and total
delivered dose. After small vessel ablation, regrown vessels had more uniform and regular spacing
than non-ablated vessels as quantified by , potentially suggesting improved tumour response if
subsequent retreatments are attempted.

1. Introduction

Advances in radiation therapy delivery and targeting technologies including image guidance, volumetric
modulated arc therapy, and immobilization has enabled the safe delivery of much higher doses of radiation
per fraction compared to the conventional low-dose high-fraction standard of care (Timmerman et al 2014).
High-dose-per-fraction radiation therapy (HDFRT) including stereotactic radiosurgery and stereotactic
body radiation therapy for extra-cranial lesions typically deliver 6-30 Gy per fraction in 1-5 fractions. The
use of HDFRT has increased dramatically over the past decade owing to the decreased number of treatments
which is more cost efficient and less time consuming for patients and staff (Timmerman et al 2014). Despite
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radiobiological concerns over the potential for reduced tumour control, local control has largely remained
high in tumours treated with HDFRT, perhaps owing to often elevated biologically effective doses (BEDs) as
compared to standard conventionally fractionated regimens (Brown et al 2014, Park et al 2017).

Despite the increased use of HDFRT in the clinic, the exact mechanism of tumour cell kill in this
treatment method is hotly debated (Brown et al 2014, Kozin 2022). Some researchers have argued that
classical radiobiological modelling (linear quadratic model), including the effects of hypoxia, is sufficient to
describe HFDRT tumour response (Carlson et al 2011, Brown et al 2014, Jeong et al 2017). However, others
suggest that tumour microenvironmental changes, particularly microvascular ablation, are significantly
affecting tumour cell kill, requiring new understanding beyond conventional DNA-damage mechanisms
(Kirkpatrick et al 2008, Park et al 2012, Kim et al 2015).

Earlier studies found that single doses > 8-10 Gy (Fuks and Kolesnick 2005) cause microvascular damage
suggesting that tumour cell death may be partially caused by microvascular ablation, in addition to direct
DNA damage (Fuks and Kolesnick 2005, Kirkpatrick et al 2008, Park et al 2012, Kim et al 2015). Despite
these reports, several other studies found little to no functional microvascular loss in response to HDFRT
(Moding et al 2013, Clément-Colmou et al 2020, Kaeppler et al 2022). This lack of scientific consensus may
be attributed to differences in experimental protocols (animal model, radiation delivery, cell line, immune
status, etc) and microvascular quantification methods. Kozin et al attempted to build a model of
microvascular ablation and regrowth after irradiation based on the often-conflicting published findings
(Kozin et al 2012). This work demonstrated the urgent need for more advanced imaging technologies for
tracking microvascular changes in response to HDFRT.

Despite various available imaging modalities, most do not possess the necessary spatial resolution,
contrast, nor suitability for long term repetitive microvascular imaging. For example, power Doppler
ultrasound can image the microvasculature in 3D but with imaging resolution of 100 m (Moran and
Thomson 2020). Micro CT exhibits good imaging resolution in the range of 3 50 m but requires
significant doses of ionizing radiation and contrast agent administration, making it unsuitable for repetitive
imaging (Clark and Badea 2021). Perfusion MRI/CT rely on indirect measurements of the vasculature,
deriving vascular metrics via compartmental modelling (Cuenod and Balvay 2013). Optical microscopy
techniques such as confocal and multiphoton microscopy have excellent resolution (< 5 m) but are limited
to a depth of penetration < 400 m and typically long imaging times owing to their point-scanning nature
(Lin et al 2023). They also require the use of fluorescently labelled contrast agents that can be toxic,
accumulate in the tissue, and induce perturbations in the tissue microenvironment making them unsuitable
for long term imaging (Jensen 2012). Photoacoustic microscopy requires no contrast and can image in 3D
with excellent resolution ( 3 m) and reasonable depth penetration ( 1 mm) (Liu and Wang 2022).
However, achieving the same resolution across varying depths is challenging and direct physical contact with
the imaged tissue is required.

Optical coherence tomography (OCT) is a high-resolution 3D optical imaging modality capable of
imaging subsurface tissue morphology and function. Speckle variance OCT (svOCT) is its functional
extension that detects tissue microcirculation by the decorrelation in signal of moving scatterers (red blood
cells) compared to static tissue, using repetitive structural image acquisitions (Mariampillai et al 2008).
svOCT, previously validated with confocal fluorescence microscopy (Mariampillai et al 2008, 2010), can
image microvasculature to a depth of 2 mm into tissue in 3D over large fields of view (several square mm
or even cm). Importantly, in the context of repeated longitudinal imaging, no contrast agents are required so
no toxic accumulations occur. svOCT has been used in several preclinical studies (Demidov et al 2018a,
2018b, Allam et al 2022) to longitudinally quantify radiation-induced microvascular changes.

svOCT has been recently used by our group (Demidov et al 2018a) to validate Kozin et al’s theoretical
model of microvascular changes after high single fraction irradiations (Kozin et al 2012). We noted a dose
dependent loss in overall vascular volume density (VVD) followed by regrowth in the VVD to its
pre-irradiation levels (Demidov et al 2018a). In the current study, we continued this research by testing the
tumour response to more clinically relevant multifraction HDFRT treatment regimes. We employed svOCT
to quantify tumour microvasculature longitudinally in a dorsal skinfold window chamber (DSWC) tumour
mouse model (Zabel et al 2024). The DSWC tumour mouse model enables direct visualization of the tumour
microenvironment through a surgically implanted glass window and permits longitudinal imaging for up to
10 weeks (Zabel et al 2024). DSWC models have been used for over 80 years in preclinical microvascular
research providing valuable insight into treatment induced microvascular changes (Menger et al 2002,
Schreiter et al 2017).

In this study, we thus quantified the longitudinal microvascular response to a single high dose irradiation
of 20 Gy, and two multi-fraction irradiation schedules: three fractions of 10 Gy, and three fractions of 15 Gy.
In our previous work, the 1 20 Gy regimen has been shown to produce clear vascular ablation in
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