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ABSTRACT 
Objective: Bioabsorbable barrier membranes placed over alveolar ridge bone defects are routinely used in den-
tal surgery to promote bone formation. Combining these osteoconductive membranes with osteoinductive Bone 
Morphogenetic Proteins could prove useful in long bone fracture treatment. The hypothesis was tested in a 
clinically relevant model of compromised healing. Methods: Four groups of 8 rabbits underwent unilateral 
mid-tibial osteotomy, excision of periosteum and endosteum, and plate fixation. One group had rhBMP-2 depos-
ited between the bone ends and Membrane wrapped around the osteotomy, the second group had Membrane 
wrapped around the osteotomy, the third group had rhBMP-2 placed between the bone ends, and the fourth 
group received no additional treatment. Results: After 7 weeks, callus size and blood flow were significantly 
higher in the Membrane+rhBMP-2 group than in the rhBMP-2 treated group, but torsion to failure test showed 
no significant difference. Membrane treatment and no treatment led to non-union. Conclusion: Absorbable bar-
rier membrane combined with rhBMP-2 enhances bone formation, but has no advantage to rhBMP-2 alone. 
Membrane alone wrapped around the osteotomy was unable to prevent non-union formation. 
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1. Introduction 
Recombinant human Bone Morphogenetic Proteins have 
proven efficacy in experimental as well as clinical set-
tings for both fracture healing enhancement and treat-
ment of tibial nonunion, and are the best available alter-
native to bone grafts for enhancement of fracture healing 
[1,2]. However, the clinical effect is dose dependent, and 
the high dose required inducing adequate bone formation 
raises concern regarding safety and cost [3]. 

Barrier membranes have been used in dentistry for  

years. They assist in the healing of periodontal defects by 
providing a favourable environment for bone regenera-
tion, a scaffold for migrating osteoprogenitor cells, and 
by excluding soft tissue ingrowth, and they are reab-
sorbed within 3 months [4,5]. In comminuted fractures 
with bone loss and in other fractures with poor healing 
potential due to severed periosteum, membranes could 
substitute the osteoconductive effect of the periosteum 
and aid in containment of the recombinant growth factor, 
that is deposited in the interfragmentary space. 

The aim of this study was to test whether the com-
bined action of an absorbable barrier membrane and *Corresponding author. 
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rhBMP-2 was superior to rhBMP-2 alone with respect to 
enhancement of bone healing. 

The bone healing model that we used was a validated 
experimental model of compromised healing in rabbits. 
After a mid-tibial osteotomy, we removed periosteum 
and endosteum proximal and distal to the osteotomy thus 
compromising the bone healing process so that fibrocar-
tilagineous tissue formed between the bone ends instead 
of callus, and a non-union developed that, histologically, 
is similar to an atrophic non-union in human [6,7]. We 
therefore consider the model clinical relevant.  

We hypothesized that rhBMP-2 combined with an ab-
sorbable barrier membrane would provide the osteoto-
mised bone ends of our model with a stronger osteoin-
ductive and osteoconductive stimulus than rhBMP-2 
alone thus resulting in faster and stronger bone consoli-
dation. We added two control groups to explore the ef-
fect of barrier membrane treatment: one control group 
received only barrier membrane treatment and one con-
trol group received no treatment. Only the relevant com-
parisons between the four groups were conducted, and 
the design of the study is thus an incomplete factorial 
design. 

The present experiment was one arm of a larger expe-
riment and the results from the rhBMP-2 group and from 
the group that received hyaluronan carrier alone have 
been published previously [8]. The previous study fo-
cused on the effect of rhBMP-2 in the non-union model 
and compared rhBMP-2 with no treatment. 

2. Methods 
2.1. Design 

Skeletally mature New Zealand White rabbits, 5 - 6 
months old, allocated to 4 groups of 8, underwent a stan- 
dard non-union operation. Group I received interfrag-
mentary rhBMP-2 delivered in a hyaluronan gel carrier 
and had Membrane (Gore Resolut XT6®) wrapped 
around the osteotomy. Group II received hyaluronan gel 
in the osteotomy gap and Membrane implantation, and 
group III received interfragmentary rhBMP-2 delivered 
in a hyaluronan gel. Group IV had only hyaluronan gel 
deposited between the bone ends. The experiment was 
approved by the Danish Committee on Animal Experi-
mentation (approval # 2002/561-501). 

Group I was denoted “Membrane+rhBMP-2”, group II 
was denoted “Membrane”, group III was denoted “rh- 
BMP-2” and group IV was denoted “Vehicle”. 

2.2. Membrane 
The Membrane was a commercially available product 
used in dentistry (Figure 1). The Gore Resolut XT6®,  

 
Figure 1. (a) Cross sectional view of membrane: The mem-
brane is a three-layer structure, including two random fiber 
matrices on both the gingival and defect sides of a cell oc-
clusive film. (b) Surface view of membrane: TRIMETRIC 
pattern increases membrane flexibility. 
 
was a 25 mm × 20 mm 100% synthetic membrane com-
posed of bioabsorbable glycolide, trimethylene carbonate 
copolymer fiber and lactide copolymer. The three-layer 
structure includes random fiber matrices on both gingival 
and defect sides of a cell occlusive film, thus separating 
the different tissue types on the gingival and defect side. 
Membranes maintain their mechanical integrity for 8-10 
weeks in humans, degrade into carbon dioxide and water 
and initiate mild inflammation on degradation. The mem- 
brane was fastened with Gore Resolut® suture; an ab-
sorbable synthetic polyglycolic acid suture (Gore & As-
sociates, Flagstaff, AZ, USA). 

2.3. Growth Factor and Vehicle 
Recombinant human Bone Morphogenetic Growth Fac-
tor was donated by Yamanouchi Europe BV, Leiderdorp, 
The Netherlands as a frozen 1 mg/ml solution in 4.5 mM 
sodium glutamate buffer pH 4.5. The material was 
thawed slowly to refrigeration temperature and an injec-
tate of 0.5 ml containing 200 µg rhBMP-2 was prepared 
by adding 0.2 ml stock solution and 0.1 ml saline to 0.2 
ml hyaluronan gel, 1.4% sodium hyaluronate (I-Visc 
Plus®, I-med pharma). This was then mixed in a syringe 
for several minutes before deposition. Hyaluronic acid is 
the natural lubricant of joint fluid, it is a 100% synthetic 
and viscous gel that is injectable, it has been used in 
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ophthalmic surgery for years and has an osteoinductive 
action itself [9]. 

2.4. Surgical Procedure 
A validated nonunion model, modified through the use of 
plates instead of external fixation, was used and found to 
be robust and reproducible in pilot studies [6]. Using an 
anteromedial approach in anaesthetized rabbits, we os-
teotomised the right distal tibia diaphysis. We then strip- 
ed the periosteum and endosteum 15 mm proximal and 
distal to the osteotomy, and fixed a 5-hole 3/8 Orthofix 
plate on the anterolateral aspect of the tibia, leaving a 2 
mm gap between the osteotomised bone ends. After sa-
line irrigation, interfragmentary rhBMP-2 or vehicle 
alone was deposited with a syringe and Membrane was 
tightly wrapped around the tibia and fastened with 2 su-
tures across the plate according to the group involved. 
The wound was sutured in 2 layers, and the rabbits al-
lowed free ambulation.  

2.5. Procedures after Sacrifice, in Brief 
After 7 weeks we anaesthetised the rabbits and measured 
blood flow by the labelled microsphere injection tech-
nique. The rabbits were sacrificed and the bone of both 
legs dissected free for soft tissue, the plate was removed 
and the distal diaphyses of both hindlegs were isolated 
for counting in a gamma counter and then frozen. After 
thawing, a micro-CT-scan was performed and both ends 
of the sample were embedded in bone cement for tor-
sional testing. 

2.6. Blood Flow Measurement 
Blood flow measurements were performed according to 
the technique of Hales [10]. In brief 4 × 106 Strontium-85 
labelled 15 µm microspheres were injected into the left 
ventricle of the heart via the left common carotid artery, 
and reference samples withdrawn through the right com- 
mon carotid artery via a pump. The microspheres were 
injected over 30 seconds, reference blood samples taken 
over 2 minutes and the animals sacrificed by an overdose 
of barbiturate. Mean blood pressure and heart rate were 
monitored to document cardiovascular stability. The 
bones were cleaned from soft tissue and the distal dia-
physis of the right tibia, comprising the osteotomy site, 
was isolated and counted in a gamma counter with the 
reference blood sample (Packard Cobra 5000; GMI, inc.; 
Clearwater; MA, USA). Counts in each channel were 
corrected for background radiation. 

An extensive review of procedures and assumptions 
for the microsphere method has been given elsewhere 
[11]. Blood flow in a region is calculated from SR • 
CREG/CREF , where SR and CREF denotes sampling rate 

and activity of the reference sample, respectively, and 
CREG denotes activity of the region. Regional blood flow 
(RBF) is standardized to 100 mg of tissue. 

2.7. Torsional Testing 
The free ends of the distal diaphysis that contained the 
osteotomy site was embedded in bone cement and fas-
tened in the test device. The mid 20 mm were left free 
and tested in torsion using a 858 Bionix hydraulic ma-
terial-testing machine, computer-controlled by the soft-
ware TestStar II Operation System (MTS Systems Coop-
eration, Minneapolis, Minnesota, USA). Torsional failure 
load, failure angle and energy absorbed before fracture 
were recorded from the load-displacement curve. 

2.8. Micro CT 
The specimens were scanned with a high-resolution mi-
crotomographic system (μCT 20, Scanco Medical AG., 
Zurich, Switzerland) in a multislice mode rendering a 
resolution of 20 µm. Bone was isolated with the help of 
an automated threshold procedure [12]. From a horizon-
tal slice midway between the osteotomised bone ends the 
cross sectional area of callus was measured (tCSA). 

2.9. Serum Cytology 
In order to quantify a systemic inflammatory reaction 
following degradation of the implanted membranes, 
blood collected prior to sacrifice was analysed for hae-
moglobin, sedimentation reaction, blood platelet count, 
white cell count and differential count using automated 
routine analyses calibrated for use in man. 

2.10. Anaesthesia 
Balanced anaesthesia was obtained by the mixture of 20 
ml Ketamine (50 mg/ml, Pfizer), 2.5 ml Lidocaine (20 
mg/ml, Xylacaine®, Astra) and 1 ml Acepromazine (10 
mg/ml, Plegecid®, Pharmacia & Upjohn) administered as 
23.5 ml/kg subcutaneous injections repeated every ½ 
hour during the operation. Brupenorfen (0.1 mg/kg, Tem- 
gesic®, Reckitt & Coleman) was used for postoperative 
pain relief for 2 - 3 days. Intracardial Pentobarbital injec-
tion (Mebumal®, 200 mg/ml, Sygehus Apotekerne, Den- 
mark) on anaesthetised animals secured pain free sacri-
fice. 

2.11. Data Analysis 
One way ANOVA followed by non-parametric Mann- 
Whitney U test for 2 unpaired samples for comparison 
between groups was used due to the small sample size. 
When ANOVA yielded p > 0.05, no further tests were 
conducted and the result denoted not significant (n.s.) 
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Retrospective power analysis could not be performed due 
to the limited number in each group. 

3. Results 
3.1. General 
Membrane implantation and rhBMP-2 deposition were 
uneventful. All rabbits tolerated the experimental proce-
dure, none had infections and they ambulated freely a 
few days after surgery. There was no significant differ-
ence in median body mass or weight gain between 
groups. Due to technical difficulties 2 bone specimens 
were lost for torsional testing and micro-CT, and in 
another 8 rabbits the bone blood flow measurements 
were unsuccessful, thus leaving 24 rabbits for bone blood 
flow analyses. 

3.2. Macroscopic Evaluation 

Macroscopic evaluation of the Membrane + rhBMP-2 
and the rhBMP-2 group revealed an osteotomy gap com-
pletely filled with bone, the distal diaphysis and the plate 
embedded in a porous, spongy and blood-rich callus. 
Manual assessment of stiffness revealed solid union in 
both groups. In the Membrane group and in the Vehicle 
group, only small amounts of interfragmentary bone had 
formed, and 5 and 4 rabbits respectively proceeded to a 
fibrous, mobile union. The membrane was not macros-
copically visible in any groups. 

3.3. Radiographic Examination 

Radiographic examination showed interfragmentary ra-
dio-opacity in the Membrane + rhBMP-2 group and the 
rhBMP-2-group, the continuity between bone ends al-
most fully restored, whereas the Membrane group and 
Vehicle group displayed a radiolucent gaps without res-
toration of the continuity (Figure 2). 

3.4. Torsional Testing 

Table 1 and show that median failure moment, angular 
displacement and energy absorbed at failure in the Mem-
brane+rhBMP-2 was significantly higher than in the 
Membrane group. Energy at failure was 57% higher in 
the rhBMP-2-group than in the Membrane + rhBMP-2 
group, but the difference was not significant (p = 0.06). 
There was no difference between biomechanical proper-
ties of the bone formed in the Membrane and the Vehicle 
group. In 2 rabbits technical difficulties resulted in miss-
ing torsional recording. 

3.5. Blood Flow Measurement 
Table 2 shows that regional blood flow (RBF) was high- 

    

   
Figure 2. Antero-posterior x-ray of rabbit tibia osteotomies 
7 week after a standard nonunion operation. Upper row to 
the left a Membrane+rhBMP-2 treated osteotomy, upper 
row to the right a Membrane treated, lower row to the left a 
rhBMP-2 treated osteotomy, and lower row the right a Ve-
hicle treated osteotomy. 
 
er in the Membrane + rhBMP-2 treated group than in the 
rhBMP-2 treated group. There was no difference be-
tween Membrane + rhBMP-2 and Membrane treated os-
teotomies and no difference between Membrane and Ve-
hicle treated osteotomies. One way ANOVA test for 
mean blood pressure and heart rate revealed p > 0.05. 
Thus, we found no significant difference between the 
basic hemodynamic parameters in the 4 groups. In 8 rab-
bits, blood flow measurements were not successful due to 
technical difficulties. 

3.6. MicroCT 
Table 1 shows that the total callus cross sectional area 
(tCSA), which is the total callus covered area including 
bone marrow, was significantly higher in the Membrane 
+ rhBMP-2 group than in the rhBMP-2-group. The 
Membrane group and the Vehicle group displayed sig-
nificantly smaller tCSA than the Membrane + rhBMP-2 
and rhBMP-2 groups and there was no difference be-
tween tCSA in Membrane and Vehicle group. A repre-
sentative interfragmentary 3D-reconstruction of an inter-
fragmentary slice from each group is shown in Figure 3. 
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Table 1. Torsion to failure test and static histomorphometry. Median followed by 25% and 75% quartiles in brackets. One 
way ANOVA followed by Mann-Whitney U test was used to calculate p-value. n designates the number of animals available 
for analysis. tCSA denoted total cross sectional area. Reduced number of rabbits due to technical difficulties during biome-
chanical tests. 

 Group I (n = 7) 
Membrane + rhBMP-2 

Group II (n = 8) 
Membrane 

Group III (n = 7) 
rhBMP-2 

Group IV (n = 8) 
Vehicle 

p value 
Group I vs. II Group I vs. III Group II vs. IV 

Failure load/Nmm 700 (700 - 975) 0 (0 - 612) 1000 (925 - 1200) 400 (0 - 121) 0.007 0.1 0.5 
Energy absorbed at 

failure/degree x Nmm 8000 (4200 - 11700) 2800 (0 - 5800) 12600 (8500 - 16300) 1800 (0 - 5700) 0.02 0.06 0.9 

Failure angle/degree 9.5 (7.2 - 21) 0 (0 - 13) 11 (6.2 - 17) 2 (0 - 6.7) 0.06 0.8 0.9 
tCSA/mm2 80 (67 - 87) 47 (32 - 55) 61 (50 - 65) 39 (8 - 53) 0.004 0.01 0.7 

 
Table 2. Regional Blood Flow (RBF) and hemodynamic parameters during microsphere injection. Median followed by 25% 
and 75% quartiles in brackets. One way ANOVA followed by Mann-Whitney U test was used to calculate p-value. n desig- 
nated the number of animals. ANOVA yielded non-significant differences between groups for mean blood pressure and heart 
rate and no further tests were conducted. Reduced number of rabbits due to technical difficulties during blood flow mea-
surements. 

 
Group I (n = 7) 
Membrane +  

rhBMP-2 

Group II (n = 6) 
Membrane 

Group III (n = 6) 
rhBMP-2 

Group IV (n = 5) 
Vehicle 

p value 
Group I vs. II Group I vs. III Group II vs. IV 

RBFdistal diaphysis/ml/min/100g 22 (15 - 32) 22 (16 - 26) 6 (5 - 12) 15 (12 - 16) 1 0.005 0.6 
Mean blood pressure/mmHg 64 (61 - 73) 65 (60 - 76) 53 (45 - 63) 71(62 - 80) n.s. n.s. n.s. 

Heart rate/pm 173 (156 - 190) 161 (150 - 196) 184 (178 - 198) 130 (115 - 170) n.s. n.s. n.s. 

 

       
Figure 3. 3D reconstructed image of 3 mm high horizontal section of the osteotomy site, posterior view. To the left a Mem-
brane + rhBMP-2 treated osteotomy, second from left a Membrane treated, third from left a rhBMP-2 treated, and to the 
right a Vehicle treated osteotomy 7 weeks after operation. Note the absence of interfragmentary callus in the Membrane 
group, and Vehicle group and the united and remodelled osteotomies in the Membrane + rhBMP-2 and rhBMP-2 group. 
 
3.7. Serum Cytology 
Haemoglobin, white blood cell count, sedimentation re- 
action and blood platelet count displayed in Table 3 
showed no difference among groups. 

4. Discussion 
In the present experiment, barrier membranes alone 
failed to stimulate bone healing and prevent non-union 
formation. Synthetic absorbable membranes are used 
clinically for periodontal repair and for alveolar ridge 
augmentation. A multi-center randomized controlled cli- 
nical trial concluded that membranes sutured over alveo-
lar defects increased alveolar bone stock by 40% when 
compared to defects that was covered by a standard flap 
alone [13]. The favourable results achieved by dentist 
have not been reproduced in relevant orthopaedic settings. 
In a comprehensive review of barrier membranes, Dimi-
triou et al. concludes that several questions still remain to 
be answered. The additive use of bone graft and the defi-
nition of the ideal membrane are unsolved issues and 

efficacy, safety, and cost effectiveness of barrier mem-
branes must be established before clinical use can be re- 
commended [14]. 

We found that the combination of rhBMP-2 and a bar-
rier membrane prevented non-union formation and in-
itiated the production of competent bone. Yet restoration 
of mechanical competence is the ultimate end point in 
bone healing experiments, and rhBMP-2 combined with 
a barrier membrane was not superior to rhBMP-2 in tor-
sional testing. Implantation of the barrier membrane 
alone could not prevent non-union formation and bio-
mechanical properties and blood flow in the group that 
had membrane wrapped around the osteotomy was not 
different from the group that received no treatment. Thus, 
our experiment failed to exhibit an osteopromotive effect 
of the membrane in a relevant orthopaedic experimental 
model. A review of the literature shows that 10 μg 
rhBMP-2 deposited in a membrane covered rabbit 10 
mm critical size radius defect stimulated bone formation 
in comparison to membrane alone, but the study did not 
include a control group that received growth factor alone    
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Table 3. Serum cytology. Routine automated human analyses of rabbit blood collected prior to sacrifice. 

 Membrane + rhBMP-2 
(n = 8) 

Membrane 
(n = 8) 

rhBMP-2 
(n = 8) 

Vehicle 
(n = 8) 

Haemoglobin/mmol/l 6.9 (6.6 - 7.3) 6.9 (6.8 - 7.2) 6.6 (6.2 - 7.0) 6.5 (6.1 - 7.1) 
Blood plates/109/l 358 (242 - 590) 382 (349 - 390) 411 (331 - 445) 416 (370 - 456) 

Sedimentation 1 (0 - 1) 1 (0 - 1) 1 (0 - 1) 1 (0 - 1) 
Leukocytes/109/l 5.0 (4.4 - 5.3) 5,1 (4.5 - 5.2) 4.6 (3.9 - 5.6) 4.7 (4.1 - 5.2) 
Neutrocytes/% 0.25 (0.2 - 0.5) 0.3 (0.1 - 0.8) 0.55 (0.23 - 0.92) 0.25 (0.1 - 0.4) 

Lymphocytes/% 82 (75 - 85) 82 (78 - 85) 78 (52 - 79) 78 (55 - 82) 
Monocytes/% 11 (7 - 19) 14 (9 - 16) 17 (15 - 37) 14 (12 - 18) 

Eosinophilic/% 0.7 (0.4 - 1.0) 0.7 (0.3 - 0.8) 0.7 (0.5 - 2.3) 0.7 (0.5 - 2.1) 
Basophilic/% 3.9 (3.1 - 4.4) 3.5 (2.5 - 4.9) 3.1 (2.5 - 3.9) 3.9 (3.3 - 4.2) 

 
[15]. The deposition of 10 μg rhBMP-2 in a mouse man-
dibular circular 5 mm defect covered by an absorbable 
membrane showed increased bone formation compared 
to vehicle deposition alone but was not different from 
rhBMP-2 deposition [16]. Bone formation following de-
mineralised bone matrix powder deposition in a mem-
brane covered 10mm rabbit radius critical sized defect 
was superior to bone matrix powder alone and superior to 
membrane alone [17]. Our experiment supplements and 
supports the previous studies by using a relevant long 
bone model. 

Both total callus area and blood flow of the callus 
were larger in the group that received membrane and 
rhBMP-2 treatment than in the group that received only 
rhBMP-2. The increased blood flow was probably of 
local inflammatory origin, and due to lysosomal and hy-
drolytic degradation of the membrane. The prolonged 
local inflammation could reduce the biomechanical 
properties of the callus and explain that the larger callus 
area did not result in superior strength. Sedimentation 
reaction, blood platelets, white blood cell count and dif-
ferential count revealed no difference among groups, 
thus denying the possibility of a sustained measurable 
systemic inflammatory reaction caused by membrane 
implantation.  

The weakness of our study is the low number of expe-
rimental animals denying significant conclusions regard-
ing biomechanical properties. Also, serial blood flow 
measurements and serial serum cytology would have 
added useful information about the membrane degrada-
tion process. The strength of our study in comparison to 
previous studies is that we use a clinical relevant model 
and compare the combined action of membrane and 
rhBMP-2 with membrane alone and rhBMP-2 implanta-
tion alone. We thus identified that membrane implanta-
tion added no benefit in comparison to rhBMP-2 alone. 
Further, we added an unbiased bone blood flow estimate 
to the experimental endpoints. 

In summary, interfragmentary deposition of rhBMP-2 

delivered in a hyaluronan gel carrier combined with im-
plantation of an absorbable barrier membrane in a clini-
cally relevant model of compromised healing prevented 
nonunion formation, but was unable to improve biome-
chanical properties in comparison to rhBMP-2 treatment 
alone. Implantation of barrier membrane alone could not 
prevent non-union formation. 
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