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Abstract
Background—Our laboratory has previously demonstrated that Deferoxamine (DFO) promotes
angiogenesis and bone repair in the setting of radiation therapy (XRT) coupled with Distraction
Osteogenesis (DO). However, clinically relevant effects of deferoxamine administration on union
rate, micro-Computed Tomography (μCT) and biomechanical parameters are unknown. We posit
that administration of deferoxamine will increase union rate, mineralization, and strength of the
regenerate in an irradiated DO model.

Materials and Methods—Sprague Dawley rats were randomized into three groups; DO-
Control, DO-XRT, and DO-XRT-DFO. All animals underwent an osteotomy and DO across a
5.1mm distraction gap. Irradiated animals received 35Gy human-equivalent XRT 2 weeks prior to
surgery and deferoxamine was injected postoperatively in the regenerate site of treatment animals.
Animals were sacrificed at postoperative day 40 and mandibles harvested to determine rates of
bony union as well as μCT and biomechanical parameters.

Results—Compared to irradiated mandibles, deferoxamine-treated mandibles exhibited higher
union rate (11% vs. 92%, respectively). Across μCT and biomechanical parameters, we observed
significant diminutions with administration of XRT while deferoxamine therapy resulted in
significant restorations to levels of controls, with select metrics exhibiting significant increases
even beyond controls.

Conclusion—Our data confirm that deferoxamine restores clinically relevant metrics of bony
union and μCT and biomechanical parameters in a model of irradiated DO in the murine mandible.
Our findings support a potential use for deferoxamine in treatment protocols to allow predictable
and reliable use of DO as a viable reconstructive option in patients with head and neck cancer.

Level of Evidence—Animal study, not gradable for level of evidence.

Corresponding Author Steven R. Buchman, MD, University of Michigan Medical School, Pediatric Plastic Surgery Section, 4-730
C.S. Mott Children’s Hospital, 1540 E Hospital Drive, Ann Arbor, MI 48109-4215, USA, Tel: +1 734 936 5881, Fax: +1 734 936
7815, srbuchman@med.umich.edu.

Financial Disclosure and Products
None of the authors has a financial interest in any of the products, devices, or drugs mentioned in this manuscript.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing
this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it
is published in its final citable form. Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Plast Reconstr Surg. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
Plast Reconstr Surg. 2013 October ; 132(4): 542e–548e. doi:10.1097/PRS.0b013e31829fe548.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Head and neck cancer (HNC) accounted for over 52,000 new cases and 11,000 deaths in
2012.1 The preponderance of patients with HNC require tumor extirpation with subsequent
reconstruction aimed at functional and aesthetic restoration. In addition, radiation therapy
(XRT) is often a necessary component of the treatment regimen. But despite its well-
intentioned therapeutic strategy, impediments of XRT include inhibition of bony healing and
degradation of biomechanical properties, consequences that can lead to debilitating long-
term morbidities such as pathologic fracture and non-union.2-7 As such, patients are
vulnerable to functional and aesthetic impairments of the mandible and other components of
the craniofacial skeleton. These impairments compromise the ability to eat, to communicate,
and to engage in social interactions, all of which can have a profoundly negative impact on a
patient’s quality of life.

Distraction osteogenesis (DO) is an operative technique in which regenerate bone is created
through the separation of opposing osteogenic fronts. It is a powerful reconstructive
modality with a variety of applications in craniofacial surgery, including operative
management of micrognathia, mandibular hypoplasia, and craniosynostosis.8-11 However, in
an irradiated field with resultant compromises in bone healing, angiogenesis, and
biomechanical properties, XRT renders DO virtually incapable of producing consistent,
viable, and efficacious reconstructive options.

Deferoxamine (DFO) is an iron chelator in clinical use for the treatment of transfusion-
related iron overload.12 In addition, recent animal model studies reveal that prolyl-
hydroxylase inhibitors such as deferoxamine act as pro-angiogenic factors via activation of
the hypoxia inducible factor 1-alpha (HIF-1a) pathway and subsequent up-regulation of
vascular endothelial growth factor (VEGF).13-15 Specifically, Wan et al. demonstrated the
unique ability of deferoxamine to augment bony mineralization metrics in a murine model of
femoral DO via the bolstering of local vascular supply. However, investigations into
coupling pharmacological agents with DO as a method to remediate XRT-induced injury to
bone have been limited in scope.

Given that deferoxamine is already on formulary, it is a drug that has the ability to quickly
translate meaningful experimental findings into the clinical arena. Our intent is to explore
whether deferoxamine can mitigate the negative sequelae of radiation therapy and allow for
the inclusion of DO as a viable, consistent reconstructive option in the surgeon’s
armamentarium for the management of irradiated bone, where surgical approaches are
otherwise limited to costly and complication-prone free flap operations.

We aim to demonstrate that administration of deferoxamine in an irradiated mandibular
model of DO will alleviate XRT-induced compromise of the clinically relevant metrics of
biomechanics, mineralization, and bony union.

Materials and Methods
Animal experimentation was conducted in accordance with the guidelines published in the
Guide for the Care and Use of Laboratory Animals: Eighth Edition. Protocols were
approved by the University of Michigan’s Committee for the Utilization and Care of
Animals (UCUCA) prior to implementation. Group sizes were determined prior to
experimentation with the use of nQuery Advisor 7.0 software. Under the assumption that the
data would be evaluated using a general linear model with associated analysis of variance
with a desired power of 0.80 with a difference between groups of one standard deviation, we
required at least five animals per group. Due to the addition of radiotherapy and
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biomechanical testing of compromised bone, we cautiously increased group sizes
accordingly.

Male Sprague Dawley rats were randomized into three groups: Group 1, DO-Control
(n=10); Group 2, DO-XRT (n=9); and Group 3, DO-XRT-DFO (n=12). All animals
underwent a left hemi-mandible osteotomy procedure with placement of an external
distraction device as previously described.16,17 Prior to the operative procedure, Group 2
and 3 left hemi-mandibles were irradiated using a Philips RT250 orthovoltage unit (250 kV
X-rays, 15 mA; Kimtron Medical, Woodbury, CT), and administered a 35Gy human-
equivalent dose of radiation in 5 fractions. This protocol produced the normalized equivalent
dose of XRT that a human mandible is subjected to during treatment for HNC.18 Animals
were subsequently allowed a 2-week recovery period between receiving XRT administration
and undergoing the osteotomy procedure; this recovery period mimics the temporal gap
between radiation and subsequent operative intervention for head and neck cancer patients.
Group 3 animals were administered 5 separate 300 μL doses of deferoxamine, every other
day, beginning on post-operative day (POD) 4. The timing and dose of deferoxamine
administration was derived from prior studies investigating the use of deferoxamine in
animal models and peak periods of angiogenesis in bone healing.13,14,19 Distraction took
place twice daily from POD 4 through POD 12 to achieve a 5.1mm distraction gap. Animals
were allowed to recover, were cared for, and then sacrificed at POD 40 when left hemi-
mandibles were harvested en bloc for further micro-computed tomography (μCT),
biomechanical, and union analysis.

Bony union was determined clinically and defined as solid bony bridging and an absence of
motion across the DO gap. μCT images were obtained using 80 kVp, 80 mA and 1100 ms
exposures. 392 projections were taken at a 45-micron voxel size for bone analysis. GE’s
Microview 2.2 software was used to generate our Region of Interest (ROI). The ROI
included the regenerate 5.1 mm posterior to the 3rd molar with the incisor root excluded,
from which we derived the metrics of bone volume fraction (BVF), bone mineral density
(BMD), tissue mineral content (TMC), and bone mineral content (BMC).20

After imaging, mandibles were potted and loaded to failure in uniaxial monotonic tension at
0.5 mm/s using a servohydraulic 858 Minibiox II testing machine (MTS Systems
Corporation; Eden Prairie, MN). Crosshead displacement was recorded by using an external
linear variable differential transducer (LVDT; Lucas Schavitts, Hampton, VA), and load
data was collected with a 100-lb load cell (Sensotec, Columbus, OH). Data was sampled at
200 Hz on a TestStar system (TestStar IIs System version 2.4; MTS Systems Corporation).
Load-displacement curves were analyzed for yield load, ultimate load, and failure load using
custom computational code (MATLAB 7.11; Mathworks Inc., Natick, MA).

All statistical analysis was conducted using SPSS version 20 software (IBM, Armonk, NY).
All variables were compared using ANOVA with Tukey’s post hoc method. All data was
presented as the means plus standard deviation. Statistical significance is defined at p < 0.05.

Results
Gross Bony Union

After dissection, DO-Control hemi-mandibles demonstrated complete bony union across the
distraction gap in 10 out of 10 specimens (100%). Bony regeneration across the distraction
gap for DO-XRT hemi-mandibles was substantially diminished with only 1 out of 9 (11%)
hemi-mandibles demonstrating bony union. With deferoxamine treatment, we observed an
improvement in union compared to XRT-treated specimens, as 11 of 12 (92%) hemi-
mandibles in the DO-XRT-DFO group demonstrated formation of bony union across the
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distraction gap. In addition to gross observation, this union formation was further
appreciated using three-dimensional μCT reconstruction (Figure 1).

μCT
Administration of XRT resulted in a diminution of radiomorphometric parameters when
comparing DO-Control to DO-XRT hemi-mandibles. Specifically, there was a significant
reduction in BMC (102%, p=0.001), TMC (57%, p=0.001), BVF (36%, p=0.001), and BMD
(36%, p=.001) upon radiation administration. Utilizing DFO treatment, we observed
significant restoration from DO-XRT values for BMC (92%, p=0.002), TMC (135%,
p=0.001), BVF (90%, p=0.001) and BMD (89%, p=0.001). BMC and TMC were restored to
levels not significantly different from DO-Controls (Figure 2). In addition to these
restorations from radiation levels to control levels, we observed restorations beyond control
levels for BVF (21%,p=0.003) and BMD (21%, p=0.005) (Figure 3) when comparing DO-
Control to DO-XRT-DFO mandibles.

Biomechanical Tension Testing
Biomechanical tension testing demonstrated overall trends similar to those of μCT with
respect to the diminution of properties after radiation and subsequent restoration with the
addition of deferoxamine. We observed significant reductions when comparing DO-XRT to
DO-Control specimens for ultimate load (56%, p=0.015) and failure load (64%, p=0.026)
with a trending decrease in yield load (49%, p=0.09). When comparing DO-XRT-DFO
mandibles to DO-XRT mandibles, we noted significant increases in biomechanical
parameters for ultimate load (205%, p=0.001), failure load (312%, p=0.001) and yield load
(216%, p=0.001). Ultimate load and failure load were restored to levels not significantly
different from control. For yield load, the trending decrease was not only reversed from
XRT levels, but also bolstered significantly beyond control in the DO-XRT-DFO group
(59%, p=0.026) (Figure 4).

Discussion
Distraction Osteogenesis (DO) is a metabolically demanding reconstructive process heavily
dependent on adequate local blood supply.19 A crucial adverse consequence of XRT
administration is the diminution of local vascularity, which renders DO an untenable
therapeutic modality in the setting of irradiated bone.21-23 Previous investigations from our
laboratory examining DO in an irradiated murine mandible demonstrate that DO alone is not
a viable option for restoring vascularity and subsequent biomechanical function.24 Further
studies utilizing the angiogenic properties of deferoxamine in concert with DO in an
irradiated setting were successful in showing significant increases for vascular number and
vascular density metrics compared to irradiated-DO specimens.25 On a cellular level, we
have obtained in vitro data that demonstrate the ability of deferoxamine to remediate XRT-
induced impediments to vessel formation in a human umbilical vein endothelial cell assay.
This in vitro data provide a strong cellular and mechanistic foundation for our translational
work in this animal model.26 For our current study, we sought to build upon these results by
specifically analyzing the metrics of bone quality and strength through micro-computed
tomography (μCT) and uniaxial biomechanical tension testing to obtain clinically relevant
data.

Previous examination of the angiogenic properties of deferoxamine has demonstrated a
propensity to bolster vascularity at fracture and distraction sites, thereby improving metrics
of bone quality as measured by μCT parameters.13,14 As DO uniquely demonstrates a robust
angiogenic response in the first few days, this period is an ideal time-point for drug delivery
to combat untoward effects of XRT on distraction site vascularity and subsequent healing
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outcomes. We hypothesize that the detrimental effects of radiation on distraction regenerate
bone quality, bone strength, and rate of successful bony union will be remediated through
the administration of deferoxamine injection during the distraction process.

Our results suggest that deferoxamine is a promising potential pharmacological means to
make DO a feasible reconstructive option in irradiated bone. The data that supports this
contention are three fold; first, we observed an 81% increase in bony union rate with the use
of deferoxamine treatment, providing a tangible clinical link between increased angiogenesis
and superior healing outcomes. Secondly, we observed remediation in select μCT
parameters, indicating that this increased rate in union formation was accompanied by
better-mineralized bone. Specifically, we observed significant restorations to control levels
with the use of deferoxamine for metrics indicative of callus mineralization, like BMC and
TMC, and even restorations beyond control for metrics reflecting callus structure, like BVF
and BMD. We were intrigued by this bolstering of certain metrics above control, which
might be the result of increased nutrient and blood supply secondary to combining
deferoxamine with distraction osteogenesis, two therapies with angiogenic effects. Lastly,
we observed biomechanical results congruent with our μCT findings, demonstrating the
efficacy of deferoxamine to not only improve union rate and mineralization, but to
functionally increase the strength of the regenerate.

Biomechanical analysis is particularly pertinent to our investigation. It is considered the gold
standard for measuring regenerate integrity and a logical means by which to assess the
functional quality of bone healing. The particular form of biomechanical analysis
undertaken, uniaxial tension testing, is a unique method central to our evaluation of
mandibular distraction and thus best-suited for assessing the mechanics and quality of the
regenerate. In terms of specific results, we observed a significant restoration to control levels
with the use of deferoxamine for failure load, defined as the maximum load resulting in
partial or complete failure of the regenerate. For yield load, defined as the point where
elastic properties become plastic and cannot revert back to their original architecture, we
observed a restoration beyond control level with the use of deferoxamine therapy, indicating
a clinically meaningful restoration in bone quality. By increasing the threshold where
irreversible damage occurs in bone, deferoxamine provides an important pharmacological
means to provide a functional regenerate in distraction osteogenesis of irradiated bone.24,27

Our study has some limitations worthy of discussion. Firstly, we utilize one dosage of
deferoxamine at one time-point for drug delivery, though the dosage and timing are
calculated based on previous investigations utilizing deferoxamine in animal models and
previously reported peak periods of angiogenesis in distraction osteogenesis.13,14,19

Specific-dose studies and time-point studies could offer a means to further the evaluation of
this promising therapy. Clinically, we anticipate utilizing a localized deferoxamine injection
in proximity to the distraction gap after both radiotherapy and operative intervention have
occurred. The specific dose and rate need to be further studied, and based on currently
accepted administration practices. Secondly, this study is limited by its lack of histological
analysis that could potentially provide further validation to the use of deferoxamine in
irradiated DO. However, as biomechanical testing and histological analysis are both
destructive metrics, we could not use both of these techniques in the same cohort of animals;
we chose to pursue clinically-relevant biomechanical data before investigating the efficacy
of deferoxamine on a cellular level. We plan to investigate this latter, promising avenue of
research in future studies. Lastly, and most pertinent in terms of patient safety, the
oncogenic properties of deferoxamine need to be further elucidated. While select studies
demonstrate an anti-tumorigenic property of deferoxamine against particular cancer types,
any angiogenic therapy must be rigorously tested and demonstrate a lack of tumor growth or
recurrence associated with therapy.28-32 We therefore advocate that more investigation be
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undertaken before implementing deferoxamine into any treatment regimen for patients with
HNC.

Conclusions
In conclusion, the corrosive effects of radiation currently preclude the utilization of DO as a
reconstructive option in the clinical setting. This study has demonstrated the ability of
deferoxamine to reverse the scourge of XRT-induced consequences of the clinically relevant
metrics of bony union, callus mineralization, and biomechanical testing. We believe that the
utilization of deferoxamine in the setting of irradiated DO is an attractive option and a
potentially viable tool to aid in the reconstruction and treatment regimens for patients with
head and neck cancer.
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Figure 1.
Three-dimensional μCT images of a DO-XRT left-hemimandible (left image) and a DO-
XRT-DFO left-hemimandible (right image). The incisor, the anterior-most portion of the
mandible, is to the right in both images. Note the difference in regenerate union for the
distraction gap posterior to the molars. The more robust regenerate is seen in the irradiated
hemi-mandible treated with deferoxamine.
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Figure 2.
Graphical representation of Bone Mineral Content (BMC) and Tissue Mineral Content
(TMC) μCT parameters. There are significant increases in both BMC and TMC for DO-
XRT-DFO specimens compared to DO-XRT specimens. No significant difference was seen
for either BMC or TMC between DO-XRT-DFO specimens and DO-Controls.
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Figure 3.
Graphical representation of Bone Volume Fraction (BVF) and Bone Mineral Density
(BMD) μCT parameters. There are significant improvements above DO-XRT levels in the
DO-XRT-DFO group. There are also significant increases in BVF and BMD above DO-
Controls for the DO-XRT-DFO specimens.
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Figure 4.
Results for Biomechanical Testing (BMT) analysis illustrating significant increases in yield
load, ultimate load, and failure load for DO-XRT-DFO hemi-mandibles compared with DO-
XRT specimens. No significant difference is noted for failure load and ultimate load
between DO-Controls and DO-XRT-DFO specimens. However, there is a significant
increase for yield load above DO-Control levels for DO-XRT-DFO hemi-mandibles.
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