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Abstract

Objective—Perhaps the most vexing and exigent problem confronting head and neck cancer 

reconstruction is overcoming the impediments of collateral damage imposed by radiation therapy 

(XRT) on normal surrounding tissue. XRT is detrimental to bone and soft tissue repair resulting in 

an unacceptably high incidence of devastating wound healing complications as well as the 

associated morbidity of late pathologic fractures, reduced bone healing, and osteoradionecrosis. 

The consequences of XRT on bone vasculature, long known to be affected by radiation, have been 

poorly understood. The purpose of this study was to analyze the degree by which irradiation 

degrades existing bone vascularity using a powerful micro-computed tomography (micro-CT) 

technique to attain highly precise quantitative metrics of the vascular tree.

Methods—Fourteen 400g male Sprague-Dawley rats underwent 35 Gy of fractionated XRT at 7 

Gy/day. The animals were euthanized after 28 days and the left ventricle was fixed and injected 

with Microfil contrast. Left hemimandibles were dissected and scanned using high-resolution 

micro-CT (18μ voxels). The vessel number, thickness, separation, connectivity and vessel volume 

fraction were analyzed for the region of interest (ROI), defined to be the volume behind the third 

molar spanning a total distance of 5.1 mm.

Results—Stereological analysis and subsequent ANOVA test demonstrated a significant and 

quantifiable diminution in the irradiated vasculature when compared to control animals. The 

vessel volume fraction (0.016 vs. 0.032, p≤0.003) and vessel thickness (0.042mm vs. 0.067mm, 

p≤0.001) were markedly reduced. Interestingly, further analysis demonstrated no significant 

differences between vessel separation and vessel number.

Conclusion—The results of our study specifically quantify the corrosive affects of XRT on the 

vasculature of the mandible. The data from this novel technique goes even further and implies 

retention of blood vessels, but a degradation of their quality and size. Further experiments can now 

be directed at therapeutic interventions to reverse this process and better understand the underlying 

mechanism of XRT-induced bone injury.
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Introduction

The dangers and pernicious side-effects of adjuvant radiation therapy (XRT) have been 

long-known and are well documented. While the curative role of XRT as a treatment for 

cancer is undeniable—fractionated regimens have been shown to decrease local tumor 

recurrence1 and increase overall cancer survival rates2—adjuvant radiotherapy carries a high 

degree of risk to the patient. Typical side effects of XRT for head and neck cancer patients 

include myelosuppression, nausea and vomiting, mucositis, radiation ulceration, alopecia, 

diarrhea, and dermatitis.3-6 Even more problematic are a segment of patients who experience 

significantly more devastating morbidities such as wound healing complications, late 

pathologic fractures, and osteoradionecrosis.

Spanning back to 1971, it has long been suspected that the application of radiation can 

diminish local vascularity.7,8 This hypovascularity has been implicated in many of 

radiation's devastating sequelae, such as osteoradionecrosis of the mandible.9 However, the 

literature has heretofore not been able to demonstrate a clear and quantitative degradation of 

bone microvasculature. Previous methodologies have relied on either physical histological 

counts, which are prone to human or 3D sampling errors, or flow studies which measure 

changes in blood flow but do not directly determine the changes in the vessel number or 

other stereologic parameters of the vascular tree.

Recent reports have utilized a novel technique to examine microvasculature of the liver, 

retina, kidney, and femur.10-13 This technique involves the injection of a radio-opaque 

compound into the vascular tree, followed by micro-CT(after tissue demineralization, in the 

case of bone samples) with subsequent stereological analysis. This procedure is capable of 

attaining precise, quantitative total vascularity measurements of a given structure, organ, or 

region. Curiously, this powerful new methodology has never been applied to the craniofacial 

skeleton in order to determine the effect of radiation on the associated vascular 

microarchitecture. This has led our laboratory to inquire upon radiation-induced 

hypovascularity in the cortical flat bone of the craniofacial skeleton, specifically the 

mandible.

Our global hypothesis is that a human-equivalent radiation dose will result in a significant, 

demonstrable, and quantifiable degradation of the overall microvascular networks in the 

murine membranous mandible. Furthermore, we postulate that radiation exerts its damage 

through one of two mechanisms. The first is a mechanism of vascular obliteration, where 

vessel number is significantly decreased and vessel separation is significantly increased. The 

second is a mechanism of vascular contraction, in which case vessel thickness will be 

significantly diminished. These findings cannot be elucidated using conventional flow 

studies. The specific aim of this paper is to ascertain, measure, and define these destructive 

effects of radiation on the vascular microarchitecture of the mandible utilizing vascular 

perfusion. By determining and quantifying these parameters we will be able to utilize our 

findings to measure the efficacy of therapies aimed at remediating radiation-induced 

vascular damage to the craniofacial skeleton in the future.
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Methods

Fourteen adult male Sprague-Dawley rats weighing approximately 400g were paired in 

cages and maintained in a pathogen-free environment on a 12-hour light/dark schedule. Rats 

were fed standard hard chow and water ad libitum during a seven-day acclimation. After 

seven days of acclimation, the animals were randomly divided into two groups. Group 1 

served as a control group (n = 6). Group 2 was the experimental group (XRT, n = 8).

Radiation Protocol

The XRT group underwent 35 Gy of fractionated radiation over 5 days, at 7 Gy / day. 

Subsequent to the start of radiation treatment, all animals were fed a standard soft chow diet. 

Rat hemi-mandibles were irradiated using a Pantak DXT 300 orthovoltage unit fractionating 

the dose at approximately 3.72 Gy/min over 5 days for a 35 Gray total, in the Irradiation 

Core at the University of Michigan Cancer Center. A previous study in our laboratory 

successfully demonstrated both the method and fractionation regimen and showed this to be 

a human-equivalent dose with a therapeutic equivalence of 70 Gy of radiation.14 X-Rays are 

utilized since they taper off quickly, affecting only the one side of the mandible, thus 

obviating the need for any intra-oral shield. They provide the same physiologic effect on 

bone and soft tissue as gamma radiation does. Rats will be anesthetized with Isofluorane, 

then placed right side down so only the left hemi mandible will be irradiated. A lead shield 

with rectangular window will protect the pharynx, brain and the remainder of the animal. 

Dosimetry will be carried out using an ionization chamber connected to an electrometer 

system, which is directly traceable to a National Institute of Standards and Technology 

calibration. The rats are maintained on soft chow concomitant with the start of radiation.

All animal procedures were performed in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and approved by the University of 

Michigan Committee on the Use and Care of Animals. Maxillary incisors were clipped 

weekly due to overgrowth. Animals completed a 54-day recovery period prior to perfusion 

and sacrifice.

Perfusion Protocol

The perfusion protocol for this murine mandible model has been published previously.15, 16 

Briefly, all rats were anesthetized prior to performing a thoracotomy and left cardio-

ventricular catheterization. Perfusion with heparinized normal saline followed by pressure 

fixation with normal buffered formalin solution ensured euthanasia. After fixation, the 

vasculature was injected with Microfil (MV-122, Flow Tech, Carver, MA). Mandibles were 

harvested and demineralized using Cal-Ex II (Fisher Scientifics; Fairlawn, NJ), a formic 

acid solution. Perfusion was verified by coloration of the dissected mandible and by 

subsequent micro-CT maximal intensity projection (MIP). Leeching of mineral was 

confirmed with serial radiographs to ensure adequate demineralization prior to scanning.

Micro-Computed Tomography

Specimens were scanned at 18μm voxel size with micro-CT. We previously utilized this 

voxel size and found it optimal to adequately resolve small, murine mandibular vessel 
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networks. Other laboratories have utilized similar resolutions in mouse tibia vasculature 

studies, and have found these resolutions adequate as well. The region of interest was 

defined as a distance measuring 5.1 mm after the third molar of the left hemimandible. At an 

18μm resolution, this is equivalent to 283 slices. Analysis of the region of interest (ROI) was 

then performed with Micro View 2.2 software (GE Healthcare, Milwaukee, WI.). Contours 

were defined highlighting the ROIs using the spline function. Analysis of vascularity in this 

region is accomplished by setting a global grayscale threshold of 1000 to differentiate 

vessels from surrounding tissue, as previously described.17 Using this information, 

MicroView allocates only the number of voxels above this threshold and uses stereologic 

algorithms to assign relative densities to the voxels based on the contrast content within the 

vessels. MicroView's analysis of the ROI reported four metrics, all of which controlled for 

total size of the ROI: vessel volume fraction (VVF), vessel number (VN), vessel thickness 

(VT), and vessel separation (VS). VVF depicts the fraction of bone occupied by the volume 

of vessels within the ROI tissue. It is calculated based on the voxel size and the number of 

segmented voxels in the 3-D image after application of the binarization threshold. VN is a 

reflection of the actual number of vessels per millimeter within the ROI. To calculate vessel 

number, a segmented volume is skeletonized, leaving just the voxels above our binarization 

threshold at the midaxes of the vascular structures. The vessel number is defined as the 

inverse of the mean spacing between the midaxes of the structures in the segmented volume. 

VT is measured by calculating an average of the local voxel thicknesses within the vessel. 

Local voxel thickness is defined as the diameter of the largest sphere that both contains the 

point regardless of position within the sphere, and is completely within the structure of 

interest. This distinguishes the blood vessel from the background space surrounding the 

object.18 It is worth noting that VT, in this case, defines the intraluminal diameter of the 

vessel and not the thickness of the vessel wall. In addition, for qualitative comparison, 3-

Dvisualization of vascular anatomy was accomplished utilizing maximal intensity 

projections. This enables instant volume rendering of a volumetric data set, yielding a 3-D 

representation of the scanned specimen.

Statistical Analysis

The independent samples t-test was used to analyze differences between group means 

(PASW version 18.0; SPSS, Inc., Chicago, IL.). Vascular metrics were compared between 

groups and reported as their respective means with significance indicated at p ≤ .05.

Results

All XRT rats tolerated the radiation with no major complications, though alopecia was 

reported in all XRT animals. All XRT animals underwent successful perfusions (Figure 1.), 

however, two control animals were excluded due to incomplete perfusions. Stereological 

analysis and subsequent independent samples t-test demonstrated a significant and 

quantifiable diminution of XRT vasculature, compared to the control.

Discussion

A number of studies have been completed which attempt to correlate a wide variety of 

outcome measures examining the effect of radiation on the vascular microarchitecture of 
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bone. Cutright and Brady attempted to quantitatively measure the effect of radiation on the 

murine humerus7 by perfusing the bone with a chromium radioisotope, then measuring the 

total amount of radioactive material in the bone.7 This method is suspect primarily because 

it does not control for size or anatomical differences between animals, and secondarily 

because it only provides data on the gross vascularity of the bone without detail on the 

microarchitecture of the bone. Other studies, such as those performed by King et al, attempt 

to correlate histological findings to overall bone vascularity.19 These studies are limited by 

the fact that they examine random samples of the bone in two dimensions and do not 

quantitatively examine the bone as a whole. Furthermore, the histological methodology they 

utilize cannot provide quantitative data on the nature of the vessels in the bone, as it does not 

take into account the serpentine nature of blood vessels. As seen in Figure 2, vessels often 

deviate back and forth along their trajectory, which may result in double-counting using a 

planar, histology-based methodology.

Along with histology, another common method of bony vascular analysis is laser Doppler 

flowmetry. Hellem, et al, pioneered the use of Doppler flowmetry for the analysis of bony 

vasculature.20 This was then applied by Okunieff, et al, to an irradiated mouse long bone 

model where they found that radiation has a severe anti-angiogenic effect.21 The 

methodology, however, was hindered by the fact that Doppler flowmetry is unable to specify 

the extent of vascular depletion. While Doppler flowmetry is often the most clinically 

feasible (as it does not require sacrificing the patient), it is by no means the most accurate, 

making it non-ideal for an animal study. As Doppler flowmetry relies on measuring the 

backscatter caused by passing erythrocytes and attempts to correlate it to overall vascular 

function, rather than directly evaluating the vascularity of the bone, it is only able to give 

qualitative rather than quantitative results. Compounding this issue, laser Doppler flowmetry 

results vary depending on a number of physiologic factors such as device placement, blood 

pressure, and respiration. As such, it is ill-suited as a technique to define and measure the 

degree of radiation-induced damage upon the actual vascular microarchitecture. Despite 

these significant drawbacks, it remains the current state-of-the-art and clinical gold standard.

Our study specifically quantifies the corrosive effects of XRT on mandibular vasculature. 

The data from this novel technique implies retention of blood vessels but diminished vessel 

size. Given this, it was expected that there would not be changes in either vessel number or 

separation. As expected, there were no significant differences in these two metrics. The 

resultant p-values (VS=0.422, VN=0.699) force our acceptance of the null hypothesis, that 

radiation does not alter the vessel separation and number of murine mandibular vascular 

networks. It is of note that some microvasculature can have intraluminal diameters smaller 

than our scanning resolution for micro-CT. Studies have previously been performed 

examining murine microvasculature, where they found that there was no significant 

difference between scans of 8 μm and 16 μm.13 Given these findings and the massive 

technical complications associated with higher resolution scanning, we elected to use a high- 

rather than an ultra-high scanning resolution.

Although some of the sequelae of radiation therapy, such as osteoradionecrosis or pathologic 

fracture, can occur years or even decades after radiotherapy treatment, the inciting damage 

predisposing those conditions occurs soon after radiation is completed, as seen in the 
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decreassed vascularity evidenced in our model. It is our hope to develop treatment strategies 

to predictably and successfully mitigate the documented damage and thereby lessen the 

likelihood of long-term consequences such as pathologic fracture or osteoradionecrosis.

In conclusion, these results present an easily-replicated, quantifiable examination of 

radiation-induced mandibular hypovascularity, along with its means (vascular constriction). 

Our findings—that vessel volume fraction and vessel thickness are definitively and 

significantly decreased in a mandibular XRT model—both validate and quantify assertions 

made previously in the literature regarding the pernicious effects of radiation on the 

mandibular vascular microarchitecture, thereby providing an excellent experimental model 

for the study of diseases such as osteoradionecrosis and pathologic fracture. This 

information (irradiated bone's vascular density) is essential to understand the capacity of the 

mandible to satisfy the metabolic needs of repair processes in the bone. For example, the 

knowledge that an irradiated mandible will have on average a 40.6% decrease in overall 

vascularity and a 37.3% decrease in vessel thickness could have considerable clinical impact 

on surgical strategies and patient management. Further experiments will be directed at 

developing therapeutic interventions to either prevent or reverse this process and to better 

understand the mechanism of XRT-induced injury, with the eventual goal of developing a 

cancer treatment regimen free of the current, devastating biomedical burden of XRT-

induced bone pathology.
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Figure 1. 
Human-equivalent irradiated left hemimandible that underwent successful Microfil 

perfusion. Note the yellow discoloration of the bone, indicating complete perfusion by the 

Microfil.
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Figure 2. 
Representative Maximum Intensity Projections (MIPs) of Control vs. Radiated animals. 

Left: MIP of a control animal, with the ROI outlined. Right: MIP of a XRT animal, with 

the ROI outlined.

VVF showed a significant decrease from control to XRT (0.032±0.008 vs. 0.019±0.004), 

p≤0.005), thereby confirming our global hypothesis and corroborating the indirect evidence 

presented previously in the literature. VS slightly increased (2.081±0.28 mm vs. 

2.327±0.683 mm, p=0.422) and VN slightly decreased (0.472±0.064 mm-3 vs. 0.449±0.119 

mm-3, p=0.699), but neither achieved significance. However, VT (0.067±0.016 mm vs. 

0.042±0.005 mm, p≤0.003) was markedly and significantly reduced.
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Figure 3. 
Graphs showing differences in four stereologic metrics of bone vascularity. Top Left: 
Significant decrease in vessel volume fraction with XRT. Top Right: Non-significant 

increase in vessel separation with XRT. Bottom Left: Non-significant decrease in vessel 

number with XRT. Bottom Right: Significant decrease in vessel thickness with XRT. (*) 

indicates significance. Significance taken at p < 0.005.
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