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Abstract

Background Osseous defects reconstructed with cryo-
preserved structural allografts are poorly revascularized
and therefore are prone to nonunion, infection, deteriora-
tion of mechanical properties, and fracture. Whether this
can be mitigated by specific interventions such as intra-
medullary surgical revascularization has been incompletely
evaluated.

Questions/purposes We aimed to study surgical revas-
cularization as a means to improve bone remodeling in
cryopreserved allograft. Second, we questioned whether
spatial histomorphometric differences occur in cortical
bone areas after intramedullary surgical revascularization.
Third, biomechanical properties of the graft-recipient
construct in surgically revascularized allograft were com-
pared with those of conventional allografts.

Methods Allografts were harvested from 10 Brown Nor-
way rats, cryopreserved, and transplanted orthotopically in
a 10-mm defect in two groups of 10 Lewis rats each (major
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histocompatibility mismatch). In the control group, no
surgical revascularization was performed, whereas in the
experimental group, a saphenous arteriovenous bundle was
transposed in the bone marrow cavity. Bone remodeling
was measured with histomorphometry, histology, and
microcomputed tomography at 16 weeks. Spatial differ-
ences were analyzed with histomorphometry. To determine
biomechanical properties, load at failure and structural
stiffness in bending were evaluated by the three-point bend
testing. In both groups, normal values of the contralateral
femur also were analyzed.

Results  Surgically revascularized allografts had increased
bone remodeling (bone formation rate to bone surface
ratio: 130 + 47 pm®/um?/year versus 44 + 43 pm*/pm?/
year, p = 0.006) and higher cortical osteocyte counts
(18.6% =+ 12.7% versus 3.1% + 2.8%, p = 0.002) than
nonrevascularized grafts. In nonrevascularized grafts, the
bone formation rate to bone surface ratio was 35% of the
contralateral normal values, whereas in surgically revas-
cularized grafts, the bone formation rate to bone surface
ratio in the grafts exceeded the contralateral values (110%).
Microcomputed tomography did not show differences in
bone volume between groups, however in both groups, bone
volume was less in grafts compared with the contralateral
femurs. Inner cortical bone formation rate to bone surface
ratio was greater in surgically revascularized grafts
(65 + 30 um*/um*/year versus 13 £ 16 pm*/um?/year
in the control group, p = 0.012). Outer cortical bone for-
mation rate to bone surface ratio also increased in surgically
revascularized grafts (49 #+ 31 pum®/um*/year versus 19 +
21 pm*/pm?*/year, p = 0.032). No differences were found in
load at failure and structural stiffness between both groups.
In the control group, load at failure and structural stiffness
were lower in grafts than in the contralateral femurs
(p = 0.004 and p = 0.02, respectively). In the experimental
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group, surgically revascularized grafts also had lower load at
failure and structural stiffness than the contralateral femurs
(p = 0.008 and p = 0.02, respectively).

Conclusions Surgical revascularization of large segmen-
tal allografts improved bone remodeling and viability
without an adverse effect on total bone volume or bending
strength and stiffness in this short-term analysis.

Clinical Relevance Cryopreserved allografts remain lar-
gely necrotic and are associated with a high rate of
complications. Surgical revascularization increases graft
healing which could contribute to graft survival with time.

Introduction

In structural defects in the extremities, autologous bone
transplantation is not always feasible because of the
inability to match missing bone size and shape from the
few expendable donor sites and the potential for donor site
morbidity. The use of cryopreserved allogeneic bone has
been a widely used and appropriate alternative to recon-
struct segmental defects [2]. However, a serious
shortcoming of bone allograft is the high frequency of
complications such as infection, fracture, and nonunion [4,
12, 14, 26]. Study of retrieved postmortem specimens has
shown limited remodeling and minimal revitalization with
time [10, 11, 24]. Wheeler and Enneking [26] found a
gradual diminution in bone mineral density and increase in
microfractures with time, resulting in 50% loss of strength
after 10 years in vivo. These findings show the essential
necrotic nature of allograft structural bone segments, which
are frozen before transplantation to decrease the immuno-
genic response in the recipient. After transplantation,
revascularization in frozen allografts is restricted and
insufficient to revitalize and incorporate the graft biologi-
cally [10, 11, 23]. Furthermore, vascularization of the graft
directly relates to the biomechanical competence of the
reconstructed bone, including the intrinsic properties of the
graft and the graft-recipient interface [6].

Successful biomechanical incorporation of allograft is
dependent on stable fixation and adequate bone-to-bone
contact. However, because no patent vascular bed exists in
cryopreserved allografts, neoangiogenesis purely originates
from recipient bone and surrounding soft tissue. As soon as
the graft is revascularized, remodeling occurs as described
by the activation-resorption-formation sequence of bone
remodeling; an osteoclastic cutter head is followed by a
layer of osteoblasts [13]. One could theorize that incom-
pletely revascularized allograft will weaken with time as a
result of limited bone remodeling, having lost the ability to
recover from microfractures. Conversely, rapid revascu-
larization could incite abundant bone remodeling in which
osteoclastic activity dominates osteoblastic activity, which

could lead to an initial net bone loss and fracture [3].
Allograft bone remodeling and incorporation after revas-
cularization therefore seems to be a delicately balanced
process. We previously presented an orthotopic rat model
to study surgical revascularization in frozen bone allografts
[27]. A strong angiogenic response with increase of cortical
bone blood flow was observed after intramedullary arte-
riovenous bundle implantation. However, whether
increased bone blood flow in the graft would alter bone
remodeling, morphologic features of the bone, or biome-
chanical properties remained unanswered.

Accordingly, in the current article, we studied bone
remodeling and incorporation after surgical revasculariza-
tion of bone allograft in the orthotopic model. We
hypothesized that bone remodeling as measured with his-
tology, histomorphometry, and micro-CT will be improved
in surgically revascularized allografts as compared with
conventional allografts. Second, we compared histomor-
phometric parameters at the inner cortex to outer cortical
parameters to determine the spatial differences in bone
remodeling after intramedullary surgical revascularization.
Third, we hypothesized that surgical revascularization of
allografts improves biomechanical properties of the graft-
recipient construct.

Materials and Methods
Orthotopic Allotransplantation

This study was approved by the Institutional Animal Care
and Use Committee.

Surgical revascularization of the graft was performed in
our previously described orthotopic rat model [27]. In
brief, a 10-mm segment of diaphyseal femurs from 10
female Brown Norway (RT1") rats (weight, 200-250 g)
were harvested bilaterally, reamed with a 2-mm hand drill
to allow intramedullary implantation of the arteriovenous
bundle, and frozen at —80° C for at least 1 month before
transplantation. At transplantation surgery, male Lewis
(RT1") rats (20 in total; weight, 250-300 g), representing a
major histocompatibility mismatch, were anesthetized with
ketamine (90 mg/kg intramuscularly and xylazine (10 mg/kg
intramuscularly). A single dose of Fragmin® (Eisai Inc,
Woodcliff Lake, NJ, USA) (10 IU subcutaneously) was
given preoperatively and daily postoperatively during
5 days. The frozen graft was thawed to room temperature.
A 10-mm segment of bone was removed in the recipient rat
at either the left or right femur, matching the side at which
the graft was harvested from the donor. The defect was
created with a minisaw and standardized by using a cus-
tom-made 10-mm steel mold. This created a large
segmental bone defect which was approximately 22% of
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Fig. 1A-C (A) On the medial side of the lower extremity, the
saphenous arteriovenous bundle is marked before dissection (black
arrow). (B) Dissection of the arteriovenous bundle (black arrow),
which is transposed in the femur through a small cortical hole (black

the complete femoral length. The graft then was trans-
planted in the defect. Next, the ipsilateral saphenous
arteriovenous bundle was dissected from its femoral origin
distally to the ankle (Fig. 1A). It remained attached prox-
imally to its femoral origin and the bundle was sutured
distally with a nylon monofilament suture (Fig. 1B). A
small hole (1.2 mm) was drilled in the distal end of the
remaining recipient femur and the arteriovenous bundle
was pulled through the vascular entry hole and transposed
in the intramedullary canal of the graft in a retrograde
fashion (Fig. 1C). The graft was fixed with a custom-made
stainless steel plate from Mayo Clinic Division of Engi-
neering, and 1.2 mm x 8 mm screws; additional nylon
monofilament sutures were used to achieve a stable con-
struct. The graft-host junctions were created with a 15°
oblique osteotomy to increase rotational stability (Fig. 1C).

Twenty rats were randomly allocated to two groups. In
the control group, no surgical revascularization was per-
formed (conventional allograft). In the experimental group,
grafts were surgically revascularized with the saphenous
arteriovenous bundle in the medullary canal. Postopera-
tively and for 2 days thereafter buprenorphine (0.05—
0.1 mg/kg subcutaneously) was given once daily and rats
were allowed to move freely in their cage. At 14 days and
4 days before euthanasia, respectively, calcein green and
tetracycline hydrochloride fluorescent labels (20 mg/kg)
were administered to enable later histomorphometric
studies (Fig. 2). After a survival period of 16 weeks, the
rats were euthanized with pentobarbital (200 mg/kg intra-
venously). The aorta and vena cava were cannulated to
allow irrigation of the lower extremity vasculature with
50 mL of heparinized saline followed by Microfil® con-
trast agent (Micr0ﬁ1®; Flow Tech Inc, Carver, MA, USA)
to determine arteriovenous bundle patency. No complica-
tions occurred during the 16 weeks survival and fixation
material remained intact. All arteriovenous bundles were
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arrow with white border) is shown. (C) The schematic drawing shows
the orthotopic model. The arteriovenous bundle is placed in the
intramedullary canal and the graft is fixed with a custom-made plate
and screws with additional nylon sutures.

Fig. 2 Calcein green and tetracycline hydrochloride fluorescent
labels (20 mg/kg) were administered 14 days and 4 days before
euthanasia, respectively, to enable histomorphometric studies.

patent at 16 weeks (Fig. 3). The grafted femur and the
contralateral femur were removed for analysis.

Micro-CT

Immediately after sacrifice, plate, screws, and soft tissue
were carefully removed from the femurs. Grafts and con-
tralateral femurs were scanned using a micro-CT system
(MicroCT40; Scanco Medical, Basserdorf, Switzerland).
The femur was placed in a polyethylenimine holder with
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Fig. 3 At 16 weeks, femurs were removed and patency was
confirmed by filling the arteriovenous bundle with Microfil™ (Flow
Tech Inc) in all specimens.

saline. The graft was scanned at a voltage of 55 KvP and a
current of 144 pA at 10-um thickness resulting in 1000
axial-cut slices. After scanning and reconstruction, a region
of interest was determined encircling the outer perimeter of
the bone. The ratio of the bone volume to total volume,
bone surface to bone volume, and bone mineral density
were measured with MicroCT40 software (Scanco
Medical).

Histology: Cortical Osteocyte Viability

After biomechanical three-point bend testing (described
below), all grafts and contralateral femurs were fixed in
10% formalin for 24 hours. For histologic analysis, a
transverse section was harvested consistently from the
proximal 1/3 of each graft and decalcified in 14% ethyle-
nediaminetetraacetic acid for 7 hours in a calibrated
laboratory microwave at 750 W (PELCO BioWave® 3450
Laboratory Microwave, Ted Pella, Inc, Redding, CA,
USA). At the site where the transverse sections were har-
vested, biomechanical testing had not disturbed cortical
integrity. Staining was performed with hematoxylin and
eosin for histologic analysis. Bone cellular repopulation
was quantified by determining the percentage of lacunae
filled with viable osteocytes to the total number of lacunae
(empty + osteocyte-containing) in 10 random fields at x
400 magnification.

Quantitative Histomorphometry

Complete transverse sections were harvested from the
proximal 1/3 of the graft and from the contralateral femur

at the same anatomic location after 24 hours of fixation in
10% formalin. Undecalcified, unstained sections were
embedded with the glycol methylmethacrylate procedure
and the block was cut on a Leica Microtome 2065 (Leica
Microsystems Inc, Buffalo Grove, IL, USA). A Nikon®
Eclipse 50i microscope (Nikon Instruments Inc, Melville,
NY, USA) and Nikon® Intensilight C-HGFI fluorescent
system was used with a DS-Fil high-definition color
camera head (Nikon Instruments Inc) for image capturing.
A blue-violet filter set was used with an excitation of 425/
40 (405-445), a dichroic reflector at 455, and a long pass
filter of 475.

Complete sections were viewed at x200 for fluoro-
chrome labeling uptake and histomorphometric parameters
were determined using imaging analysis software (Osteo-
measure®; Osteometrics, Atlanta, GA, USA). The
mineralizing bone surface to total bone surface ratio was
determined, which is the ratio of the surface of fluorescent
labeled mineralizing bone to total bone surface. This value
represents the percentage of bone surface involved in bone
remodeling. Mineral apposition rate is calculated by mea-
suring the distance between the two labels (calcein green
and tetracycline hydrochloride) and relating this to the
10 day period in between fluorescent label delivery. Min-
eral apposition rate is a measure of the rate at which new
bone is deposited. The bone formation rate to bone surface
ratio is the product of mineral apposition rate and miner-
alizing bone to total bone surface ratio and represents the
annual fractional volume of bone formed per unit bone
surface area. This was measured from the complete section
in each graft and at the inner and the outer perimeter of the
cortex in each graft to determine if any spatial differences
existed in the bone remodeling process.

Biomechanics

The strength of the complete construct of graft and recip-
ient bone was measured in three-point bending to
determine the overall competence of the femur to sustain
loading at 16 weeks. In each group, grafted and contra-
lateral femurs were analyzed after micro-CT scanning and
before histologic analysis. Three-point bending was chosen
to extract mechanical properties of the graft-recipient
construct and contralateral femurs [6]. Bones were kept
moist in saline before testing, which was conducted at
room temperature. Each bone was oriented alike with the
posterior side placed on two supporting bars separated by
18 mm with the graft placed centrally. A rounded bar
loaded the construct centrally at a rate of 5 mm/minute in
the AP direction. Load at failure (N) and deflection dis-
placement (mm) were measured. The deflection was read
directly by the actuator of the servohydraulic testing
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system (MTS systems Corporation, Eden Prairie, MN,
USA). Structural stiffness was calculated as load divided
by displacement (N/mm). The data for bones at which
failure occurred at the graft-recipient interface and the
bones with failure through the graft were combined and
analyzed together, since the main objective of biome-
chanical testing was to extract some measure of mechanical
properties of the complete graft-recipient construct.

Statistical Analysis

Histomorphometric, micro-CT, and biomechanical mea-
surements also were performed on the contralateral femurs
to compare graft properties with those of the normal fem-
oral properties in each group. Analysis between groups was
performed with absolute graft values and with normalized
values (graft values as a percentage of the normal contra-
lateral values), which adjusts for potential biologic
variability between animals. Therefore, data are presented
as absolute and normalized values (expressed as a per-
centage). The Kolmogorov test was applied for each data
set to determine distribution. Data derived from bone
remodeling analysis (micro-CT, histology, and histomor-
phometry) were analyzed with the Mann-Whitney U test to
detect differences between groups (conventional grafts
versus revascularized grafts) and with the paired Wilcoxon
signed-rank test to detect differences in each group (grafts
versus contralateral femurs). Analysis of histomorphomet-
ric spatial data was performed with the Mann-Whitney U
test to detect differences in inner cortical and outer cortical
bone remodeling between conventional grafts and revas-
cularized grafts. Biomechanical property differences
between experimental groups were analyzed with the
Mann-Whitney U test and the paired Wilcoxon signed-rank
test was used to detect differences between graft-recipient
constructs and contralateral femurs. GraphPadPrism™
Version 5.0 (GraphPad Software, La Jolla, CA, USA) was
used for statistical analysis.

Results
Bone Remodeling

Micro-CT analysis showed no difference in bone volume to
total volume between conventional and revascularized
allografts (respectively, 0.56 + 0.15 mm>/mm® versus
054 +£0.14 mm3/mm3, p = 0.7; normalized for contra-
lateral femurs, p = 0.76). Revascularized grafts had lower
bone volume to total volume than their own contralateral
femurs (0.64 £ 0.02 mm3/mm3; p = 0.008). In the control
group, no difference was observed between conventional
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grafts and contralateral femurs (0.64 + 0.02 mm?>/mm?;
p = 0.13). Bone surface to bone volume showed no dif-
ferences (conventional graft, 3.75 £ 2.7 mm>/mm?>;
revascularized graft, 4.24 + 2.1 mm>/mm?>, p = 0.52;
normalized to contralateral femurs, p = 0.27). The bone
surface to bone volume ratio was greater in conventional
and revascularized allografts when compared with contra-
lateral values (p = 0.002 and p = 0.008, respectively).
Bone mineral density did not differ between conventional
and revascularized grafts (1143 & 42 mg/cm® versus
1122 + 39 mg/cm?, respectively, p = 0.35). In conven-
tional grafts, bone mineral density was lower compared
with that of the contralateral femurs (1213 4 17 mg/cm3;
p = 0.0002). Similarly, bone mineral density was lower in
revascularized grafts compared with that of the contralateral
femurs (1225 & 12 mg/cm?®; p = 0.008). The histologic
osteocyte viability score was greater in revascularized
grafts (18.6 £ 12.7%) compared with conventional grafts
(3.1 &+ 2.8%; p = 0.002). The range of osteocyte repopu-
lation was 0% to 8% in conventional grafts and 4% to 40%
in revascularized grafts. Quantitative histomorphometric
analysis showed that in conventional grafts, the mineraliz-
ing bone surface to total bone surface was 30%, mineral
apposition rate was 105%, and bone formation rate to bone
surface rate was 35% of the normal contralateral values
(Table 1). Revascularized grafts had greater absolute and
normalized remodeling parameters: 78% mineralizing bone
surface to total bone surface (p = 0.002), 137% mineral
apposition rate (p = 0.16), and 110% bone formation rate
to bone surface (p = 0.005).

Histomorphometric Analysis of Spatial Differences

Inner cortical and outer cortical bone formation rate to bone
surface ratio were greater in revascularized grafts compared
with conventional grafts (Table 2). After vascular bundle
implantation, inner cortical bone formation rate to bone
surface ratio exceeded that of contralateral values at 509%,
whereas outer cortical bone formation rate to bone surface
ratio was 45% of contralateral values. In conventional
grafts, inner cortical bone formation rate to bone surface
ratio was approximately equal to that of the contralateral
inner cortical bone formation rate to bone surface ratio
(105%) and the outer cortical bone formation rate to bone
surface ratio was only 18% of the contralateral values.

Biomechanics
Under three-point bending, failure occurred at the graft-

recipient interface in three conventional grafts and four
revascularized grafts. The rest of the grafted femurs and all
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Table 1. Quantitative histomorphometry

Histomorphometry Absolute /normalized Conventional allograft ~ Revascularized allograft —p value
Mineralizing bone surface to total bone Graft values (%), 9+9 195 0.01
surface ratio (%) normalized values (%)%, 30 + 24 78 + 26 0.002
p value graft versus contralateral ~ 0.008 0.039
Mineral apposition rate Graft values (um/day), 1.3+ 0.5 1.8 +£04 0.07
(pum/day) normalized values (%)*, 105 + 43 137 + 39 0.16
p value graft versus contralateral ~ 0.38 0.05
Bone formation rate to bone surface ratio  Graft values (um>/um?/year), 44 + 43 130 £ 47 0.006
(um>/um?*/year) normalized values (%)*, 35 +28 110 + 53 0.005
p value graft versus contralateral ~ 0.008 0.95

Values are mean &+ SD; *normalized values represent the percentage of graft values to contralateral (normal) values, therefore, a value higher
than 100% indicates remodeling of a revascularized bone exceeds that of the contralateral normal femur.

Table 2. Spatial results of bone formation rate to bone surface

Bone formation rate to bone Conventional Revascularized p value

surface ratio (um®/pm?*/year) allograft allograft

Endosteal bone formation 13 £ 16 65 £+ 30 0.01
rate to bone surface ratio (105%)* (509%)*

Periosteal bone formation 19 +£ 21 49 + 31 0.03
rate to bone surface ratio (18%)* (45%)*

Values are mean £ SD; *graft bone formation rate to bone surface
ratio as a percentage of contralateral femur normal values.

contralateral femurs failed midway, at the central loading
bar. In conventional grafts, load at failure was lower than in
the contralateral femurs: 39.3 £ 15.6 N versus 134.2 £+
34.6 N (p < 0.001). In revascularized grafts, load at failure
also was lower than that of their contralateral femurs:
232 £ 19.6 N versus 1334 + 9.6 N (p = 0.008). The
structural stiffness in conventional grafts was lower com-
pared with the contralateral side (20.8 & 18.4 N/mm and
120.4 £ 44.4 N/mm, respectively, p < 0.001). In revas-
cularized grafts, the structural stiffness also was lower
than the contralateral values (16.2 + 17.8 N/mm versus
110.3 + 24.9 N/mm, p < 0.001). No differences in load at
failure or structural stiffness were found between revas-
cularized and conventional grafts when comparing absolute
or normalized values (Table 3).

Discussion

Cryopreserved allografts frequently are used to restore
defects after tumor resection, bone infection, and trauma
[2]. Unfortunately, allografts are associated with a high rate
of complications, including infection, nonunion, and frac-
ture [7, 8, 12, 18, 19]. This mostly is attributable to the
persistent avascular and nonvital state of allograft bone as

observed in long-term clinical studies [6, 10]. Improvement
of graft vascularization by vascular bundle implantation
has been proposed [15, 27]. However, the consequences of
surgical revascularization in orthotopically placed allo-
grafts on bone remodeling and biomechanical properties
has not been determined. Therefore, we analyzed bone
volume, osteocyte population, and bone remodeling in
surgically revascularized cryopreserved allografts and
compared these findings with those from conventional
allografts and contralateral femurs. We found increased
remodeling and osteocyte population when surgical
revascularization was performed, whereas bone volume
was reduced compared with that of contralateral femurs.
Second, spatial differences in bone remodeling were ana-
lyzed and an increase of bone remodeling was found at the
inner and outer cortices after intramedullary arteriovenous
bundle implantation. Third, biomechanical properties of
the graft-recipient construct in three-point bending were
analyzed and proved to be inferior in conventional and
revacularized grafts compared with contralateral femurs
and no major effect of surgical revascularization could be
confirmed.

One limitation of this study is the rodent model. The
small size of a rat femur does not translate directly to bone
of human dimensions. Rat bone furthermore consists of
lamellar bone and bone mineral density and composition
are different than that of human bone [1]. However, rats are
considered useful models and valuable to long bone
research [21]. Another limitation concerns the biome-
chanical analysis. Grafts failed at either the graft-recipient
interface or the graft, which implies that grafts were vari-
ably incorporated or variably remodeled. It was our aim in
this small animal study to investigate the strength of the
complete graft-recipient construct and compare these with
contralateral femurs. However, in three-point bending, the
complete construct between the two supporting bars is
loaded with the maximum bending moment under the
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Table 3. Biomechanical analysis in three-point bending of the graft-recipient construct

Biomechanical analysis Allograft group Grafted Contralateral femur p value
femur

Load at failure (N) Conventional allograft 393 £ 15.6 1342 + 34.6 < 0.001

Revascularized allograft 232 £ 19.6 1334 £ 9.6 < 0.001

Stiffness (load/displacement, N/mm) Conventional allograft 20.8 + 18.4 120.4 £+ 44.4 < 0.001

Revascularized allograft 162 £ 17.8 110.3 £ 24.9 < 0.001

Values are mean £ SD.

central loading bar. Failure occurred at either the graft or at
the graft-recipient interface. The grafted femurs in each
group were analyzed uniformly to provide data on the
complete graft-recipient construct. The data do not repre-
sent the strength of the individual graft-recipient interface
or the strength of the graft. Whether surgical revasculari-
zation influences graft incorporation or graft intrinsic
properties separately needs to be analyzed in larger animal
models. Moreover, other biomechanical techniques such as
torsional testing can be of use to investigate properties of
the complete construct. However, we were able to deter-
mine some mechanical properties to compare these with
the contralateral values. Furthermore, the presence of the
hole that was created in the distal recipient femur to
introduce the vascular bundle was included in the graft-
recipient femoral segment between the two supporting
bars. The hole was 1.2 mm in diameter and the diameter of
the femur at that level was 4.9 mm on average (ratio hole
diameter to outer bone diameter: 0.24). In larger animal
models the effect of the size of cortical holes on biome-
chanical properties has been determined. McBroom et al.
[20] determined the biomechanical properties with variable
cortical hole sizes in canine femurs. They performed four-
point bending and concluded that a ratio of drill hole
diameter to bone diameter of 0.2 leads to a 38% strength
reduction. However, we did not observe failure at the
vascular entry hole, nor at the more distant placed screw
holes (1.2 mm, ratio 0.24) in this study. Failure at the hole
for vascular entry or the cortical drill holes did not occur
likely owing to the biomechanical testing set-up with
central placement of the graft construct. The maximal
bending moment therefore was not implemented on the
femoral segment containing the hole. The effect of hole
sizes for vascular bundle entry on biomechanical properties
of the complete reconstructed femur are better analyzed
with torsional testing as mentioned above. Further biome-
chanical testing in larger animal models should be done
before clinical application of the presented technique. This
is the subject of future research in our laboratory.
Another limitation was that analysis was done at one
time (16 weeks). Shorter- and longer-term analyses would
give us more insight into the dynamic and continuing
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process of bone remodeling and incorporation after con-
ventional and surgically revascularized bone allografting.
Longer-term analysis of the effect of surgical revasculari-
zation in a larger animal model would be an advisable next
step before any clinical use. Such a study must use ortho-
topic reconstruction of a long bone segmental resection
with physiologic weightbearing, because angiogenesis,
bone remodeling, and graft incorporation are dependent on
mechanical loading conditions [9, 16, 23, 25].

Surgical revascularization improved bone remodeling
and viability as measured with histomorphometry and his-
tology, while bone volume remained unchanged compared
with conventional grafts. Other investigators have consid-
ered the role of revascularizing structural allografts. Kumta
et al. [17] described the effect of surgical revascularization
on cellular repopulation in heterotopically (nonloading)
transplanted cryopreserved rat allografts. In conventional
allografts, the repopulation was scarce with 8% at 12 weeks
and 10% at 24 weeks. In surgically revascularized allo-
grafts, the repopulation was 20% at 12 and 24 weeks.
Carneiro and Malinin [5] implanted an arteriovenous bun-
dle in canine allografts, which were placed heterotopically
in a subcutaneous pocket. They described histologic signs
(without quantification) of increased bone formation after
surgical revascularization. Neither study used orthotopic
transplantation and no histomorphometric or biomechanical
analyses were performed. We found bone surface-to-bone
volume ratio to be greater in grafts in both groups compared
with that of the normal contralateral femurs. These findings
indicate increased osteoclastic activity resulting in an
increase of bone surface and decrease in bone volume. To
support this assumption, osteoclastic activity needs to be
quantified, which we aim to do in future research with the
presented orthotopic model.

We observed remodeling to occur on the inner and outer
cortical surfaces of allograft bone after surgical revascular-
ization. Not surprisingly, inner cortical bone formation was
greater given the intramedullary location of the implanted
arteriovenous pedicle. The rate of remodeling was four times
higher at the inner cortex and two times higher at the outer
cortex than the values in nonrevascularized allograft con-
trols. These data suggest the ability of surgically implanted
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vessels in the medullary canal to successfully revascularize
the entire cortex of rat femoral diaphyses. To our knowledge,
this is the first published experimental study of the effect of
surgical revascularization on the structural properties of
femoral reconstructions with large segmental allografts.
Pelker et al. [22] studied nonrevascularized allograft prop-
erties in rat femurs. Segmental bone loss was reconstructed
with allograft using intramedullary fixation, which produced
axial alignment but no rigid fixation. As in our study, they
found femurs reconstructed with cryopreserved allografts to
be biomechanically inferior to untreated contralateral
femurs. It has been postulated that strong bone angiogenesis
can disturb the balance of remodeling and initially weaken
bone, possibly resulting in stress fracture or collapse as found
in Kienbock’s disease [3]. The rationale for this supposition
is the process of creeping substitution of necrotic bone,
which begins with revascularization followed by osteoclasis
and then new bone formation. The potential for substantial
bone loss and resultant loss of strength has been a cause for
concern in clinical cases. We have not been able to find any
experimental evidence to either support or refute the com-
mon opinion that structural allograft revascularization is
undesirable. Likely the rate of revascularization must be
correct to allow for a balance between osteoclasis and
replacement with new, viable bone.

In this experimental study, we observed that implanta-
tion of an arteriovenous bundle in the medullary canal of a
cryopreserved femoral allograft tended to decrease bio-
mechanical properties. However, no statistically significant
changes were determined in our study. Larger groups,
larger animal models, and longer-term analysis would
contribute to further analysis of biomechanical properties
after surgical revascularization.

Despite their widespread use, segmental conventional bone
allografts are subject to frequent complications. We aimed to
induce remodeling and biomechanical properties by revas-
cularizing nonviable cryopreserved femoral allograft bone.
The saphenous arteriovenous bundle was placed in a structural
cryopreserved allograft used to reconstruct a missing femoral
segment in rats. Surgical revascularization increased mea-
sures of bone remodeling compared with nonrevascularized
controls. Whether surgical revascularization ultimately could
improve incorporation and diminish short- and long-term
complications is the subject of future research.
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