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Purpose: To investigate the healing of critical-size cranial bone defects (9-mm-diameter) in guinea pigs
treated with a bovine bone-derived resorbable membrane. Materials and Methods: A sample of 42
guinea pigs was divided into test (n = 20), control (n = 20), and standard (n = 2) groups. A full-thickness
trephine defect was made in the fronto-parietal bone of each animal. In the test group, the internal
and external openings of the defect were each closed with a separate membrane, and the space
between them was filled with blood clot and a central spacer. In the control group, the defect was filled
only with the blood clot and spacer. At 1, 3, 6, and 9 months later, the calvarias (5 per period) for both
the test and control groups were collected, fixed, radiographed, and histologically processed. The stan-
dard-group animals were sacrificed immediately after surgery and used to determine the initial size of
defect radiographically. The areas of defects in the radiographs were measured with image-analysis
software and were compared between groups and periods by multiple regression analysis with the
Bonferroni correction. Results: At 1 and 3 months, newly formed woven bone was histologically
observed in both test and control groups. Radiographically, this new bone occupied an average of 32%
of the defect area at 1 month and 60% at 3 months in the test group. In the control group, 21% of the
defect was filled at 1 month and 39% at 3 months. However, the differences between treatments were
not statistically significant (P > .05). At 6 and 9 months, a significant increase in newly formed lamellar
bone was seen histologically in both groups. Radiographically, for the test group, the new bone occu-
pied an average of 82% of the defect area at 6 months and 96% at 9 months. For the control group,
new bone composed an average of 45% of the defect area at 6 months and 40% at 9 months. The dif-
ferences between the test and control groups were statistically significant at 6 and 9 months (P < .05).
Complete or almost complete filling of the defect was observed in several cases. Conclusion: It was
concluded that the bovine bone-derived membrane is highly biocompatible and is able to promote
good healing of critical-size defects in calvaria of guinea pig. INT J ORAL MAXILLOFAC IMPLANTS
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Alveolar ridge resorption after tooth extraction or
tooth loss due to disuse, disease, trauma, or

pneumatization of the maxillary sinus represents clini-
cal difficulties in implant therapy, often resulting in
anatomic anomalies that impair the placement and/or
maintenance of titanium endosseous implants.1

Guided bone regeneration is one of the surgical
techniques most commonly used to maintain or
recover the height and thickness of alveolar bone.2–4

The principle of guided bone regeneration employs
a physical barrier or biological membrane to create
an adequate environment protected from the inva-
sion of competing, less differentiated, highly prolifer-
ative cells from neighboring tissues, thus promoting
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a favorable cellular and molecular microenvironment
for the regeneration of bone tissue.5

The first commercially available membrane con-
sisted of expanded polytetrafluoroethylene (e-PTFE),
which has been associated with excellent experimen-
tal and clinical results and therefore has been widely
used in surgical practice.6–10 However, it is not
resorbable, and a second surgical intervention is there-
fore required for its removal, which causes discomfort
to the patient and can interfere with the ongoing local
tissue repair process.11 This inconvenience encouraged
research on the production of resorbable membranes.

Resorbable collagen membranes are frequently
used in dental practice, since collagen is a protein nat-
urally present in the periodontium and bone. It pos-
sesses chemotactic and platelet-aggregation proper-
ties and is naturally resorbed by the organism.12,13

Collagen membranes yield results that are clinically
similar to those obtained with e-PTFE membranes.13

Resorbable membranes consisting of type I collagen
with excellent biological requisites can be obtained
from human cortical bone.14–16 However, the difficulty
of obtaining a sufficient amount of preserved human
bone from bone banks and its high cost prevent its
frequent use in surgical practice.

Recently, a membrane derived from bovine corti-
cal bone, formed basically of highly structured colla-
gen natural fibers, has been introduced to the mar-
ket for the treatment of periodontal bone lesions or
lesions associated with implant therapy. Relatively lit-
tle data are available regarding the biological action
of this membrane and mechanisms of its resorption.
Thus, the objective of the present trial was to radi-
ographically and histologically evaluate the capacity
of demineralized bovine cortical bone-derived mem-
brane to favor the healing of cranial critical-size
defects created in the calvaria of guinea pigs.

MATERIALS AND METHODS

Animals
Forty-two 5-month-old male guinea pigs, weighing
about 600 g each, were obtained from the Central
Animal House of Bauru Dental School, University of
São Paulo (USP). The animals were divided into a test
group (n = 20), a control group (n = 20), and a stan-
dard group (n = 2). All animals had free access to pel-
leted chow, grass, vegetables, and water throughout
the experiment.

Test Material
In the test group, resorbable Gen-derm membranes
(Baumer, Mogi Mirim, SP, Brazil; Ministry of Health
approval no. 103.455.00007) were used for the treat-

ment of bone defects. Blocks of demineralized and
fully processed bovine cortical bone free of cells, lipids,
and immunogenic proteins were used to produce sec-
tions 200 to 300 µm thick, which were freeze-dried.

Scanning Electron Microscopy 
Characterization of the Membrane
Microstructural analysis of the membrane was per-
formed at the Núcleo de Apoio à Pesquisa em Micro-
scopia Eletrônica Aplicada à Pesquisa Agropecuária
(NAP/MEPA), ESALQ, USP. Ten fragments with a surface
area of 25 mm2 were sputtered with 100 to 200 Å gold
in a Balzers MED 010 apparatus (Brügg, Switzerland)
and examined in a Zeiss DMS 910A scanning electron
microscope (Carl Zeiss, Oberkochen, Baden-Württem-
berg, Germany). The images were captured with DITI
software (Carl Zeiss) and stored in Windows bitmap
(bmp) format. The membrane surface microstructure
and the number and size of its pores were deter-
mined on electron photomicrographs.

Surgical Procedures
The experimental methodology was approved and
conducted according to the guidelines for laboratory
animal experimentation of Bauru Dental School, USP.

A schematic drawing of the experimental model is
presented in Fig 1. General anesthesia was attained via
intramuscular injection of ketamine (0.35 mL/kg; Parke-
Davis/Achë Laboratórios Farmacêuticos, Guarulhos, SP,
Brazil) and xylazine (0.25 mL/kg; Bayer, São Paulo, SP,
Brazil) followed by fronto-parietal trichotomy and vig-
orous asepsis with an alcoholic iodine solution. A half-
moon incision was made in the fronto-parietal tegu-
ment with a no. 10 surgical blade, and the flap was
elevated posteriorly with a Molt elevator and an
Ochsenbein no. 1 chisel, exposing the cranial bone sur-
face. Next, a full-thickness defect was made with a sur-
gical trephine (9-mm outer diameter) under abundant
and continuous irrigation with physiologic saline solu-
tion. In the test group, 1 Gen-derm membrane was
placed above the dura mater to close the internal
opening of the defect, and the second was placed on
the external opening. The defect space between mem-
branes was filled with the blood clot and a central
spacer (Fig 1). A rod spacer of 3 � 4 � 3 mm was used
to maintain the defect space between the membranes;
this spacer was obtained from 0.6 mol/L HCl-deminer-
alized allogeneic parietal bone treated with 4 mol/L
guanidine hydrochloride for deactivation of its osteoin-
ductive potential.16 In the control and standard groups,
the defect was only filled with the blood clot and
spacer (Fig 1). The flaps were closed with 3-0 black silk
suture (Johnson & Johnson/Ethicon, Somerville, NJ).
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Histologic Procedures
The guinea pigs (5 animals/period) of the control
and test groups were sacrificed at 1, 3, 6, and 9
months after surgery by an overdose of anesthetics.
Two animals of the standard group were killed 0 h
after surgery and were used to determine the initial
size of defects. The calvarias were then collected and
fixed in 10% phosphate-buffered formalin (pH 7.3)
for 1 week. Radiographs of the calvarias were then
obtained. After demineralization in Morse solution17

(30% formic acid and 20% sodium citrate) for 6
weeks, the specimens were dehydrated in ethanol,
cleared in xylene, and embedded in Histosec (Merck,
Darmstadt, Germany). Five-µm-thick sections of each
whole defect were obtained at 200-µm intervals.
Cuts were made in a laterolateral direction, and the
sections were stained with hematoxylin-eosin. About
40 to 50 sections per specimen were used in the his-
tologic analysis.

Radiographic Quantitative Analysis
Radiographic images obtained on optical plates at
70 kVp, 10 mA, focus-film distance of 40 cm and
exposure time of 0.26 second were transferred to the
Kontron KS300 digital image analysis system (Kon-
tron Elektronik, Image Analysis Division, Eching,
Munich, Germany). A program was designed for
automatic measurements. First, the initial area of the
defect (Ai) was measured in the standard group at 0
h.The radiolucent area of the defect, ie, the area with-
out bone tissue formation (Aluc), was determined at
the other time periods in the test and control groups.
The area of the defect filled with newly formed bone
(Abone) was calculated for each animal using the fol-
lowing equation: Abone = Ai – Aluc.

Statistical Analysis
Data of defect areas (Aluc) from the control and experi-
mental groups were compared between groups and
periods by multiple regression analysis with the Bon-
ferroni correction by using R software (The R Founda-
tion for Statistical Computing, Institut für Statistik und
Wahrscheinlichkeitstheorie, Technische Universität
Wien,Vienna, Austria).

RESULTS

Postoperative follow-up showed no signs of infec-
tion in the surgical area in any guinea pig. Some ani-
mals presented small edemas that disappeared com-
pletely within a few days, with no suppuration or
opening of the incision.

Scanning Electron Microscopy Analysis
Scanning electron microscopy (SEM) analysis (Fig 2)
revealed that the membrane exhibited homoge-
nously distributed pores and a slightly undulated
surface with lines and bundles, delimiting the
arrangement of more superficial collagen fibers. The
small pores corresponded to osteocyte lacunae. They
had a mean diameter of 10 µm, and approximately
3/mm2 were observed. The large pores, correspond-
ing to haversian and Volkmann canals, had a mean
diameter of 62 µm; about 12/mm2 were observed.

Descriptive and Quantitative Radiographic
Results
The most representative radiographic images of
events observed at 0 h, control and test groups are
presented in Figs 3 and 4. Table 1 shows the results
regarding area of the defects in mm2. The estimated
curves correlating the area of the defect and time
obtained by multiple regression analysis are illus-
trated in Fig 5. The differences between measure-
ments obtained after Bonferroni correction and the
respective levels of probability of observed differ-
ences are shown in Table 2.

The mean area of the defect immediately after
surgery (Fig 3a) was 66.3 mm2. At 1 month, newly
formed bone was observed along the lateral and
posterior borders of the defect in both the control
(Fig 3b) and test groups (Fig 4a), reducing the mean
area of the defect to 52.2 mm2 (21%) and 45.3 mm2

(32%), respectively. The difference between treat-

Allogenic spacer

Control group

Allogeneic spacer

Test group

Membranes

Fig 1 Schematic drawing of the experimental model. Two mem-
branes were used for each test-group defect.
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ments after Bonferroni correction (Table 2) was not
statistically significant (P > .05). Greater bone forma-
tion with significant reduction in defect opening was
observed in 1 control animal (Fig 3c) and 2 animals
from the test group (Fig 4b).

At 3 months, the amount of newly formed bone
along the borders of the defect had increased in
both the control (Fig 3d) and test (Fig 4c) groups.
New bone formation was markedly higher in 3 speci-
mens of the test group compared to the control
defects. One test case showed almost complete clo-

sure of the defect (Fig 4d). Thus, compared to the 0 h
group, the area of the defects decreased 39% and
60% for the control and test groups, respectively,
with mean areas measuring 40.7 mm2 and 26.6 mm2,
respectively ( Table 1). However, the difference
observed between treatments was not statistically
significant (Table 2).

At 6 months, it was observed that the continuity of
new bone formation along the borders of defects
resulted in mean closures of 55% and 82% of the origi-
nal defects in the control and test groups, respectively,

Fig 2 Scanning electron photomicrograph
of a membrane. (a) Several small pores
(boxed area) and large pores (arrows) on
the membrane surface. (b) Detail of the
small pores.

Fig 3 Radiographic images of the control group at (a) 0 hour, (b and c) 1 month, (d) 3 months, (e and f) 6 months, and (g and h) 9
months.

a b c d

e f g h
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with mean areas of 29.6 mm2 and 12.0 mm2, respec-
tively. Nearly complete closure was observed in 2 test
group specimens (Figs 4e and 4f), and slight bone for-
mation occurred in 1 case. All animals of the control
group showed increased closure along the entire cir-
cumference of the defect. However, greater bone for-
mation was observed in 2 cases—in the anterior half
in one case (Fig 3e) and in the region of the median
suture in the other (Fig 3f ). In this period, the 146% dif-
ference in the mean area between control and test
groups was statistically significant (Table 2, P < .05).

At 9 months, the opening of control defects had
increased compared to the previous period, probably
due to bone remodeling (Figs 3g and 3h). In the test
group, complete closure was observed in 1 defect (Fig
4g), and almost complete closure was observed in the
other 2 defects (Fig 4h). The decrease in the area of
defects was 45% in the control group and 96% in the
test group, with mean areas of 39.6 mm2 and 2.5 mm2,
respectively. Statistical analysis revealed significant
difference (Table 2, P < .05) between treatments.

Histologic Results
Test Group. One month after surgery (Fig 6), 2 ani-
mals of the test group presented an almost intact

membrane in both the external and internal open-
ings. The external membrane was surrounded by
richly cellularized and vascularized connective tissue
with mononucleated cells and blood remnants, which
also occupied its canals and pores. The internal mem-
brane was surrounded by newly formed woven bone
intimately associated with its surface (Figs 6b and 6d).

Fig 4 Radiographic images of the test group at (a and b) 1 month, (c and d) 3 months, (e and f) 6 months, and (g and h) 9 months.

a b c d

e f g h

Table 1 Radiolucent Area of the Defects in mm2

Group/
time (mo) n Mean SD

Standard
0 h 2 66.3 0.2

Control
1 5 52.2 7.1
3 5 40.7 11.9
6 5 29.6 14.0
9 5 36.2 7.3
Total 20 39.6 12.8

Experimental
1 5 45.3 16.4
3 5 26.6 11.3
6 5 12.0 9.5
9 5 2.5 1.7
Total 20 21.6 19.4
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Nevertheless, in 3 animals, the membranes were com-
pletely or partially resorbed by mononucleated cells,
with slight new bone formation on the membrane
surface (Fig 6a). No inflammatory infiltrate was
observed in any specimen. Intense new bone forma-
tion was observed inside the defect from the bone
border to the central region, where the spacer was
undergoing resorption. In 2 cases, newly formed
woven bone occupied almost the entire defect space.
Blood clot remnants trapped inside the newly formed
bone matrix were noted (Fig 6c).

At 3 months (Fig 7), the external membrane was
undergoing resorption (Figs 7a and 7b), whereas the
internal membrane was well resorbed, with remnants
trapped inside the newly formed bone (Figs 7c and
7d). The defect was filled with new bone tissue, which
formed compact fused bone islands or was separated
by a thin layer of connective tissue (Figs 7a and 7b). In
the central region of the defect (Fig 7a), the spacer
was already well resorbed and surrounded by bone
tissue and/or fibrous connective tissue. The limits of
the bone border were clearly visible but were already
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Table 2 Comparison and 95% Confidence Interval
of the Mean Differences Between Groups for Each
Period

Mean estimated
Confidence Interval 

Time diference 
of the 95%

(mo) (control vs experimental) Lower limit Upper limit

1 8.13 –8.47 24.73
3 11.23 –0.87 23.34
6* 19.78 5.47 34.09
9* 32.98 15.71 50.25

*P < .05.
Multiple Regression Analysis with Bonferroni Correction)
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Fig 5 Estimated curves correlating the area of the defect and
time, obtained by multiple regression analysis.

Fig 6 Test group, 1 month. Observe (a)
borders of the defect (B), bone defect filled
with new bone (asterisks), connective tissue
(CT), external and internal membranes
(black arrows); (b) intact internal membrane
(black arrows) associated with the newly
formed bone (asterisks); (c) erythrocytes
(black arrow) inclued in the new bone
(asterisks) and (d) direct bone formation
apposed to the internal membrane (black
arrows) and surface (red arrows) (hema-
toxylin-eosin).

*

CT
*

a

b c

d

*

*
*

*

*

1mm

400 µm 160µm

200 µm

B
CT
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undergoing remodeling and fusion with the newly
formed bone tissue that filled the defect (Fig 7a).

At 6 months (Fig 8), the external membrane was
still intact or partially resorbed (Fig 8a), while the
internal membrane was absent or almost completely
resorbed.The defect was completely filled with lamel-
lar bone tissue and bone marrow (Figs 8b and 8c) or
with large bone islands containing bone marrow. No
bone tissue formation was observed in 1 specimen,
whose defect was filled with connective tissue.

At the end of 9 months (Fig 9), complete closure
of the defect was observed in 3 cases (Fig 9a) and
almost complete closure was observed in the other 2

cases. Either new bone continuously filled the entire
defect (Figs 9b and 9c) or the defect space was com-
pletely filled with fused bone islands or islands sepa-
rated by connective tissue bands or adipose tissue.

Control Group. No marked difference in histologic
features was observed for the control group at any
time point (Fig 10). In this respect, formation of bone
tissue occurred from the borders of the defect, and the
remaining defect was filled with fibrous connective tis-
sue (Fig 10). In some cases, the formation of a thin
bone tissue band, which probably replaced the spacer,
was observed in the region of the median suture.
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Fig 7 Test group, 3 months. Observe: (a)
borders of the defect (B), defect filled with
newly formed bone islands (asterisk), con-
nective tissue (CT) and block of allogeneic
bone (A), intact external membrane (top
black arrow), and internal membrane (bot-
tom black arrow) undergoing resorption,
with their fragments included in the newly
formed bone (asterisks); (b) intact external
membrane (arrows) and bone islands
(asterisk) involved by connective tissue (CT);
(c) fragments of membrane (black arrow)
included in the newly formed bone; and (d)
bone formation (asterisks) directly apposed
to the membrane surface (red arrows)
(hematoxylin-eosin). * CT

CT

*

B
* A

Fig 8 Test group, 6 months. Observe (a)
borders of the defect (B), defect filled with
newly formed bone (asterisks), and external
membrane (black arrow) partially resorbed;
(b and c) newly formed bone (asterisk) and
red bone marrow (arrows) (hematoxylin-
eosin).
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B *
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DISCUSSION

In the present study, the bone-healing capacity of a
membrane produced with demineralized bovine cor-
tical bone treated for inactivation of potential matrix
antigens was evaluated in critical-size defects cre-
ated in the skulls of guinea pigs. According to the
manufacturer, the membrane is resorbable and basi-
cally consists of highly structured collagen I, with the
natural canals and pores of a long cortical bone.

Various studies have demonstrated the high effi-
ciency and biocompatibility of collagen membranes
in healing bone defects by guided tissue regenera-
tion in both animal13,18–25 and human models.12,26–31

Structured collagen bone matrix serves as an ideal
substrate for recruitment and anchorage of progeni-
tor cells and consequently for the proliferation and
terminal differentiation of osteoblasts; it also acts as
a carrier and protector of bone morphogenetic pro-
teins against nonspecific proteolytic enzymes.31

In no control-group animal was the 9-mm defect
filled with bone tissue at any of the 4 time points. In all
cases, formation and invagination of dense connective
tissue into the defect were noted, irrespective of the
study period, with formation of bone tissue only at the
borders of the defect, as has been reported by oth-
ers.23,33–35 These results confirmed that the 9-mm
defect created in calvarias of guinea pigs is a critical-size
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Fig 9 Test group at 9 months. (a) The bor-
ders of the defect (B). The defect was filled
with compact bone (*) and bone marrow
(arrows) already showing similarity with the
original bone. (b) Newly formed bone (*)
and red bone marrow (thin arrow) in the
defect border covered with periosteum
(thick arrow). (c) Compact bone (*) in the
center of the defect covered with perios-
teum (thick arrow). Note the suture line for-
mation (arrowhead) (hematoxylin-eosin).

Fig 10 Control group at (a) 1 month, (b) 3
months, (c) 6 months, and (d) 9 months. B
= defect border. Observe (a and b) slight
bone formation (*) at the borders and in the
central regions of the defect and (c and d)
slight new bone formation (*) at the defect
border and in the defect space along with
connective tissue (CT). 
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defect,36 ie, spontaneous regeneration does not occur
when the defect is filled only with a blood clot, even
after 9 months. In some cases, slight new bone forma-
tion was observed in the region of the median suture of
the parietal bone, probably because of the presence of
the inactive demineralized allogeneic bone spacer.

The radiographic and histologic results obtained
for the test group showed that the use of 2 bovine
cortical bone membranes, together with a spacer,
favored bone regeneration in critical-size defects cre-
ated in the calvarias of guinea pigs, with complete or
almost complete filling of the defect after 6 to 9
months of treatment. Histologically, complete filling of
the defect with primary woven and poorly mineral-
ized bone, which is sometimes not detectable on radi-
ographs, was observed in some specimens as early as
1 month after surgery. This initial osteogenesis was so
intense and rapid that fragments of blood clot were
incorporated into the newly formed bone matrix.

An interesting observation in some specimens was
the direct deposition of bone tissue on the surface of
the internal membrane, which caused its incorpora-
tion into the newly formed bone and increased bone
thickness in the region, especially close to the border
of the defect, a finding less frequently noted for the
external membrane. This observation, together with
the absence of inflammatory infiltrate close to the
membranes at all time points studied, suggest that
the membrane has osteoconductive properties.

In some cases,as reported by other investigators,33–35

the presence of highly vascularized bone marrow close
to the newly formed bone and a structure resembling
the sagittal suture located in the lower central part of
the defect was noted as early as 1 month after surgery,
but the thickness of new bone in these cases was still
smaller than that of the original calvaria bone.

At 6 and 9 months, the new bone consisted of a
combination of compact and cancellous bone, with
small fragments of membrane incorporated into the
remodeling bone. In some cases, at 9 months, the
formed cortical plate started to present the morphol-
ogy of the original calvaria bone.

In all cases new bone formation occurred by
intramembranous ossification. In contrast, Sandberg et
al3 observed endochondral ossification in rat cranial
defects treated with resorbable polylactic/polyglycolic
acid copolymer membranes. According to these
authors, this type of ossification may have occurred due
to low oxygenation resulting from impaired gaseous
diffusion through the membranes used.The differences
in the results of the investigations suggest that the pre-
sent membrane does not show this difficulty, probably
because of the presence of natural pores.

Despite the use of a spacer, collapse of the mem-
brane inside the defect was observed in some speci-

mens, probably because of more rapid resorption of
the external barrier. This impaired new bone forma-
tion in the region in these cases, a finding that might
explain the decreased bone formation observed in
some specimens at 3 and 6 months after surgery. A
similar collapsing effect was reported by Linde et al4

with utilization of e-PTFE membranes.
Comparison of the present parametric results

showed similar bone formation in the control and
experimental groups up to 3 months after surgery. At
subsequent time points, bone tissue deposition was
drastically reduced in the control group, with stabiliza-
tion of the size of the bone defect, whereas in the
experimental group new bone formation continued,
following the same pattern as previously observed, ie, a
gradual decrease in the size of the defect until com-
plete or almost complete closure in most cases. After 9
months, the mean bone gain compared to the original
defect was 96% for the experimental group and 45%
for the control group, a statistically significant differ-
ence. Comparatively, Ito et al37 reported recovery rates
of 89.0% for an e-PTFE membrane and 54.7% for a poly-
lactic acid membrane in rabbit calvarias after 6 months.

While the bovine cortical bone-derived membrane
remained functional, it was resorbed more slowly than
other collagen membranes have reportedly been
resorbed.25 This longer persistence of the present
bovine bone-derived membrane is probably related
to crosslinks naturally present in the material, suggest-
ing that the inclusion of artificial crosslinks to increase
its resistance to resorption is not necessary. Mem-
brane fragments were observed even at 9 months
postoperatively. Membranes showing some structural
integrity were present in various animals at 3 months
after placement. In most animals, the defect was
almost completely filled with woven bone as early as
after 1 month of treatment. Evidence suggests that
maintenance of its integrity for 1 to 3 months is suffi-
cient for the membrane to exert its soft tissue exclu-
sionary function, protecting the blood clot, preventing
defect invasion by highly proliferating neighboring
nonosseous connective tissue. The membrane is able
to create a favorable molecular and cellular environ-
ment for the proliferation and migration of osteoprog-
enitor cells, their maturation into osteoblasts, and
extremely rapid deposition of immature or primary
bone matrix throughout the defect space.

Based on the present results, it was concluded
that the biological membrane derived from bovine
cortical bone is highly biocompatible and has a high
capacity to favor bone healing in cranial critical-size
defects, remaining functional for a sufficient period
to allow bone regeneration. In addition, this mem-
brane possesses osteoconductive properties that
permit the formation of new bone on its surface.
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