Recombinant Human BMP-2 Enhances
the Effects of Materials Used for
Reconstruction of Large Cranial Defects
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Purpose: Cranial defect reconstruction presents 2 challenges: induction of new bone formation, and
providing structural support during the healing process. This study compares quantity and quality of new
bone formation based on various materials and support frameworks.

Materials and Methods: Eighteen dogs underwent surgical removal of a significant portion of their
cranial vault. Demineralized bone matrix was used to fill the defect in all animals. In 9 dogs, recombinant
human bone morphogenetic protein-2 (thBMP-2) was added, while the other 9 served as the non-
rhBMP-2 group. In each group, 3 animals were fixed with cobalt chrome plates, 3 with adding
plateletrich plasma, and 3 fixed with a Lactosorb (Walter Lorenz Surgical, Inc, Jacksonville, FL)
resorbable mesh. Necropsy was done at 12 weeks postoperative. Histomorphometry, density, and
mechanical properties of the regenerate were analyzed.

Results: The nonthBMP-2 groups showed minimal substitution of demineralized bone matrix with new
bone, while only sporadic remnants of demineralized bone matrix were present in the rhBMP-2 groups. The
defect showed more new bone formation (P < .001) and density (P < .001) in the thBMP-2 groups by
Kruskal-Wallis test. The area of new bone was not significantly different among the thBMP-2 subgroups. The
resorbable mesh struts showed no sign of bone invasion or substitution. In the non-thBMP-2 resorbable mesh
group, demineralized bone matrix almost totally disintegrated without replacement by new bone.

Conclusions: The addition of rhBMP-2 to demineralized bone matrix accelerated new bone formation
in large cranial defects, regardless of the supporting framework or the addition of platelet-rich plasma.

The use of a resorbable mesh in such defects is advisable only if thBMP-2 is added.
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The use of demineralized bone matrix (DBM) as an
allograft has been thoroughly investigated in cranial
defect reconstruction.'® However, using DBM sheets
in very large skull defects raises many concerns. The
rigidity of DBM by itself is not sufficient to protect the
underlying brain until new bone is formed, which
typically takes several months.* The process may be
accelerated by the addition of human recombinant
bone morphogenetic protein-2 (thBMP-2)” or platelet-
rich plasma (PRP).® It is not currently possible to
predict which factor, or combination of factors will
produce the best results in a difficult reconstruction
case, where the defect size is very large, the dura has
matured, and adequate new bone formation is needed
at a relatively early postoperative time point (12
weeks). Furthermore, the influence of the fixation
method on bone induction by these factors is un-
known.

The use of rigid internal metal fixation to support
the DBM allograft necessitates a second surgery to
remove the metal so it does not interfere with the
growth and remodeling of the skull. Recently, several
resorbable fixation materials have been intro-
duced.”'” Theoretically, these materials can maintain
the skull vertex architecture, provide the necessary
rigid protection, and prevent the encroachment of
the soft tissues into the defect until the new bone is
formed. As they are dissolved, these materials should
permit their invasion and replacement by the new
bone. A recent study showed that both resorbable
and metal meshes worked well for long-term stability
of phosphate cement used to fill large defects, but
metal mesh was better for early stability, because the
resorbable mesh group showed early delayed bone
formation.'® It is possible that either rhBMP-2 or PRP
used in combination with the resorbable materials
could overcome this delay in bone formation, making
the resorbable materials suitable for use where early
stability is required, but where placement of metals
would be difficult or inappropriate.

In this study, a cranial defect much larger than
critical size was created in 18 adult dogs and combi-
nations of the most commonly used reconstruction
materials were tested. In addition to DBM, 2 support-
ing materials, cobalt chrome and Lactosorb (Walter
Lorenz Surgical, Inc, Jacksonville, FL) mesh, the os-
teoinductive factor thBMP-2, and the growth factor
PRP, were used in various combinations in the recon-
struction of the defects. At 12 weeks postoperatively,
the histological and mechanical properties of the new
bone created with each method were compared to
one another, and to that of the surrounding normal
bone.

We hypothesized that DBM would show early signs
of osteoinduction and osteoconduction that would be
augmented by the addition of rhBMP-2 or PRP. A
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second hypothesis was that the resorbable mesh
would demonstrate osteoconduction, disintegration,
and invasion by new bone, which would also be
accelerated by the addition of rhBMP-2 or PRP.

Materials and Methods

Eighteen adolescent, 9-month-old medical grade-2
male beagle dogs (mean age 9.17 months; range 9-10
months) underwent surgical removal of a significant
portion of their cranial vault, creating a 2 cm long X
6 cm wide bone defect across the midline. The size of
the defect was much larger than the critical size
defect for dog calvaria.'® Two pieces of DBM (Pacific
Coast Tissue Bank, Los Angeles, CA), 2 X 3 cm each,
were used to fill the defect in each animal in all
groups. The DBM was prepared from full-thickness
cortical plates obtained from diaphyses of euthanized
dog tibia. Lipids were extracted from the bone with
95% ethanol and ethyl ether and then demineralized
in 0.6 N hydrochloric acid at 4°C. The bone was
sterilized with ethylene oxide. The resultant sterilized
pieces of DBM were then soaked in a solution of 500
ml of normal saline, 500 mg of vancomycin, 40 mg of
gentamicin, and 1 g of cefazolin for at least half an
hour prior to use. The ability of DBM used in this
study to induce new bone formation has been tested
in canine calvarial defects.*

The animals were randomly assigned to 2 groups,
either with or without thBMP-2. Each group was sub-
divided into 3 subgroups (3 animals each) according
to the reconstruction protocol (detailed below). All
animals tolerated the surgery and the postoperative
period well and were sacrificed 12 weeks after the
surgery. Density of the regenerate was measured and
undecalcified sections from the defect were analyzed
histomorphometrically. The housing, care, and exper-
imental protocol were in accordance with guidelines
established by the Institutional Animal Care and Re-
search Advisory Committee at Medical City of Dallas
(protocol number 04.05.2).

OPERATIVE PROCEDURE AND GROUP DESIGN

Under general anesthesia, the animals’ heads were
shaved, scrubbed with antiseptic solution, and
draped. A bicoronal incision was made through the
scalp, followed by subperiosteal dissection to expose
the bone. The potential defect was then outlined on
the bone so that it extended on both sides of the
midline to measure 2 cm anteroposteriorly and 6 cm
side-to-side. The calvarial defect was created by burr-
ing down along the markings.

In the first non-thBMP-2 subgroup (group 1), the
defect was bridged by 3 cobalt chrome plates in an
H-shaped configuration (Fig 1A), and attached to the
DBM sheets by resorbable sutures (Monocryl; Ethicon
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FIGURE 1. Demineralized bone matrix
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(DBM\ stabilization methods used in the
reconstruction of canine cranial defects.
A, Cranial defect, 2 X 6 cm, recon-
structed with DBM and stabilized with
cobalt chrome plafes. B, Two segments
of resorbable mesh framework filled with
triangular DBM pieces were used to re-
consfruct the de;;ct in groups 3 and 6.
DBM was attached to resorbable mesh
with nonresorbable sutures (Prolene; Ethi-
con Inc, Somersville, NJ).

Elsalanty et al. BMP2 in Cranial De-
Jfects Reconstruction. J Oral Maxillofac
Surg 2008.

Inc, Somersville, NJ). In the second non-thBMP-2 sub-
group (group 2), the same stabilization method was
used, but the DBM was enclosed between 2 layers of
PRP. The PRP was prepared by harvesting autogenous
blood under general anesthesia. A volume of 27 mL of
autogenous blood was mixed with 3 mL of acid citrate
dextrose solution-A for a final volume of 30 mL. This was
then infused into the gravitational platelet separation
system (GPS System; GP Supplies Limited, London, UK)
and spun at 3,200 rpm for 12 minutes to separate 3 mL
of PRP, which was aspirated into a syringe. A separate
syringe was prepared, in which 5 mL of calcium chlo-
ride 10% was mixed with 5,000 U of thrombin. Using
the GPS spray kit, both syringes were assembled and
simultaneously pressed to spread out a layer of platelet-
rich plasma, which coagulated when it came in contact
with the thrombin-calcium chloride solution.

In the third non-thBMP-2 subgroup (group 3), a
custom-made rigid resorbable framework (Lactosorb)
was used to stabilize the DBM (Fig 1B). Lactosorb is an
82:18 mixture of poly lactic and glycolic acids poly-
merized to ca 100 kDa polymer chains with a polydis-
persity of 2.2, and an inherent viscosity of 1.5 dL/g.
Hydrolysis of the resorbable mesh progresses after im-
plantation, and when the inherent viscosity reaches 0.7
dL/g from week 6 to 12, its strength weakens rapidly,
and continues, reaching 0 strength by about 12 to 15
weeks postimplantation. Complete resorption of the
mesh ranges from 9 to 15 months after surgery.'> The
triangular spaces within the resorbable mesh were filled
with DBM chips of the same shape and they were fixed
together and to the surrounding bone by nonresorbable
sutures (Prolene, Ethicon Inc). Then, the resorbable
mesh-DBM complex, enclosed between 2 layers of PRP,
was tightly fitted into the defect.

Similarly, in the first thBMP-2 subgroup (group 4), 3
cobalt chrome plates were used to stabilize the DBM.
However, the DBM was positioned on top of a layer of
type I bovine absorbable collagen sponge soaked with
rhBMP-2 (Helistat; Integra LifeSciences Corporation,
Plainsboro, NJ) separating it from the underlying
dura. The concentration of thBMP-2 was 0.4 mg/mL
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and each sponge was infused with 1.4 mL of solution,
which was equivalent to 0.56 mg of rhBMP-2. The
sponge was soaked with rhBMP-2 for at least 15 min-
utes prior to implantation on top of the dura. In the
second rhBMP-2 subgroup (group 5), a layer of PRP
was first laid on the surface of the dura, followed by
a layer of rhBMP-2-soaked sponge, and then the DBM
was positioned on top of the rhBMP-2 layer and sta-
bilized by cobalt chrome plates, and covered by a
second layer of PRP. In the third thBMP-2 subgroup
(group 06), a resorbable mesh framework was used to
stabilize the DBM as in group 3, but the resorbable
mesh-DBM complex was positioned on top of an
rhBMP-2-soaked collagen sponge. A summary of the
treatment protocol in the 6 groups is outlined in
Table 1. The surgical wound was closed in layers.

Preanesthesia medications given were subcutane-
ous or intramuscular 0.01 mg/kg glycopyrrolate, 0.2
mg/kg midazolam, 0.2 mg/kg hydromorphone, and 6
mg/kg gentamicin. Induction of anesthesia was ob-
tained with sevoflurane and oxygen via mask. The
dogs were intubated and maintained on isoflurane 1.5%
to 3.5%, and oxygen. Perioperatively, intravenous
methylprednisolone 30 mg/kg was given as the cal-
varial defects were made. Postoperatively, at 4 to 6
hours, intravenous methylprednisolone 15 mg/kg, hy-
dromorphone 0.2 mg/kg was administered, then, as
needed midazolam 0.1 to 0.3 mg/kg per hour for 2
hours, and subcutaneous gentamicin 6 mg/kg was
given for 5 days.

SAMPLE COLLECTION AND PREPARATION

At necropsy, each bone defect was explored and a
rectangle of bone was excised, including the area of
the defect surrounded by a frame of host bone, and
immediately immersed in 10% formaldehyde. Two
weeks later, samples were taken and assigned for
either mechanical or histological examination. To as-
sess the density and material properties of the bone
regenerate, a protocol similar to one used previously
was used.?*?® During preparation, sites were marked
with a graphite line indicating a reference line noting
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Table 1. HISTOMORPHOMETRIC ANALYSIS OF RECONSTRUCTED CRANIAL DEFECTS

Bone Area
Group Description %)* Reg Min Reg Max Cort Thick D/C (%)
1 DBM + Cobalt 821 3.1 T T 0 -
2 DBM + PRP + Cobalt 835 *+ 27 T T 0 -
3 DBM + PRP + Lactosorbi 7.8 = 4.43 T T 0 -
4 DBM + rhBMP-2 + Cobalt 50.19 £9.31 222+ 0.66 5.47 =201 479.99 = 7475 126.38 = 67.38
5 DBM + rhBMP-2 + Cobalt + PRP 48 + 4.6 3.09 = 0.09 6.07 0.8 467.68 = 2591 142.34 * 38.14
6 DBM + rhBMP-2 + Lactosorb 3772+ 10.04 1.79 £0.91 3.33 = 1.08 522.45 * 145.82 82.86 *= 32.38

NOTE. Maximum (Max) and minimum (Min) regenerate (Reg) thickness, maximum cortical thickness (Cort Thick) in new bone, and percent
defect filled with bone compared with control (D/C). All values are expressed as mean * SD.
Abbreviations: DBM, demineralized bone matrix; PRP, platelet-rich plasma; rhBMP-2, recombinant human bone morphogenetic protein-2.

*Percentage of bone area in the reconstructed defect.
1Too minimal and variable to measure reliably.
FWalter Lorenz Surgical, Inc, Jacksonville, FL.
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the anatomical long axis of the specimen. Bone strips
and cylinders were harvested from the cortex using a
Dremel 732 Heavy Duty Flex Shaft Rotary Tool (Dre-
mel North America, Racine, WI) and 6.0 mm inner-
diameter trephine burrs (Ace Surgical Supply, Inc,
Brockton, MA). Cooling was maintained with a water
drip. Specimens were stored in a solution of 95%
ethanol and isotonic saline in equal proportions. This
media has been shown to maintain the elastic prop-
erties of cortical bone over time.?*2>

A digital caliper was used to measure the specimen
dimensions to the nearest 0.01 mm. Moist weights of
the specimens were obtained on a Mettler PM460
analytical balance (Mettler-Toledo Inc, Columbus,
OH) reading to the nearest 0.01 g. Submerged
weights were obtained using a Mettler suspension jig
(Mettler-Toledo Inc). Apparent density calculations
were based on Archimedes’ principle of buoyancy®®
and the formula: density (gm/cm®) = (dry weight/
[dry weight — wet weight]) X 0.997.

ULTRASOUND ASSESSMENT OF MATERIAL
PROPERTIES

Longitudinal ultrasonic waves were generated by
Panametrics V312-N-SU transducers (Olympus NDT,
Houston, TX) resonating at 10 MHz. The transducers
were powered with a Hewlett Packard Model 214A
pulse generator (Hewlett Packard, Palo Alto, CA).
Pulse delays induced by passage of ultrasonic waves
through the bone were read on a Tektronix TDS420
digitizing oscilloscope (Tektronix Texas, LLC, Rich-
ardson, TX). The bone cylinder was mounted on a
4-in Rotary Table P/N 3700, (Sherline Products, Inc,
Vista, CA), which allowed accurate rotations for a
360° turn. Pulse delays for each specimen were mea-
sured in 22.5° angular intervals up to 180°. Ultrasonic
velocities were calculated by dividing the specimen
thickness or diameter by the recorded time delay

minus the standard system delay. To minimize error,
all measurements were repeated twice, and the mean
value of the 2 measurements was used for analysis.
Samples which gave readings with inconsistencies
greater than 5% were discarded.

A refined method of determining the axes of mini-
mum and maximum stiffness in the plane of the cor-
tical plate was used.?® A program written in Mathcad
(version 2001, Mathsoft Engineering & Education,
Inc, Cambridge, MA) was used to fit the calculated
longitudinal velocities and their angular orientation
for each bone specimen to a sine function (a - sin [X +
b] + ©). The coefficients a, b, and ¢ corresponded to the
orientation of the axes of maximum stiffness, the av-
erage velocity, and the maximum deviation of the
curve from the average velocity. The direction of the
axis of maximum stiffness corresponded to the direc-
tion of peak longitudinal velocity. Likewise, the min-
imal principal axis, or least stiffness direction, corre-
sponded to the lowest velocity. The third axis was
always tangential or perpendicular to the cortical
plane.22‘24’27

Correlation coefficients were generated and tested
for significance for each plot between measured val-
ues and the idealized sine curve as generated by the
sinfit function. For specimens that showed larger de-
viations from the sine functions, we examined the
curves to assess if they were symmetrical, whether
they had broad peaks and troughs, and whether the
peaks and troughs maintained a 90° separation from
each other. After 3 axes were determined in the
cortical bone plates, the measurements of transverse
velocities were conducted on 3 planes formed by
them.

Elastic properties were calculated from elastic co-
efficients; the latter were derived from cortical den-
sity and the longitudinal and transverse velocities
based on the principles of the linear elastic wave
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theory and Hooke’s law.>*?® Briefly, the elastic mod-
ulus (E) measures axial stiffness or the amount of
deformation (strain) relative to an applied load
(stress). Subscripts, as in E;, E,, or E;, indicate the
appropriate axis for each elastic modulus. E,, E,, and
E; are elastic moduli along different axes. Similarly,
the subscripts indicate orientation for shear moduli
and Poisson’s ratios. Shear modulus (G) measures
stiffness in shear or angular deformation relative to
applied shearing loads in a plane between 2 axes
indicated by the subscripts (G,,, Gs,, or G3,). Pois-
son’s ratio (v) is a measure of stiffness of a structure
perpendicular to that of the applied load. It is a ratio
of the strain in the secondary direction (response
direction) divided by strain in the primary direction
(applied load direction). The first subscript indicates
the axis of the applied load and the second subscript
indicates the response direction as in v, ,, v;3, vy, U3,
vz, and vs,. In our study, elastic properties were
calculated from original data such as density and ul-
trasonic velocities, using a program written in Math-
cad (Version 11.0, Mathsoft Engineering & Education,
Inc). Ultrasonic velocities and densities were used to
calculate 6 X 6 matrices, or “C” matrices, including 9
unique elastic coefficients (¢, Cy3, C33, C44, Css, Cep
Cy2, Cy3, and C,3) and then 12 technical constants (3
elastic moduli — E,, E,, E5; 3 shear moduli — G5,
Gs1, Gy, and 6 Poisson’s ratios — v, Uyq, Uy, Usq,
Uy3, V3). A consequence of the assumption of or-
thotropic material symmetry is that y;E = vyE;.
Thus, Poisson’s ratios can be simplified and pre-
sented as 3, rather than 6 values. These are given
here as v,,, v, and v,;. We also compared relative
stiffness between axes by using ratios of elastic
constants, such as E,/E,, E\/E;, E,/E; to quantify
anisotropy in 3 cortical planes.

The error of this ultrasonic method has been as-
sessed using repeated measurements,’® and was 2.1%
for the longitudinal velocities and 3.1% for the trans-
verse velocities. For the individual sites, measurement
error was assessed by calculating the percentage ratio
between the variance of the method error (squared
Dahlberg’s error) and the population variance of that
measurement (squared standard deviation). For the
longitudinal velocities, the error percentage was al-
ways less than 8.3% of the total biological variance;
and for transverse velocities, the error percentage
was always less than 13.3% of the total biological
variance.

HISTOLOGY AND HISTOMORPHOMETRY

From each animal, 2 samples were assigned for
undecalcified sectioning, and were embedded in
methylmethacrylate, sectioned at 75 um and stained
with Stevenel’s blue. Tissue specimens from each
animal were assigned for histomorphometry. Digital
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photographs were taken at 2.5X magnification using
Spot software, version 4.0.8 (Diagnostic Instruments,
Inc, Sterling Heights, MID), with a Kodak color video
camera (Eastman Kodak Co, Rochester, NY) mounted
on a Zeiss Axioplan microscope (Carl Zeiss Microlm-
aging, Inc, Thornwood, NY). Area measurements
were taken using Metamorph software version 6.2r2
(Molecular Devices, Inc, Sunnyvale, CA) on an aver-
age of 13 fields per animal, spanning the region of
the reconstructed defect. After calibration, the total
tissue area and the nonbone areas were measured. The
bone area was calculated as the difference between
the total tissue area and the sum of nonbone areas.
For comparisons, the percentage of the new bone
area to the total tissue area was used.

STATISTICAL ANALYSIS

Statistical analysis was carried out using SPSS soft-
ware version 12 (SPSS, Inc, Chicago, IL). The histo-
morphometry and bone density data were tested us-
ing nonparametric Kruskal-Wallis and Mann-Whitney
tests. The ultrasound data were analyzed using the
Minitab statistical analysis program 14.1 (Minitab, Inc,
State College, PA). Descriptive statistics, including
means, standard deviations, and standard error of
means, were calculated for all measurements. Signifi-
cance levels were set at a = 0.05.

Results

HISTOLOGY

Groups 1 and 2 (cobalt and DBM, and cobalt, DBM,
and PRP, respectively) showed only minimal substitu-
tion of DBM with new bone, mainly at the bone-DBM
interface. Sporadic islands of new bone within the
DBM could be identified in some sections; otherwise
the DBM remained almost intact with little evidence
of disintegration, substitution, or bone apposition at
the dural or galeal surfaces (Fig 2). In group 3 (DBM,
stabilized with resorbable mesh), DBM disintegration
was much more profound (Fig 2). However, similar to
the first 2 groups, there was minimal new bone for-
mation, which was localized at the bone-DBM inter-
face with no evidence of new bone apposition on the
surfaces of the resorbable mesh struts. The resorbable
mesh surfaces showed no evidence of resorption and
were surrounded by a frame of fibrous tissue, sepa-
rating it from the disintegrating DBM. Interestingly,
considerable aggregation of muscle tissue, not evi-
dent in the other 2 non-rhBMP-2 groups, was identi-
fied and tended to correlate with the locations of
resorbable mesh.

In contrast, all sections from the rhBMP-2 groups
(groups 4, 5, and 6) showed new bone formation, with
only sporadic remnants of DBM identified (Fig 2). The
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bone-defect interface was no longer recognizable.
New bone was more condensed along the galeal and
dural surfaces, forming outer and inner cortical plates
separated by an intermediate area of trabecular bone
of variable thickness. In group 6 (thBMP-2, resorbable
mesh, and DBM), there was no evidence of mesh
resorption or tissue invasion (Fig 2). Instead, each
strut was surrounded by a fibrous tissue envelope. As
in group 3, there was a marked aggregation of muscle
tissue at the resorbable mesh locations.

HISTOMORPHOMETRY

The reconstructed zone showed more new bone
formation (P < .001) in the rhBMP-2 groups than the
non-rhBMP-2 groups, by Kruskal-Wallis test (Fig 3). In
the thBMP-2 groups, the maximum bone regenerate
thickness tended to correlate with the locations of the
cobalt chrome struts in groups 4 and 5 and away from
the resorbable mesh struts in group 6. The total per-
cent area of new bone formation, maximum and min-
imum bone regenerate thickness, cortical thickness,
and regenerate to control thickness ratio were not
significantly different among the 3 rhBMP-2 sub-
groups. However, except for cortical thickness, the
resorbable mesh group (group 6) consistently had the
lowest values (Table 1).

BMP2 IN CRANIAL DEFECTS RECONSTRUCTION

FIGURE 2. Photomicrographs of unde-
calcified  hisfological sections  through
representative reconstructed cranial de-
fects from each group. Because the re-
sults in groups 1 and 2 and in groups 4
and 5 were similar, a single sample is
shown to represent groups 1 and 2, and
another for groups 4 and 5. From left to
right the micrographs show sections of the
left host/graft boundary, the middle of
the grafted region, and the right edge of
the host/graph boundary. Groups 1 and
2 (1/2) show only minimal demineral-
ized bone matrix (DBM| (dark green) dis-
infegration and substitution by new bone
at the left edge (red, mineralized woven
bone). Group 3 (3] shows almost total
DBM disintegration. Spaces that were oc-
cupied by resorbable mesh struts can be
seen af both the right and left ends.
Groups 4 and 5 (4/5) show almost no
sign of remaining DBM. New bone
spanned the defect with condensed bone
spanning the outer and inner corfices.
Group 6 (6] shows similar pattern of
bone formation as in groups 4 and 5;
however, resorbable mesh spaces were
still well defined and surrounded by cap-
sules of fibrous tissue with no sign of in-
vasion by new bone. Aggregation of
muscle tissue (blue) can also be seen in
most sections in this group. This accumu-
lation of muscle was not seen in the other
groups. Magnification X2.5.

Elsalanty et al. BMP2 in Cranial De-
Jfects Reconstruction. J Oral Maxillofac
Surg 2008.

TISSUE DENSITY

No difference in density was detected between
control host bone of the thBMP-2 and non-rhBMP-2
groups (P = .530). In both groups, the difference
between the control and defect bone was significant
(P < .001). However, the thBMP-2 group had higher
density in the reconstructed defect than the non-
rhBMP-2 group (1.184 mg/cm? versus 1.150 mg/cm?;
P < .001). The average tissue density in the recon-
structed zone of the rhBMP-2 groups reached 87.3%
of the average density of the control bone in the same
animals, compared with 61.8% in the non-rhBMP-2
groups (P < .0001). No significant differences were
found between the 3 non-rhBMP-2 groups, or be-
tween the 3 thBMP-2 subgroups.

BONE ELASTIC PROPERTIES

The control bone of the non-thBMP-2 and rhBMP-2
groups had similar bone elastic properties, while the
bone of the reconstructed zone in the rhBMP-2 group
had higher bone elastic (E) and shear (G) stiffness
than in the non-thBMP-2 group (P < .001; Table 2).
The rhBMP-2 and non-thBMP-2 groups had different
Poisson’s ratio in v;; (P = .021). This indicates that the
rhBMP-2 group had more anisotropy than the non-rh-
BMP-2 group. The stiffness of the reconstructed bone
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FIGURE 3. Craph showing the differences between groups in the
percentage of new bone formed within the reconsfructed cranial
defects. The reconstructed zone showed more new bone formation (P
< .001) in the recombinant human bone morphogenetic profein-2
[rhBMP-2) groups than the non-ThBMP-2 groups, by Kruskal\Wallis fest.

Elsalanty et al. BMP2 in Cranial Defects Reconstruction. J Oral
Maxillofac Surg 2008.

was around 24% of the control bone in the non-rhBMP-2
group, compared with 60% in the thBMP-2 group.

Discussion

Numerous studies have documented the effective-
ness of DBM in the reconstruction of critical size
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cranial defects."*%>2° The osteoinductive and osteo-
conductive abilities of the DBM used in this study has
previously been tested in rabbit subcutaneous tis-
sues,*® canine calvarial defects,* and in human pa-
tients.>*” Clinically, however, adequate new bone
formation in huge and subtotal cranial defects could
take several months to be established, sometimes
with inconsistent mineralization."”> This was espe-
cially observed in the absence of immature dura lining
the defect. This study aimed at identifying the fixation
and bone augmentation method that produces the
most adequate bone under 3 conditions: defect size
much larger than the critical size, a relatively early
time point of 3 months postoperative, and with ma-
ture dura mater lining the defect.

In the non-rhBMP-2 groups, replacement of DBM by
new bone was still in the early stages at 12 weeks
postoperative. Disintegration and replacement of
DBM by new bone formation seemed to start primar-
ily at the bone-DBM interface, and to a lesser extent at
the dural surfaces. The lack of osteogenesis at the
dural surface can be attributed to the maturity of the
dura in these animals. It has been well documented
that the dura loses much of its osteogenic ability after
skeletal maturation.>'* Neither the method of fixa-
tion nor the addition of PRP appeared to accelerate
osteogenesis in these groups.

The resorbable mesh group showed marked resorp-
tion of DBM, which may have been caused by the
acidity of the resorbable mesh implants. The resorb-
able mesh struts themselves were morphologically
intact with no sign of infiltration or substitution. Fur-

Table 2. BONE REGENERATE ELASTIC PROPERTIES OF THE RECONSTRUCTED DEFECTS IN THE RHBMP-2 VERSUS

NON-RHBMP-2 GROUPS

Non-rhBMP-2 rhBMP-2

Defect (n = 8) Control (n = 5) Defect (n = 4) Control (n = 3) ANOVA*

Mean SD Mean SD Mean SD Mean SD F P
E, (GPa) 3.0 0.2 9.8 0.9 7.1 1.8 11.8 2.7 48.3 <.001
E, (GPa) 29 0.1 11.4 0.9 7.5 1.5 12.3 2.4 81.1 <.001
E; (GPa) 3.3 0.3 18.2 1.8 9.5 1.6 16.1 2.9 131.0 <.001
G,, (GPa) 1.1 0.1 3.7 0.4 2.8 0.6 4.5 1.0 67.8 <.001
G5, (GPa) 1.2 0.1 5.7 0.5 3.4 0.5 5.6 0.8 186.6 <.001
G, (GPa) 1.2 0.1 6.1 0.8 3.5 0.6 5.9 1.0 120.8 <.001
Vis 0.31 0.05 0.40 0.08 0.29 0.11 0.32 0.04 0.21 NS
Vi3 0.30 0.08 0.09 0.11 0.17 0.09 0.18 0.09 7.54 .021
Vs 0.25 0.02 0.18 0.08 0.20 0.11 0.17 0.04 1.66 NS
E,/E; 0.89 0.05 0.63 0.07 0.79 0.08 0.76 0.04 7.01 .024

NOTE. Subscripts, as in E,, E,, or E;, indicate the appropriate axis for each elastic modulus (E). Shear modulus (G) measures stiffness in shear
or angular deformation relative to applied shearing loads in a plane between 2 axes indicated by the subscripts (G,,, G3,, or G3,). Poisson’s
ratio (v) is a measure of stiffness of a structure perpendicular to that of the applied load. The first subscript indicates the axis of the applied
load and the second subscript indicates the response direction as in v,,, v, 5, and v,;.

rhBMP-2, recombinant human bone morphogenetic protein-2.

*Values from samples of the reconstructed defect in the non-thBMP-2 groups were compared with those from rhBMP-2 groups.
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ther research is required to explain the interaction
between resorbable mesh implants and DBM.

During reconstruction, resorbable mesh should
function as an osteoconductive space filler that pro-
vides structural support and protection for the under-
lying brain during bone healing.*® Ideally, it should
have porosity to allow for cell infiltration; and the rate
of new bone formation should be comparable to the
rate of carrier degradation so that the mechanical
integrity is not compromised.*> According to our re-
sults, the rate of resorbable mesh degradation and
substitution by new bone was much slower than that
of DBM degradation. Knowing that resorbable mesh
loses almost all of its strength at 12 weeks,'> we can
assume that degradation of DBM in this case would
leave the reconstructed zone virtually unprotected
until adequate new bone is formed, which may take
several months.*

On the other hand, all the rhBMP-2 groups showed
accelerated new bone formation within the defects
compared with the non-rhBMP-2 groups. The archi-
tecture of the new bone was similar to the normal
calvarial bone, evident both histologically and by the
increase in anisotropy. Although the amount of new
bone and the cortical thickness were not affected by
the method of fixation, cobalt chrome struts showed
more osteoconduction than resorbable mesh, as the
latter was always separated from the new bone by an
envelope of fibrous tissue. Overall, both the amount
and the quality of osteogenesis at 12 weeks were
dependent primarily on rhBMP2, regardless of the
method of fixation or the addition of PRP.

It has been reported that PRP promotes angiogen-
esis and osteogenesis via the presence of growth
factors which include platelet derived growth factor,
platelet-derived endothelial cell growth factor, and
transforming growth factor-B.°%3® Kim et al reported
that demineralized bone and PRP produced a signifi-
cantly higher percentage of bone regeneration as
compared with the use of demineralized bone
alone.>® However, Marden et al found that platelet-
derived growth factor inhibited bone regeneration
induced by osteogenin, a bone morphogenetic pro-
tein, in rat craniotomy defects.® In the present study,
there was no evidence that PRP either promotes or
interferes with osteogenesis occurring in the pres-
ence of rhBMP-2.

Stiffness of new bone within the reconstructed
zone in the rhBMP-2 group was more than twice that
of bone in the non-thBMP-2 group. The rhBMP-2-
synthesized bone was anisotropic, resembling normal
calvarial bone, compared with the relatively isotropic
DBM.

Based on extensive previous research and clinical
experience, we believe that cranial defects can be
reconstructed by DBM alone, if enough time is given

BMP2 IN CRANIAL DEFECTS RECONSTRUCTION

for DBM substitution by new bone formation. This
process can be slow, especially in the absence of the
primary pool for osteogenic cells, the immature dura,
in which case, most of the new bone will generate at
the interface between the host bone and the defect
edge. In this study, however, acceleration of bone
formation and maturation produced by adding rh-
BMP-2 to DBM was significant. thBMP-2 is now be-
coming more accepted as a standard component in
spinal fusion surgery,*"*> and it has similar potential
in cranial reconstruction. This potential becomes
even more relevant whenever super-size and subtotal
cranial defects need to be reconstructed so that per-
manent brain protection is achieved as early as possi-
ble.

Although we have found no evidence that the
method of fixation affected new bone formation,
other factors may decide the appropriate method for
each patient. Cobalt chrome needs to be removed in
a later surgery so as not to interfere with skull remod-
eling in growing patients. On the other hand, resorb-
able mesh does not require removal, but it can only be
structurally supportive during the first few weeks
after surgery.

Rigidity of the supporting framework is particularly
critical in huge and subtotal cranial defects. There-
fore, it is advisable to add rhBMP-2 whenever resorb-
able mesh is used in such defects, so that enough
bone is generated before resorbable mesh loses its
stiffness. Otherwise, it may be safer to maintain rigid
fixation of the DBM with nonosseointegrated, non-
resorbable internal fixation material, like cobalt
chrome, until proper bone is formed, if secondary
surgery to remove the hardware several months later
is feasible.

In conclusion, thBMP-2 accelerated the osteoinduc-
tive effect of DBM in large cranial defects, regardless
of the supporting framework. Adding PRP did not
influence the regeneration process whether rhBMP-2
was used or not. The use of resorbable mesh in
super-size cranial defects is advisable only if rhBMP-2
is added to enhance early bone formation.
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