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Abstract

Objectives: Synthetic calcium phosphate bone substitutes such as hydroxyapatite (HA), b-

tricalcium phosphate (b-TCP) or mixtures are alternatives to autogenous bone grafts. TricOs

T
s

and Collagraft
s

are resorbable bone substitutes consisting of biphasic calcium phosphate

and a bioactive matrix. Both products have a similar HA to b-TCP ratio, but differ by their

matrix. It was the aim of this study to determine the influence of matrix and autologous

bone marrow on bone regeneration in a rabbit femoral condyle model.

Material and methods: A critical-sized bicortical channel with a diameter of 4.5 mm was

drilled through the femoral condyles in male New Zealand rabbits. Collagraft
s

with bone

marrow harvested from the posterior iliac crest or TricOs T
s

with and without bone marrow

was introduced into the defect. Rabbits were euthanized 8 weeks later. The percentage

of newly formed bone was determined by micro-computed tomography.

Results: There was no significant difference between bone ingrowth at 8 weeks. Thus,

TricOs T
s

without bone marrow showed similar bone ingrowth as Collagraft
s

with bone

marrow. Furthermore, no increase of bone ingrowth could be achieved by adding bone

marrow to TricOs T
s

in the present setting.

Conclusion: Both bone substitutes showed similar bone ingrowth in this investigation.

Using TricOs T
s

without bone marrow could avoid donor site morbidity due to harvesting of

bone marrow. Further prospective clinical trials will be needed to investigate this approach.

Pseudoarthrosis, tumor-resection, osteo-

myelitis and traumatic bone loss are major

causes for the occurrence of bone defects.

These are still one of the most challenging

problems in orthopedic and trauma surgery

(Goshima et al. 1991; Rodriguez-Merchan

& Forriol 2004; Jeon et al. 2006). With

250,000–500,000 surgeries per year invol-

ving bone grafts in the United States, there

is an increasing demand for materials to aid

the repair process of such defects (Goshima

et al. 1991; Lane et al. 1999; Leupold et al.

2006). Fresh autologous bone grafts, com-

monly harvested at the iliac crest, are the

therapy of choice (Cornell et al. 1991;

Le Guehennec et al. 2004; Jones et al.

2005; Leupold et al. 2006). This graft

provides optimal osteogenic, osteoconduc-

tive and osteoinductive properties (Leupold

et al. 2006). However, major donor-site

complications have been reported in 10–

39% of the cases (Younger & Chapman

1989; Arrington et al. 1996). Additionally,

the amount of autologous bone available is

limited, which poses a problem in case of

larger defects (Behairy & Jasty 1999).

As an alternative, allografts are easier to

obtain and are not associated with donor-

site morbidity (Leupold et al. 2006). Com-

pared with autografts, special processing is
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necessary to eliminate cells and prevent

transmission of infectious diseases (Steven-

son & Horowitz 1992; Behairy & Jasty

1999; Boyce et al. 1999; Bauer & Muschler

2000). Delayed vascularization of these

grafts is an additional disadvantage com-

pared with autologous bone (Behairy &

Jasty 1999; Boyce et al. 1999). Further-

more, storage of biological grafts is asso-

ciated with various problems like risk of

contamination and infection (Tomford

et al. 1981; Hofmann et al. 1996; Farring-

ton et al. 1998). These complications and

limited availability have led to the devel-

opment of various synthetic bone grafting

substitutes (BGS) (Stevenson & Horowitz

1992; Bauer & Muschler 2000; Leupold

et al. 2006). Mainly, natural corals, algae,

demineralized bone substance and calcium

phosphate derivatives have been advocated

(Stevenson & Horowitz 1992; Le Guehen-

nec et al. 2004). All of these materials are

biocompatible, biodegradable and osteo-

conductive (Le Guehennec et al. 2004).

They are mostly believed to have a low

osteoinductive potential (Le Guehennec

et al. 2004). An additional osteogenic com-

ponent can be introduced by seeding these

BGS with autologous stem cells, com-

monly in the form of bone marrow (Lane

et al. 1999; Lieberman et al. 1999).

Synthetic calcium phosphate bone sub-

stitutes such as hydroxyapatite (HA), tri-

calcium phosphate (TCP) and biphasic

calcium phosphates (sintered HA and b-

TCP) have excellent biocompatibility and

are common alternatives to autologous

bone (Tadic & Epple 2004). They mainly

differ with respect to their solubility or

dissolution rate in acidic buffers, which

may reflect their degradation in vivo (Le

Guehennec et al. 2004). Overall, b-TCP

ceramics are faster degradable than those of

HA (Lu et al. 2002; Tadic & Epple 2004) or

HA/b-TCP composites (Bodde et al. 2007).

Examinations by Tadic and colleagues

showed that synthetic BGS containing

mainly b-TCP had a lower mechanical

stability than those containing HA (Tadic

& Epple 2004). Therefore, a combination

of HA and b-TCP in form of biphasic

calcium phosphate leads to a BGS with

higher stability and lower degradability

than b-TCP alone. Furthermore, investiga-

tions by Ng et al. (2007) proved that early

bone formation was superior for b-TCP/

HA composites compared to HA alone in

an ectopic nude mouse model. From these

data, the authors conclude that b-TCP and

HA are the materials of choice in bone

tissue engineering.

TricOs T
s

is a resorbable bone substitute

consisting of a bioactive fibrin matrix (TIS-

SEEL
s

) and particles of inorganic calcium

phosphate (macroporous biphasic calcium

phosphate, MBCPt). MBCPt consists of

sintered HA and b-TCP in a 60/40 ratio

with an overall porosity of 80%.

The material has a macro-porosity (pore

diameter 300–600 mm) of 50–55% and a

micro-porosity (pore diameter o10 mm) of

30–35%. Recently, many animal experi-

ments have been conducted to evaluate

combinations of calcium phosphates and

fibrin (Kania et al. 1998; Cunin et al. 2000;

Perka et al. 2000; Carmagnola et al. 2002).

Clinical trials mainly dealt with the appli-

cation of TricOs T
s

in craniomaxillofacial

surgery (Bagot D’arc & Daculsi 2003; Le

Guehennec et al. 2004).

Collagraft
s

contains purified lyophilized

bovine dermal collagen (495% collagen I

and o5% collagen III) as an organic matrix

and biphasic calcium phosphate [sintered

HA (65%) and b-TCP (35%)] in a solid

strip. Collagraft
s

has an overall porosity of

70%, with an average pore size of 26 mm

(Lee et al. 2006). In addition to various

animal studies, a prospective, randomized

clinical multicentre trial showed similar

results of Collagraft
s

in combination with

an autologous bone marrow compared to

autologous bone grafts (iliac crest) in long

bone fractures after 6 and 12 months (Cor-

nell et al. 1991).

Both products show almost similar HA/

TCP ratio and overall porosity, but differ by

pore size and matrix (fibrin vs. collagen).

Up to now, these third-generation syn-

thetic BGS have never been directly com-

pared. Therefore, it was the aim of this

study to determine possible differences in

bone ingrowth between TricOs T
s

and

Collagraft
s

in a critical-sized femoral con-

dyle model in New Zealand white rabbits.

It was of particular interest to investigate,

whether Collagraft
s

, which is routinely

used in combination with bone marrow,

was equivalent to TricOs T
s

, which can

also be used without bone marrow. Finally,

it was examined whether the combination

of biphasic phosphates and fibrin as present

in TricOs T
s

further enhances osteogenesis

by addition of bone marrow. This has not

been tested before.

Material and methods

Forty-eight male New Zealand rabbits

(Harlan-Winkelmann, Borchen, Germany)

were included in this prospective, con-

trolled evaluation blinded preclinical study.

The study was approved by the local legis-

lative committee according to the national

law. The mean weight of the animals at the

day of operation ranged from 3.23 to

4.24 kg.

Surgical procedure

After randomization into five different

groups (Table 1), the rabbits were anesthe-

tized by a subcutaneous injection of 60 mg/

kg body weight ketamine (Ketavet
s

, Phar-

macia GmbH, Erlangen, Germany) and

16 mg/kg xylazine (Rompun
s

, Bayer AG,

Leverkusen, Germany). Anesthesia was

maintained by an intravenous administra-

tion of thiopental sodium (Thiopental
s

,

Biochemie GmbH, Kundl, Austria). In

the groups using bone marrow, both the

hind legs and the area of the right iliac crest

were shaved and the skin was disinfected

with Betaisodona
s

solution (Mundipharma

GmbH, Limburg, Germany). Analogous to

the literature, the iliac bone at the posterior

cranial iliac crest was prepared using a 3 cm

skin incision (Minamide et al. 2005). The

bone was punctured with a 2 � 30 mm

Table 1. Group set-up and bone graft material (n¼48 animals with bilateral operation)

Group n Therapy Euthanasia

Experimental 1 8 TricOs T
s

8 weeks
Experimental 2 8 TricOs T

s

þbone marrow 8 weeks
Experimental 3 8 Collagraft

s

þbone marrow 8 weeks
Reference 1 10 Reference group, TricOs T

s

Immediately post OP
Reference 2 10 Reference group, Collagraft

s

þbone marrow
Immediately post OP

Control 4 Drill hole only, no therapy 8 weeks
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needle. One milliliter of bone marrow was

aspirated to 5 ml syringes rinsed with

1000 IU/ml Heparin (Heparin 1000 IU/

ml
s

, Baxter AG, Vienna, Austria). The

bone marrow was stored at 371C until

preparation of the bone grafting substances.

Subsequently, the skin incision was su-

tured with Synthofil
s

2.0 (B. Braun Mel-

sungen AG, Melsungen, Germany) using

interrupted sutures.

After lateral skin incision, the lateral

femoral condyle was prepared on both hind

legs in all animals. A single bicortical criti-

cal-sized channel with a diameter of 4.5 mm

was drilled slightly proximal of the joint

capsule’s insertion perpendicular to the shaft

axis. The drilling process was performed

under constant irrigation with sterile phy-

siologic saline solution. Meanwhile, bone

grafting materials were prepared. Both drill

holes (one per hind leg) were filled with the

same bone grafting material, leading to two

specimens per animal.

Study groups

TricOs T
s

(Baxter Healthcare S.A.): Gran-

ules with a diameter of 1–2 mm were used.

TricOs T
s

was prepared according to the

manufacturer’s instructions. Fibrin sealant

(FS) (TISSEEL
s

, Baxter AG) was mixed

using two solutions according to the man-

ufacturer’s instruction. Solution 1 con-

tained 2 ml of lyophilized sealer protein

reconstituted in 2 ml of 3000 IU/ml apro-

tinin solution. For solution 2, 0.1 ml of

500 IU/ml lyophilized thrombin was

mixed with 0.9 ml physiological saline.

0.1 ml of this solution was mixed with

0.9 ml of 40 mmol/ml calcium chloride so-

lution to obtain a concentration of 5 IU/ml

thrombin. Then 2 g of MBCPt granules

(prefilled in a syringe) were mixed with

either 1 ml of sterile water (experimental

group 1) or 1 ml of autologous bone marrow

(experimental group 2) according to the

manufacturer’s instructions. In a final

step, 2 ml TISSEEL
s

(1 ml fibrinogenþ
1 ml thrombin solution) were added to the

syringe. Then the defect was completely

filled with the mixture by injection (ap-

proximately 300 ml).

Collagraft
s

(Zimmer Inc., Warsaw, IN,

USA): Collagraft
s

was prepared according to

the manufacturer’s instructions. 100 mm2

of the Collagraft
s

strip (20 � 5 mm) was

hydrated in physiological sodium chloride

for 3 min. Upon complete rehydration, the

strip was covered with 0.2 ml autologous

bone marrow (experimental group 3) and

press fit to the channel. Subsequently,

Synthofil
s

2.0 was used for stepwise wound

closure.

Control and reference groups

After removing loose bone particles by

vigorously rinsing, bone grafting materials

were introduced into the channel according

to group allocation (Jiang et al. 2005).

These two groups (reference groups 1þ 2)

were essential for calibration of the micro-

computed tomography (mCT). Addition-

ally, a group with a drill hole only (control

group) was included as control group. As in

the study groups wounds were closed with

Synthofil
s

2.0.

In the experimental and control groups, a

20 mg/kg body weight tetracycline (Terra-

mycine with PVP
s

, Pfizer Corp., Vienna,

Austria) was administered postoperatively

for single-shot antibiotic therapy. There-

after, the animals were kept in separate

cages and provided with water and food

(Ssniff
s

K-H Alleindiaet for rabbits, Ssniff,

Soest, Germany) ad libitum. Unrestricted

activity was permitted immediately after

surgery.

Preparation of specimens

Depending on group allocation, the rabbits

were euthanized either directly after im-

plantation of the bone grafting materials

(reference groups 1þ 2) or 8 weeks post-

operatively (experimental and control

groups). Euthanasia was always performed

under general anesthesia (Ketamine and

Rompun, doses see above) by an overdose

(approximately 320 mg) of intravenous

thiopental sodium. Immediately, the distal

femur (epi- and metaphysis) was removed

bilaterally. In the reference groups, drilling

channels were sealed with conventional

superglue (Loctite
s

, Henkel Central East-

ern Europe GmbH, Vienna, Austria) to

prevent loss of implant material. Speci-

mens were fixed in buffered 4.5% formal-

dehyde solution (Neuber GmbH,

Guntramsdorf, Austria) for at least 1

week. A bicortical bone cylinder with a

diameter of 15 mm including the transos-

seus channel containing the grafting mate-

rial was removed from each femur with a

hollow bone biopsy drill. The cylinder was

again stored in 4.5% formaldehyde solu-

tion until measurement.

lCT

Both hind legs of all animals were exam-

ined. All analyses were performed by mCT

(MicroCT 20, Scanco Medical, Basersdorf,

Switzerland) in a measurement vial. From

each specimen, 450 slices with a thickness

of 17 mm were obtained in high-resolution

mode and 150 ms integration time (one

voxel had a volume of 17 � 17 � 17 mm).

As scan slices were oriented perpendicular

to the long axis of the original drill channel,

the augmented region appeared as a round

area containing the respective bone substi-

tute materials (Fig. 1). A circular region of

interest with a diameter that equalled the

original drill hole (4.5 mm or 265 pixels)

was placed over the defect and defined as

area of measurement per slice (Fig. 1c). In

order to obtain a higher degree of standar-

dization, slices near the cortical bone were

excluded from the evaluation, because the

mode and rate of bone formation is more

stochastic and less predictable there than in

the cancellous part of the metaphysis. Ac-

cordingly, out of 450 slices obtained, only

Fig. 1. (a) Three-dimensional (3D) reconstruction of a rabbit distal femur; (b) 3D reconstruction with a defect;

the drill hole filled with bone substitute material and newly formed bone is marked by the two parallel lines; (c)

representative slice as obtained by micro-computed tomography analysis; the circle marks the defect as the area

of interest.
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slice numbers 100–350 (250 slices), equal-

ling the center of the defect, were selected

for further calculations.

To distinguish between the different

materials contained in the defect, different

thresholds had to be set (Table 2). The

digitalized data were analyzed using the

built-in software of the mCT. The volume

of calcified tissue (CVlow; newly formed

bone plus grafting material) per tissue vo-

lume (TV) was calculated. To eliminate

grafting material and calculate the amount

of newly formed bone volume (BV) per TV

the results of the higher threshold (CVhigh;

representing the grafting material only) had

to be subtracted from those of the lower

threshold (bone plus implant). Thresholds

are displayed as subscripts in the formulas

below:

BV=TV8 weeks ¼ CVlow=TV�CVhigh=TV

To correct for false-positive newly

formed bone (due to edge effects or noise),

the mean values of BV/TV0 weeks of the

reference groups were calculated as follows:

BV=TV0 weeks ¼ CVlow=TV�CVhigh=TV

This was essential in order to calculate

the final amount of newly formed bone per

free available space (NB/FS) at 8 weeks.

Therefore, the mean at 0 weeks had to be

subtracted from the BV/TV values at 8

weeks.

NB=FS ¼ BV=TV8 weeks

�meanðBV=TV0 weeksÞ

Histological methods

After mCT evaluation, from each of the

experimental groups (1–3) one specimen

was chosen for histological preparation.

After fixation in formaldehyde solution,

dehydration was performed by ethanol ser-

ies with ascending concentrations (from

50% to 100%). After plastic embedding

ground thin sections were produced as

described by Donath (1988) and stained

according to Levai–Laczko. The slides

were photographed using a digital camera

(Nikon DXM 1200, Nikon Corporation,

Tokyo, Japan) mounted on a light micro-

scope (Nikon Microphot-FXA, Nikon Cor-

poration).

Statistical methods

All statistical calculations were performed

with SAS 8.2
s

for Linux (SAS Institute

Inc., Cary, NC, USA). Arithmetic means

and standard errors were calculated for the

new bone as well as for the new bone per

implant material for each group. For means

of the new bone and of the new bone per

implant material, 95% bootstrap-t confi-

dence intervals were calculated from

100,000 re-samples for each group (Efron

& Tibshirani 1993). The new bone as well

as the new bone per implant material was

compared pairwise between the three

groups. The comparisons were tested using

the SAS procedure MULTTEST (SAS In-

stitute Inc., Cary, NC, USA). Unadjusted

two-sided P-values (raw P-values) were

obtained from t-tests of the mean with

1,000,000 bootstrap re-samples. For testing

these three comparisons, simultaneously

adjusted two-sided P-values were obtained

from 1,000,000 bootstrap re-samples for

the new bone as well as for the new bone

per implant material. The level of statisti-

cal significance was set to 5% for the

adjusted P-values.

Results

Control group

Of four animals with eight bones operated

with drill holes, six bones showed no bone

formation in the defect (Fig. 2). In another

two femura, minimal bone formation could

be observed.

Experimental groups

There were no statistically significant dif-

ferences between the groups regarding bone

ingrowth in the mCT after 8 weeks. The

new bone per free available space (NB/FS)

at 8 weeks was the highest for TricOs T
s

with bone marrow (experimental group 2;

mean 12.29, standard deviation 2.93, 95%

CI for mean 10.67–13.91), followed by

TricOs T
s

without bone marrow (experi-

mental group 1; mean 11.85, standard

deviation 3.16, 95% CI for mean 10.11–

13.6) and Collagraft
s

with bone marrow

(experimental group 3; mean 10.9, stan-

Table 2. Thresholds as visually selected in the evaluation of the micro-computed tomo-
graphy

Threshold Material measured Groups

320 (low) Boneþ Implant material All groups
500 (high) Implant material (TricOs T

s

) Experimental 1þ 2
480 (high) Implant material (Collagraft

s

) Experimental 3
400 (high) Implant material (TricOs T

s

) Reference 1
380 (high) Implant material (Collagraft

s

) Reference 2

Fig. 2. Micro-computed tomography scan of a femur from the control group after 8 weeks. No newly formed

bone within the drill channel.
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dard deviation 3.15, 95% CI for mean

9.21–12.58) (Fig. 3). The following results

were obtained by bootstrap analysis at 8

weeks: experimental group 1 vs. 2, P¼
0.9212; experimental group 1 vs. 3,

P¼ 0.666; experimental group 2 vs. 3, P¼
0.4276. Thus, TricOs T

s

without bone

marrow showed similar results as Colla-

graft
s

with bone marrow. Furthermore,

adding bone marrow to TricOs T
s

did not

lead to a further increase of bone ingrowth.

In the histological sections (Fig. 4) the

amount of newly formed bone and its

distribution was similar for all three

groups.

Discussion

The presented project evaluated bone in-

growth and thus regenerative potential in a

metaphyseal small bone defect filled with

bone grafting substances mainly differing

by their matrix. Collagraft
s

was only used

in combination with bone marrow (accord-

ing to the manufacturer’s instructions).

TricOs T
s

was used with and without

bone marrow to assess its influence on

the healing process. The bone ingrowth 8

weeks after implantation was determined

by mCT and calibrated by a comparison

with baseline values determined immedi-

ately after operation were obviously no

formation of new bone could have taken

place. After 8 weeks no significant differ-

ences could be observed between the three

groups. Thus, the different matrix of the

two BGS had no significant influence on

bone regeneration in the presented defect

model. Furthermore, bone marrow did not

increase bone ingrowth when combined

with TricOs T
s

.

Specimen and bone model

Male white New Zealand rabbits were

chosen because of the ease of handling

and the anatomical characteristics of their

distal femur (Leupold et al. 2006). The

initial weight of the animals in this project

is similar to other reports (Leupold et al.

2006). Previous studies already proved the

femoral condyle as a good model for the

evaluation of bone substitutes. In this pro-

ject the authors aimed to create a critical-

sized bone defect and drilled a transcortical

4.5-mm-diameter drill channel through the

distal femur. Most other authors used

monocortical drill holes with a diameter

of 4.5–8 mm and a length of 6.5–10 mm (al

Ruhaimi 2000; Hoshikawa et al. 2003;

Hing et al. 2005; Jegoux et al. 2005), and

there are several reports about even these

smaller defects being critical sized at time

points similar to ours (Le Guehennec et al.

2004; Rimondini et al. 2005; Erli et al.

2006; Soffer et al. 2006). As even mono-

cortical defects with a diameter of 4 mm

were reported to be critical sized, our model

seems to be appropriate although a direct

comparison is not possible. Furthermore,

the model could be validated as critical size

by the lack of bone ingrowth seen in the

control groups at the investigated end-

points.

The time of euthanasia chosen for this

project was close to reports by other

authors (al Ruhaimi 2000; Jegoux et al.

2005; Leupold et al. 2006), but earlier than

the one chosen by others (Hoshikawa et al.

2003; Hing et al. 2005). As bony ingrowth

and not degradation of the BGS was the

focus of this project, 8 weeks were chosen

for euthanasia.

Fig. 3. Newly formed bone per free available space (NB/FS) in experimental groups 1–3 (n¼ 16 bones of eight

animals per group). Box: first quartile, median and third quartile, whiskers: minimum and maximum

excluding outliers. Outliers are automatically calculated by SPSS
s

software, shown as a circle and marked

with the ID number of the animal.

Fig. 4. Bone formation on the surfaces and interpar-

ticular spaces of the experimental groups. Plastic-

embedded, undecalcified ground thin sections, Le-

vai–Laczko stain; bone is stained pink and BGS

black. (a) Collagraft
s

; (b) TricOs T
s

without the

addition of bone marrow and (c) TricOs T
s

with

bone marrow. The amount of newly formed bone

and its distribution is similar for all three groups.

Bone is in direct contact with the surface of the

substitute materials without an intermediate layer

of soft tissue, thereby demonstrating good ossseoin-

tegrative properties. For all three groups, mostly

woven bone that has been compacted with lamellar

bone has been formed, i.e. bone quality is practically

identical. No obvious differences in the presence of

resorptive or osteoblastic processes can be detected.
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Bone grafting substances

Hemostasis (Le Guehennec et al. 2004)

and the clotting effects gluing particles to

each other and the implantation site (Je-

goux et al. 2005) are the handling advan-

tages of combining biphasic calcium

phosphate with FS (TricOs T
s

). However,

the effects of compounds containing FS to

bone healing are controversially discussed

in the literature. Carmagnola et al. (2002)

observed negative effects of FS in combina-

tion with a bovine bone graft in the alveolar

bone of Labrador dogs. They attribute their

findings to the FS and speculate that it

causes impaired early vascularization and

thus reduced bone ingrowth. Injecting coral

granules with or without FS in vertebral

bodies of sheep, Cunin et al. (2000) report

significantly lower bone formation for the

composite compared with coral granules

alone. The authors speculate that FS may

prevent the invasion of osteoprogenitor

cells. Additionally, they assume that FS

might lead to chemotaxis and inflamma-

tion rather than bone formation.

These findings contradict reports of Ka-

nia et al. (1998), who demonstrated en-

hanced bone formation for a coral granule

and FS composite compared with coral

granules only. Similarly, Perka et al.

(2000) showed (histologically and radiolo-

gically) a higher bone formation for fibrin

or poly-lacto-glucolite seeded with isolated

periostal cells in comparison to the carrier

alone in a rabbit ulnar defect model. The

promising data reported in animal experi-

ments encouraged various clinical trials

showing enhanced bone formation for FS

and ceramic biomaterial composites (Bagot

D’arc & Daculsi 2003; Le Guehennec et

al. 2004). One of the possible reasons for

the controversial results in the literature

could be found in the varying ratios be-

tween fibrin and particle material, which

was optimized for the trial presented here.

Similar to TricOs T
s

, Collagraft
s

con-

sists of HA and b-TCP in an organic

matrix. Although the HA/TCP ratio and

overall porosity are very similar in both

BGS they differ in the matrix used. At

present, there is no further information

about the exact physico-chemical differ-

ences or similarities between these BGS.

However, we think that these data are of

minor importance for the comparison this

project was focused on. The bovine col-

lagen fibers used as matrix in Collagraft
s

represent the major difference from TricOs

T
s

. In a rabbit femoral condyle model,

Collagraft
s

showed significantly higher

bone ingrowth compared with ProOsteon
s

(ceramic) and DBX
s

(demineralized bone

matrix) (P¼ 0.046) (Leupold et al. 2006).

Similarly, a prospective, randomized clin-

ical multicenter trial revealed identical re-

sults of Collagraft
s

in combination with

autologous bone marrow compared with

autologous bone grafts (iliac crest) (Cornell

et al. 1991).

As directed in the manufacturer’s in-

structions, Collagraft
s

was used in combi-

nation with autologous bone marrow.

During application of the material, crum-

bling was observed in some cases, which is

consistent with data published in the lit-

erature (Leupold et al. 2006) but seemed to

be without effect on the results.

Additionally, a combination of TricOs

T
s

and autologous bone marrow was tested

in a third group to investigate its influence

on bone ingrowth. In a pilot study, the total

amount of bone marrow was calculated in

such a way as to assure similar volumes

(about 0.2 ml) per defect channel in the

Collagraft
s

and the TricOs T
s

group.

FS forms the organic matrix of TricOs

T
s

. Typically, FS contain bovine aprotinin

or synthetic tranexamic acid (t-AMCA) as

antifibrinolytic agents to prevent prema-

ture resorption of the fibrin clot (Pipan et

al. 1992). Although an experimental trial

showed that the kind of antifibrinolytic

agent had no influence on bone ingrowth

(Jegoux et al. 2005), other authors report

adverse effects of t-AMCA compared with

aprotinin (Furst et al. 2007).

Test results

mCTallows non-destructive examination of

materialized bone samples, similar to a

clinical CT but with a higher resolution

(Ruegsegger et al. 1996). In recent publica-

tions, a significant correlation between

mCT measurements, histological examina-

tions (Muller et al. 1998) and biomechani-

cal data (Schmidhammer et al. 2006) could

be proven. In contrast to histology, com-

monly evaluating only a few slices per

specimen, mCT has the advantage of ana-

lyzing many more slices throughout the

defect (450, of which 250 were chosen for

further calculation in the current study).

This advantage of mCT was the reason why

radiological data were chosen for group

comparison in this project. Nevertheless,

histological slides were obtained to gain an

optical overview of the different BGS.

Examinations of mCT slices revealed a

high intensity (high threshold) identifying

implant material (granules) compared with

a low intensity (gray values) of bone (low

threshold) and thus allowed differentiation

between bone and implant. Comparing

higher thresholds at 0 and 8 weeks, a

higher intensity for the granules was ob-

served at 8 weeks. Thus, a different thresh-

old had to be chosen. This phenomenon

was attributed to a certain condensation of

the granules over time. To minimize errors

(noise, bone edges) results at 8 weeks were

related to the reference groups. A direct

comparison between Collagraft
s

with and

without bone marrow was not performed,

because Collagraft
s

is licensed to be used in

combination with bone marrow only.

There is also good reasoning to do so,

because in contrast to fibrin (Sahni et al.

2004; Tonnesen et al. 2000) collagen does

not contain growth factors and therefore

depends on additional osteoinductive mea-

sures.

In this study, there was no significant

difference in bone ingrowth between the

experimental groups, but the number of

specimens was too small to show formal

bioequivalence (1–3) (Fig. 4). There was no

significant difference between Collagraft
s

with bone marrow and TricOs T
s

without

bone marrow. Furthermore, addition of

bone marrow to TricOs T
s

did not lead to

a significant increase of bone ingrowth in

the current setting, which agrees with the

results published in the literature (LeNi-

houannen et al. 2007). Analyzing the setup

of this project, there might be two different

reasons for the little effect of autologous

bone marrow. Hematopoietically active red

bone marrow and stem cells present in the

distal femur might be the reason for the

insignificant effect of additionally added

bone marrow in this setting. Their activity

may be so high that the amount of auto-

logous bone marrow added to the con-

structs has no significant influence on

bone ingrowth.

The presented results suggest that adding

bone marrow to TricOs T
s

has no benefits

concerning bone ingrowth (and fracture

healing) in the current setting. Thus, har-

vesting of bone marrow is unnecessary

when choosing TricOs T
s

as BGS in

Castellani et al . CaP: influence of matrix and bone marrow to bone regeneration
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lesions of the distal femur. If applicable to

clinical conditions, this would reduce the

operating time and resolve donor site

morbidity associated with the harvesting

process.

Conclusions

Both BGS tested showed similar good bone

ingrowth in the metaphyseal small bone

defect applied in this investigation. No

significant differences could be found be-

tween the groups. TricOs T
s

showed simi-

lar bone ingrowth with and without

autologous bone marrow. Thus, donor

site morbidity could be avoided by using

TricOs T
s

on its own. Further prospective

clinical trials will be used to investigate

this approach.
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