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Abstract
Background—Our lab previously demonstrated that radiation significantly alters new bone
formation in the murine mandible impeding the use of distraction osteogenesis (DO) as a viable
reconstructive option after radiatiotherapy in Head and Neck Cancer (HNC). We hypothesize that
the deleterious effects of radiation on regenerate formation results from a dose response (DR)
depletion of essential osteogenic cells. Our specific aim is to use quantitative histomorphometry
(QHM) to objectively measure the human equivalent DR effects of radiation on the integrity of the
mandible’s cellular and tissue composition.

Methods—20 Sprague-Dawley rats were randomIzed into three radiation dosage groups: low
(5.91Gy), middle (7Gy) and high (8.89Gy) delivered in 5 daily fractions. These dosages
approximated 75%, 100%, and 150% respectively of the bioequivalent dose the mandible
experiences in the clinical regimen of HNC patients. Hemimandibles were harvested 56 days post-
radiation, and stained with Gomori Trichrome. QHM was performed using Bioquant software and
analysis with a one-way ANOVA Kruskal-Wallis test.
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Results—Our data revealed a statistically significant diminution in the mean number of
osteocytes . We also demonstrated a corresponding significant increase in the mean values of
empty lacunae. Both of these QHM changes demonstrated a DR relationship.

Conclusion—Our study supports our hypothesis that radiation induces a DR depletion in
osteocytes and an increase in empty lacunae. These reliable and reproducible metrics can now be
utilized to determine the efficacy of therapies aimed at safeguarding the cells essential for optimal
bone regeneration and potentially enhance the use of DO in HNC patients.

INTRODUCTION
An important clinical challenge in the use of ionizing radiation (XRT) in the treatment of
patients with head and neck cancer (HNC) is to minimize injury to normal tissue within the
treatment field. The changes induced in the surrounding tissues in the XRT field are a
function of the XRT method, the amount of XRT therapy, the fractionation regimen, and the
tissue type. Biologic effects therefore differ with different forms of XRT. In order to
standardize the amount of XRT exposure to biologic tissues, a method of calculation has
been devised that takes into consideration all of the variables previously outlined in order to
arrive at a reliable and consistent biologic equivalent dose (BED). This BED is arrived at by
taking the absorbed dose in Grays α/β (Gyα/β) and multiplying by a XRT operational value or
weighing factor which is dependent on the tissue type as described below by the linear
quadratic (LQ) model1:

BED = E/α = n * d * (1 + d/(α/β)), where n=number of fractions, d=dose/fraction, nd=total
dose, α represents the loge of the cells killed per gray in the linear portion of the LQ curve,
and β represents the loge of the cells killed per gray squared or the quadratic component of
cell killing as the curve bends. The ratio α/β has the dimensions of the dose and is the dose
at which the linear and quadratic components of cell killing are equal.2 The ratio α/β is a
radiobiological characteristic that defines the sensitivity of a tissue to radiation dosage.
Tissues (such as skin or mucosa) that are more susceptible to XRT injury or so-called early-
responding normal tissue have an alpha/beta ratio of 10 Gy.2 Conversely, late responding
tissues such as bone have a lower ratio (<5 Gy). 2 Conventional therapy for HNC involves
the use of high energy XRT with absorbed doses up to 70 Gy that are delivered via a
fraction size of 1.8–2Gy.3 Previous work in our lab has demonstrated significant impairment
of new bone formation in the murine mandible after XRT most likely precluding the use of
distraction osteogenesis as a viable reconstructive option for HNC patients.4,5,6 ,7 An ideal
XRT regimen would have its greatest effect on the primary target without altering the
physiologic properties of adjacent tissues that are essential for adequate recovery and
healing. Unfortunately, in HNC treatment, the mandible often falls victim to unintended and
unwarranted XRT exposure, hindering its ability to generate new bone and heal. Although,
there are well-documented reports on the damaging effects of ionizing XRT on bone
regeneration, the literature is surprisingly deficient in outlining the effects of XRT on the
histomorphometric properties of bone.

In an effort to address the paucity of the literature in regards to the effect of XRT on a
clinically translational model that mimics the treatment regimen for HNC, we aimed to
objectively measure the human equivalent dose response effects on the integrity of cellular
and tissue composition in the murine mandible via the utilization of quantitative
histomorphometry (QHM). Our In vivo model quantitatively analyzes the histopathologic
effects of XRT on craniofacial membranous bone using a fractionated dosing schedule, in
order to determine dose dependency. Specifically, we investigated the XRT induced changes
at a BED that approximates the same dosage a human mandible is exposed to during
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treatment for HNC. In an effort to establish a dose response, we also looked at a BED of
both 75% and 150% of that seen clinically for HNC.

We hypothesize that the pathologic effects of XRT on regenerate formation are mediated
through a mechanism of direct cellular depletion of the cells responsible for osteogenesis;
furthermore we posit that the depletion of those cells will follow a dose response
relationship.

MATERIALS & METHODS
20 Sprague-Dawley rats (~400 g) were obtained via the University of Michigan’s Unit for
Laboratory Animal Medicine (ULAM) department in compliance with the University of
Michigan’s Committee for the Utilization and Care of Animals (UCUCA). They were
randomly assigned in three experimental radiation dosage groups: low dose (5.91 Gy; n=7),
middle dose (7 Gy; n=7) and high dose (8.89 Gy; n=6) delivered in 5 daily fractions. These
dosages were used so as to approximate 75%, 100%, and 150% respectively of the BED the
mandible sees in the clinical regimen in HNC patients (Figure 1).

Animals
The animals were weighed, paired in cages and kept in a pathogen-free environment on a
12-hour light/dark schedule. Rats received standard soft chow and water ad Librium during
a 7-day acclimation period prior to handling.

Radiation therapy
Prior to XRT, rats were anesthetized with a mixture of Oxygen-Isoflurane and placed right
side down with a custom-designed lead shield over the body allowing exposure of the left
posterior hemimandible. Fractionated external beam XRT at the experimental dosages
mentioned above was performed on the rat left hemimandible over five days using a Philips
RT250 orthovoltage unit (250 kV, 15 mA) (Kimtron Medical, Woodbury, Connecticut)5. An
ionization chamber connected to an electrometer system was utilized for dosimetry (Figure
2).

As previously described in our irradiated murine mandibular model of distraction
osteogenesis, 56 day-observation period followed, where the rats were fed soft chow and
water ad Librium. 4,5,6 ,7 Rats exhibiting signs of radiation-related stress were injected
subcutaneously with 10 cc Lactated Ringer containing buprenorphine (0.03m/kg).

Tissue processing and Radiographic examination
One death occurred in the high radiation dosage group. No other animals exhibited major
adverse effects of radiation. The animals were sacrificed on the 56th day post-XRT and the
left hemimandibles were harvested for histological evaluation. All specimens underwent
ethanol fixation (70%) at 4°C then were rinsed in phosphate buffered saline. Specimens
were decalcified with Cal-Ex®II (Fisher Scientific, Fair Lawn, NJ) (a mixture of 10.6%
formic acid, 7.4% formaldehyde and <1% methyl alcohol) and stored at 4°C. The
decalcification solution was changed every 2–3 days and the specimens were followed
radiographically via self-contained Faxitron X-Ray (MX20, Faxitron X-Ray, Lincolnshire,
IL) until full decalcification was achieved. The specimens were vacuum processed
(dehydration and paraffin infiltration) under a 48 h program in the Hypercenter tissue
processor (Shandon, Hypercenter XP, Pittsburg, PA), then filtrated once more for 2 hours in
a vacuum bath (Leica Embedding Center, Model EG1160, Germany), followed by
embedding in Paraplast Plus (i.e., paraffin containing Dimethysulfoxide, McCormic
Scientific, Richmond, IL). Peel-a-way embedding molds, 22×40mm were used and stored
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overnight at 4°C. Blocks were sectioned coronally from anterior to posterior into 7µm thick
sections taken on a Leica Reichert-Jung microtome (Model 2030; Biocut, Bensheim,
Germany) and mounted on glass slides (Fisherbrand Superfrost® Plus, Fisher Scientific,
Pittsburg, PA). Sections were surface-stained with Gomori’s “One step” Trichrome.

Histomorphometric evaluation
Point counting of osteocytes and empty lacunae was performed with a light microscope
interfaced with a digital camera connected to a computer. Our region of interest (ROI),
which spanned a distance of 5.1mm posterior to the 3rd molar was superimposed on the
digital image using the imaging analysis software program Bioquant®NOVA Osteo version
7(R&M Biometrics, Nashville, TN). Nine high power field (HPF) images were randomly
selected per ROI using 16× magnification. The HPF images measured 295×366 and were
stored as TIFF files. Point counting of osteocytes and empty lacunae was performed by three
independent reviewers.

Statistical analysis
Values were analyzed with a One-way ANOVA independent-samples Kruskal-Wallis test
using SPSS for Windows version 16.0 (Chicago, IL). Results were statistically significant at
a p value less than 0.05.

RESULTS
Clinical findings

During the recovery period, the low dose (LD) group animals tolerated XRT better than the
other two groups. The LD group maximal weight loss of 32 g or 8% occurred between post-
XRT days four and eleven with subsequent weight gain above the pre-treatment weight by
day 56. XRT-induced alopecia was also less significant in this group (Figure 3A). The
middle dose (MD) group animals lost about 63 g or 15.8% in a similar time frame. Those
animals demonstrated more signs of mucositis and alopecia compared to the LD group
(Figure 3B). In the high dose (HD) group, one animal did not survive; it represented the only
animal loss in this experiment. The HD group animals lost up to 90 g or 22.5% of their pre-
treatment weight. They also exhibited significant mucositis and alopecia (Figure 3C).
Despite the initial dose response related morbidities all the animals eventually tolerated their
diets and gained weight above their pre-treatment level. Overall, the mucositis was limited
to the field of XRT (Figure 3) and resolved completely in the LD group but only partially in
the remaining two groups. The animals progressively had partial hair regrowth at the
irradiated site. IV hydration and pain management in all animal groups worked well to
reverse severe signs of XRT-induced stress. At the time of harvest, gross inspection of the
left hemimandibles demonstrated bony atrophy in proportion to XRT dosages; consistent
with a dose response effect. Similar observations were made radiographically during the
decalcification period. Those findings were reported to provide an overall clinical
perspective to XRT damage, similar to those observed in humans.

Qualitative histological findings
Gomori Trichrome stain allowed digital color analysis, which demonstrated gross
architectural variations among all the groups (Figure 4). The LD group displayed an
abundant quantity of osteocytes within the surrounding waves of blue woven bone as
compared to the osteocytes found in both the MD and the HD groups (Figure 4A). In
addition, the osteocytes in the LD group demonstrated a less overall contracted appearance
when compared to the two higher dose groups. Specimens from the MD group had a marked
visible decrease in osteocytes as well as blood vessels and other hematopoietic elements in
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comparison to the LD group. The bone in the MD group showed greater degrees of overall
destruction, porosity, and bony injury in comparison to its LD counterpart (Figure 4B). The
most severe loss of cellularity and vascularity was apparent in the HD group, which
demonstrated profound changes across all specimens (Figure 4C). Overall, qualitative
histological examination of XRT-induced changes to the mandible followed a dose response
relationship with increasing levels of hypovascularity and hypocellularity clearly visible at
increasing XRT dosages. We reported the aforementioned findings to provide additional
information to the milieu in which the cellular damage is taking place.

Quantitative histomorphometric findings
The 16× magnification allowed clear distinction of the mature osteocytes within their
respective lacunae. The mean number of osteocytes/HPF in the LD group was 57.57 ± 5.67.
In the MD group, the mean number was reduced to 37.97 ± 5.98. Further reduction in
osteocytes was observed in the HD group with a mean number of 29.94 ± 2.18. Overall, the
decrement in the mean number of osteocytes was appreciated with increasing XRT dosages.
The medians of osteocytes across all groups demonstrated statistical significance with the
independent-samples Kruskal-Wallis test (p=0.001; Figure 5).

Empty lacunae were seen as a classic and distinct compartment or cavity within the bone
matrix devoid of a residential osteocyte. The mean number of empty lacunae/HPF for the
LD group was 0.71± 0.95. An expected increase in the mean number was observed in the
MD group with a value of 3.57 ± 2.76. Further increase was seen in the HD group with a
value of 5.16 ± 4.2. The independent-samples Kruskal-Wallis test also revealed a
statistically significant difference between all groups when comparing the medians of empty
lacunae in bony specimens (p=0.037; Figure 6).

DISCUSSION
XRT-induced histological changes in bone have been reported in several experimental
studies, which involved rats, rabbits, monkeys, and dogs. 8,9,10,11 Unfortunately, most of the
studies examining the tissue effects of XRT on normal bone have been qualitative in nature
and have eschewed quantitative analyses. Quantitative measures of the histopathologic
effects of XRT on the bones of the craniofacial skeleton have yet to be delineated in an in
vivo model. Maeda et al.8 found diminution in bone porosity, osteocytes and periosteal new
bone in an in vivo model using male Sprague Dawley rat femora at 6–10 weeks following a
single XRT dose of 3500 rads (35 Gy). Sugimoto et al.12 reported synchronous changes of
damage in intracortical porosity and endosteal new bone formation in Japanese white rabbit
tibiae at 12 weeks after a single electron beam XRT dose of 50 Gy. The few studies that
have evaluated the histopathologic effects of XRT on bone have centered predominantly on
the effects on endochondral long bones and on single dosing regimens that do not translate
well to the clinical treatment of HNC, which uses a fractionated dosing schedule that
involves exposure of mainly membranous cortical bones.

Other studies exploring the fate of irradiated vascularized grafts, bone implants and
alloplastic implants have made indirect correlations between XRT and subsequent
histological changes. Evans et al.9 subjected canine mandibular bone grafts to a total XRT
dose of 40 Gy delivered in 12 fractions, three times weekly for 4 weeks. Their study showed
a decrease in osteocytes within the cortex of both vascularized and non vascularized
irradiated grafts. Lehner et al.13 investigated the healing of vascularized long bone osseous
transplants to irradiated recipient sites (total dose of 50 Gy delivered in 5 fractions of 10 Gy)
using a pedicled tibia flap in the rat. They suggested that bone healing and bony union in an
irradiated field were dependent on a minimum number of surviving osteogenic cells in the
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recipient bone. Because these studies focused on bone grafts they shed little light on the
histopathologic effects of XRT on normal bone.

In vitro studies have indirectly evaluated the effects of XRT on bone cellularity. Most of
those studies involved the delivery of various XRT schemes to osteoblast-like cells.
Matsumura et al.14 conducted an investigation using a clonal osteoblastic cell line MC3T3-
E1 and subjected them to XRT dosages of 1–10 Gy. They found that irradiation led to a
greater number of more highly differentiated osteoblasts and also inhibited overall cell
proliferation; both of which led to impaired bone growth. Dudziak et al.15 performed a
similar experiment using varying dosages of ionizing XRT (0–8 Gy). They showed a
diminution of growth factor production, and speculated that such findings could result in
impaired osseous healing. They also found a XRT dose-dependent inhibition of cell
proliferation and increased alkaline phosphatase consistent with Matsumura et al.14 Such
dose dependency, however, has never been extended nor verified in vivo.

In an attempt to address the shortcomings in previous models we endeavored to
quantitatively evaluate the cellular and structural effects of XRT using QHM as an objective
and reproducible analytical method. QHM remains the gold standard to objectively gauge
the effects of XRT on tissue and cellular composition. Furthermore, we explored the
question as to whether those effects on bone followed a dose response pattern. In order to
maximize the translational nature of this study we were able to examine the effects of XRT
dosages in the murine mandible that approximated the bioequivalent doses a human would
receive in HNC. In addition, we added a fractionation schedule to our model in order to
better mimic the conventional scenario that is found in the clinical arena.

Utilizing QHM, the present study demonstrates XRT induced dose-dependent alterations in
bone cellularity that is reproducible in a murine mandibular bone. Our data demonstrates a
decrease in osteocytes with increasing XRT dosages. Osteocytes are the bone-forming cells
that originate from osteoblast terminal differentiation. They inhabit inner lacunae, and they
are the most abundant cells in bone. Their striking morphological characteristics are an
excellent predictor of their role in bone remodeling in response to mechanical stress, fatigue
or radiation. Specifically, in radiotherapy, osteocyte death frequently correlates clinically
with the diagnosis of osteoradionecrosis-ORN15.

The mandible is a highly cortical membranous bone with very little blood supply. Therefore,
XRT-induced alteration in its architectural backbone, will intimately affect both remodeling
capacity and biomechanical properties. Studies of XRT induced damage on cortical bone
have shown that XRT initially affected vascular patency, followed by bone resorption,
diminution of viable osteocytes, and then bone remodeling. 1,16 The osteocytes are thought
to be a radioresistant type cell,2 whose death after radiotherapy can be attributed chiefly to
vascular damage. The deprivation of those cellular components, the loss of vascularity and
osteoid formation all contribute to an impaired bone remodeling.

In addition to our findings described above, our data also delineates a quantifiable XRT
dose-dependent increase in empty osteocyte lacunae. Empty lacuna is the compartment
occupied by an osteocyte in the bone matrix, also called osteoplast. Therefore, empty
osteocytic lacunae are a reliable account of osteocyte death.17 Takahashi et al.18 have
observed a tendency of clustering of the empty lacunae around an obliterated Haversian
canal in endochondral femoral condyles suggesting again that XRT-induced osteocyte death
involved vascular damage.

Rohrer et al.11 have looked at the effect of cobalt-60 irradiation on rhesus monkey
mandibles (45 Gy fractionated into 10 sessions over 12 day-period). The animals were
euthanized within one to six months after radiotherapy, and the percentage of empty
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osteocytic lacunae was recorded at each histological section. They found that osteocytes
were lacking in cortical bone lacunae and in Haversian bone. The death of osteocytes was
directly attributed to radiation effect as it occurred in the direct path of the XRT beam.
Unfortunately, this study involved very small numbers without any valid statistical analysis;
a significant limitation most likely related to their use of a large animal model.

Pelisser et al.19, a Brazilian group, have also performed a microscopic analysis of
fractionated cobalt-60 radiotherapy (60 Gy delivered in 30 sessions at 2Gy/day-doses) on
murine mandibles. They found an increase in the mean percent number of empty lacunae in
comparison to non-irradiated control rats. Both the Rohrer and Pelisser studies did not use
QHM to directly measure osteocytes, they did not address the issue of dose response, and
their models were not optimal because they used Cobalt-60 as a XRT delivery model.
Modern evidence on the use of Cobalt-60 remains anecdotal at best in few reported clinical
cases. Cobalt-60 is considered an old treatment modality that yet has to be modernized, it is
less uniform, more highly scattered, and produces a lower amount energy.20,21

Our lab previously demonstrated that XRT significantly alters new bone formation in the
murine mandible impeding the use of distraction osteogenesis as a viable reconstructive
treatment option after radiation therapy.4,5,6 ,7 In order to better understand the diminished
bone quality within the irradiated mandible that contributes to impaired osteogenesis and
repair, we investigated specific metrics of bone degradation that could be subsequently
mitigated to allow functional restoration and successful regeneration of the craniofacial
skeleton. By means of QHM we objectively measured the XRT induced cellular and tissue
changes in the membranous bone of the murine mandible utilizing a XRT method, a
fractionation regimen, and a bioequivalent dose that approximates the same conditions a
human mandible is exposed to during treatment for HNC. The findings in this report support
our hypothesis that the deleterious effects of XRT are mediated through a dose response
depletion of essential osteogenic cells. The long term goal of this work is to provide
fundamental information that can be translated from the bench to the bedside to lead to
improved treatment modalities for patients suffering from the disastrous sequelae of XRT
therapy. More specifically, therapies will be introduced aimed at preserving the osteogenic
cells, and similar QHM will be performed to determine the efficacy of those therapeutic
interventions to increase or decrease cellularity quantitatively.

CONCLUSION
This study supports our hypothesis that XRT impedes new bone formation by inducing
cellular depletion and eliminating the cells responsible for osteogenesis. Our findings also
establish a dose response effect in regards to XRT, specifically measuring the degree of
severe attenuation of cellularity within the murine mandible. Future studies can now be
performed, utilizing these metrics, to determine the efficacy of therapies aimed at
safeguarding the cells essential for optimal bone regeneration.
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Figure 1.
Experimental Design and Timeline
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Figure 2.
Sprague Dawley male rat undergoing left hemimandible radiation. Custom-designed lead
shield protecting the remainder of the rat.
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Figure 3.
Rats demonstrating radiation-induced alopecia at low dose XRT (A), middle dose XRT (B)
and high dose XRT (C).
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Figure 4.
Qualitative Histologic Findings. Digital photograph at 16× magnification showing bone,
osteocytes within lacunae and empty lacunae with Gomori Trichrome stain at low dose XRT
(A), middle dose XRT (B) and high dose XRT (C).
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Figure 5.
Number of osteocytes per high power field (HPF) at increasing radiation dosage.
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Figure 6.
Number of empty osteocytic lacunae per high power field (HPF) at increasing radiation
dosage
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