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Dose-dependent effects
of combined IGF-1 and TGF-f31 application
in a sheep cervical spine fusion model

Abstract Combined IGF-I and
TGF-B1 application by a poly-(D,L-
lactide) (PDLLA) coated interbody
cage has proven to promote spine fu-
sion. The purpose of this study was
to determine whether there is a dose-
dependent effect of combined IGF-I
and TGF-B1 application on interver-
tebral bone matrix formation in a
sheep cervical spine fusion model.
Thirty-two sheep underwent C3/4
discectomy and fusion. Stabilisation
was performed using a titanium cage
coated with a PDLLA carrier includ-
ing no growth factors in group 1 (n=8),
75 ug IGF-I plus 15 ug TGF-B1 in
group 2 (n=8), 150 pug IGF-I plus

30 ug TGF-B1 in group 3 (n=8) and
300 pg IGF-I plus 60 pg TGF-B1

in group 4 (n=8). Blood samples,
body weight and temperature were
analysed. Radiographic scans were
performed pre- and postoperatively
and after 1, 2, 4, 8, and 12 weeks.
At the same time points, disc space
height and intervertebral angle were
measured. After 12 weeks, the ani-
mals were killed and fusion sites
were evaluated using quantitative
computed tomographic (CT) scans to
assess bone mineral density, bone
mineral content and bony callus vol-
ume. Biomechanical testing was per-
formed and range of motion, and
neutral and elastic zones were deter-
mined. Histomorphological and his-
tomorphometrical analysis were car-
ried out and polychrome sequential
labelling was used to determine the
time frame of new bone formation.
In comparison to the group without
growth factors (group 1), the me-

dium- and high-dose growth factor
groups (groups 3 and 4) demon-
strated a significantly higher bony
callus volume on CT scans, a higher
biomechanical stability, an advanced
interbody bone matrix formation in
histomorphometrical analysis, and an
earlier bone matrix formation on flu-
orochrome sequence labelling. Addi-
tionally, the medium- and high-dose
growth factor groups (groups 3 and 4)
demonstrated a significantly higher
bony callus volume, a higher bio-
mechanical stability in rotation, and
an advanced interbody bone matrix
formation in comparison to the low-
dose growth factor group (group 2).
No significant difference could be
determined between the medium-
and the high-dose growth factor
groups (groups 3 and 4, respectively).
The local application of IGF-I and
TGF-B1 by a PDLLA-coated cage
significantly improved results of in-
terbody bone matrix formation in a
dose-dependent manner. The best
dose-response relationship was
achieved with the medium growth
factor dose (150 ug IGF-I and 30 pg
TGF-B1). With an increasing dose of
these growth factors, no further stim-
ulation of bone matrix formation was
observed. Although these results are
encouraging, safety issues of com-
bined IGF-I and TGF-B1 application
for spinal fusion still have to be ad-
dressed.
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Introduction

More than 30 years ago, Urist [55] determined the osteo-
inductive capacity of demineralized bone matrix. Ad-
vances in protein isolation and molecular cloning technol-
ogy subsequently yielded several soluble, low-molecular-
weight growth factors, like transforming growth factors
(TGFs), bone morphogenetic proteins (BMPs), platelet-
derived growth factors (PDGFs), insulin-like growth fac-
tors (IGFs), fibroblast growth factors (FGFs) and epider-
mal growth factors (EGFs) [54]. Meanwhile, many of
these growth factors are available as recombinant mole-
cules in virtually unlimited quantities using genetically
modified cell lines. However, only some of these growth
factors have demonstrated a significant osteoinductive ca-
pacity, and only two of these growth factors have been
precisely evaluated in experimental spine fusion. Presently,
only BMP-2 [4, 5, 6,9, 12, 16, 22, 34, 35, 46, 47, 60, 61]
and OP-1 (BMP-7) [15, 30] have proven to accelerate
spinal fusion and to overcome the disadvantages of an au-
tologous bone graft.

However, provisos have been expressed due to side ef-
fects associated with the use of BMPs in spinal fusion.
BMPs are able to induce de novo bone in ectopic soft tis-
sue sites even in the absence of bone marrow elements [2,
61]. Some authors have postulated that there is a necessity
for a growth factor to induce ectopic bone to promote in-
terbody fusion sufficiently [4, 34, 35]. However, this char-
acteristic of BMP-2 or BMP-7 might also be harmful. In
previous studies new bone formation induced by BMP-2
in the ligamentum flavum resulted in flattening of the
spinal cord [36]. Additionally, Hoshi et al. [19] was able
to show that ossifications of the spinal ligaments induced
by BMP-2 can even lead to spinal cord compression.
Other authors have suggested that the BMPs might play
an important role in the ossification of spinal ligaments,
especially the posterior longitudinal ligament [19, 28].
Therefore, the optimum growth factor or growth factor
combination to promote spinal fusion is still a matter of
discussion.

In an earlier study we were able to show an increased
intervertebral bone matrix formation with IGF-I and
TGF-B1 application compared to an autologous tricortical
iliac crest bone graft, in a sheep cervical spine interbody
fusion model [26]. Additionally, we demonstrated analo-
gous biomechanical and histological results comparing
BMP-2 and combined IGF-I and TGF-B1 application in
this model [27]. Due to these results, combined IGF-I and
TGF-B1 application seems to be very promising for bone
induction in the field of spine surgery. However, to our
knowledge, no studies have been performed to determine
whether a dose-dependent effect of combined IGF-I and
TGF-B1 application on intervertebral fusion exists.

Therefore, the purpose of this study was to determine
whether there is a dose-dependent effect of combined
IGF-I and TGF-B1 application on intervertebral bone ma-

trix formation in a sheep cervical spine interbody fusion
model. This study was additionally designed to define a
dose that might be suitable for further experimental eval-
uation of this growth factor combination.

Materials and methods
Study design

Thirty-two adult female merino sheep (2 years old) underwent
C3/4 discectomy and fusion. The sheep were randomly assigned to
the following groups:

e Group 1: titanium cage coated with a biodegradable poly-(D,L-
lactide) PDLLA carrier (n=8)

e Group 2 (low-dose group): titanium cage coated with a bio-
degradable PDLLA carrier including IGF-I (2.5% w/w=75 ug)
and TGF-B1 (0.5% w/w=15 ug) (n=8)

e Group 3 (medium-dose group): titanium cage coated with a bio-
degradable PDLLA carrier including IGF-I (5.0% w/w=150 ug)
and TGF-B1 (1.0% w/w=30 ug) (n=8)

e Group 4 (high-dose group): titanium cage coated with a bio-
degradable PDLLA carrier including IGF-I (10% w/w=300 pg)
and TGF-B1 (2.0% w/w=60 ug) (n=8)

After 12 weeks all sheep were sacrificed and radiographic, biome-
chanical and histological evaluations were performed. All animal
experimental work was approved by local authorities.

Coating of the cages

Poly-(D,L-lactide) (PDLLA, Boehringer Ingelheim, Germany)
was chosen as drug carrier system. The properties of the PDLLA
coating and the coating technique have been described previously
[17, 48]. In groups 2—4, recombinant human insulin like growth
factor I (IGF-I, R&D Systems) was incorporated in the PDLLA
coating at a level of 2.5, 5 and 10% w/w for group 1, group 2 and
group 3 respectively, and recombinant human transforming growth
factor-beta 1 (TGF-B1, R&D Systems) was incorporated at a level
of 0.5, 1 and 2% w/w) respectively. The average PDLLA coating
mass of the cages was 3.02+0.12 mg. There was no difference
between the total coating mass of the different groups. Therefore,
approximately 75, 150 and 300 pg IGF-I plus 15, 30 and 60 pg
TGF-B1 were incorporated in the coating of the respective cages.

Surgical technique and postoperative care

The animals underwent the surgical procedure under general endo-
tracheal anaesthesia. The anterior part of the neck was prepped in
a sterile fashion and a left anterolateral approach to the cervical
spine was carried out through a longitudinal skin incision. The
longus colli muscle was incised in the midline, and the interverte-
bral disc C3/4 was exposed. After distraction of the motion seg-
ment with a Caspar distractor, anterior discectomy C3/4 was per-
formed. The endplates were uniformly shaved with a 2-mm high-
speed diamond drill down to bleeding bone. For interbody stabi-
lization, the coated meshed titanium cages (Motech GmbH,
Schwenningen, Germany, height 8 mm, diameter 14 mm) includ-
ing the growth factors were inserted uniformly into the interverte-
bral space. Finally, the wound was irrigated with saline and the
longus colli muscle, the subcutaneous tissue and the skin were
reapproximated with sutures and a soft bandage was applied to the
neck.

After surgery, the animals were maintained under observation
until fully recovered from general anaesthesia. They received two
doses of 0.5 g metamizol-natrium (Novaminsulfon, Lichtenstein)
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per day for 5 days intramuscularly. Clinical examination was per-
formed daily for the first 10 days, then weekly. The sheep were al-
lowed ad libitum activity for the remainder of the experiment. Flu-
orochrome sequential labels were administered at 3, 6, and 9 weeks
postoperatively, consisting of oxytetracyclin (25 mg/kg IV) at
3 weeks, calcein green (15 mg/kg IV) at 6 weeks, and xylenol or-
ange (90 mg/kg IV) at 9 weeks. Twelve weeks after surgery, the
animals were killed after induction of anaesthesia by an intra-
venous injection of potassium chloride. The complete cervical
spine, including parts of the occiput and T1, was then excised and
cleaned from the surrounding tissue.

Blood and serum analysis

Blood and serum samples were taken from the saphenous vein of
the hind leg of the sheep pre- and postoperatively and after 1, 2, 4,
8, and 12 weeks. The blood samples were analysed for routine lab-
oratory parameters (blood count, electrolytes, alkaline phospha-
tase, thyroid values and glucose).

Body weight and body temperature analysis

Preoperatively, and after 1, 2, 4, 8, and 12 weeks, rectal body tem-
perature and body weight were determined.

Radiographic analysis

Radiographic evaluations have been described in detail earlier
[24]. Lateral and posteroanterior digital radiographic scans (X-ray
unit: Mobilett Plus, Siemens AG, Germany; X-ray films: Fuji CR
24x30, Fuji, Germany) were performed pre- and postoperatively,
and after 1, 2, 4, 8, and 12 weeks. At the same time periods, ante-
rior, middle and posterior intervertebral disc space heights (DSH)
and intervertebral angle (IVA) of the motion segment C3/4 were
measured on lateral radiographic scans. Average intervertebral
DSH was calculated from anterior, middle and posterior DSH
measurements (anterior, middle and posterior DSH/3). All radio-
graphic measurements were evaluated by three independent ob-
servers.

Quantitative CT analysis

Quantitative CT scans (QCT) were performed using a Siemens So-
matom plus 4 scanner (Siemens Inc., Erlangen, Germany). Axial
cuts with 1 mm slice thickness were made parallel to the interver-
tebral disc space. Bone mineral density (BMD) and bone volume
measurements of the callus have been described in detail earlier
[24]. BMD measurements were calibrated with a six-point bone
mineral density phantom and were performed using software spe-
cific to the scanner (Sienet Magic View VA 30A, Siemens, Inc.,
Erlangen, Germany). Bony callus volume (BCV) was measured
using an image analysing system (Zeiss KS 400, Zeiss GmbH,
Germany). Bone mineral content (BMC) was calculated from
BMD and BCV measurements (BMC=BCVxBMD). All CT mea-
surements were evaluated by three independent observers.

Biomechanical analysis

After euthanasia, biomechanical testing was performed by a non-
destructive flexibility method using a non-constrained testing ap-
paratus described in detail earlier [23, 24, 25]. Pure bending mo-
ments of 6 Nm load were applied to the motion segments C3/4 us-
ing a system of cables and pulleys to induce flexion, extension, left
and right lateral bending and left and right axial rotation. Tension

was applied to the cables with a uniaxial testing machine (1456,
Zwick GmbH, Ulm, Germany). Three-dimensional displacement
of each motion segment was measured using an optical measure-
ment system (Qualysis Inc., Sdvebalden, Sweden). Triangular
markers with three diodes (Qualysis Inc.) were attached to the bod-
ies of C3 and C4. Marker positions were detected with two cam-
eras and recorded with a computerized motion analysis system
(PC-Reflex, Qualysis Inc.). Angular displacement of the upper
vertebra (C3) in relation to the lower vertebra (C4) was calculated
from marker positions using custom-made computer software. The
measurement error associated with this method was +0.1° [25].
Range of motion (ROM), and neutral (NZ) and elastic (EZ) zones
were determined.

Histomorphological, histomorphometrical
and fluorochrome analysis

All C3/4 motion segments were harvested at 12 weeks for bone
histology. The motion segments had been fixed for 7 days in 10%
normal buffered formaldehyde followed by dehydration in ascend-
ing concentrations of ethanol and embedded undecalcified in
methylmethacrylate (Technovit 9100, Heraeus Kulzer GmbH, Ger-
many).

For histomorphological and histomorphometrical analysis, longi-
tudinal sections in the sagittal plane were cut at 6 um with a Leica
SM 2500S microtome and a 40° stainless steel knife. Afterwards,
the residual parts of the cages were removed and the following stains
were used: (1) Safranin-O/Lightgreen, (2) Safranin-O/van Kossa,
(3) Astrablue, and (4) Masson-Goldner.

Masson-Goldner stainings were used for histomorphological
analysis. Histomorphometrical parameters were measured on
Safranin-O/Lightgreen, Safranin-O/van Kossa and Astrablue stain-
ings using a Leica DM-RB microscope and an image analysing
system (Zeiss KS 400, Zeiss GmbH, Germany). Parameters were
measured at a magnification of X1.6.

The sagittal diameter distance (S) of C3 and the average preop-
erative DSH were determined to define the size of the region of in-
terest (ROI) for histomorphometrical evaluation [26, 27]. The
complete intervertebral fusion area was included in this ROI. The
following structural indices were calculated in the ROI: bone vol-
ume/total volume (BV/TV), cartilage volume/total volume (CV/TV),
mineralised cartilage volume/cartilage volume (mCV/CV).

For fluorochrome analysis, longitudinal sections in the para-
sagittal plane were cut at 400 um with a precise macro grinding
machine (Fa. Exact, Norderstedt, Germany). These slices were
then ground to a thickness of 80 um using a precise micro grinding
machine (Fa. Exact). Fluorochrome markers were analysed under
appropriate lightning conditions using a Leica DM-RB microscope
and an image analysing system (Zeiss KS 400, Zeiss GmbH). Pa-
rameters were measured at a magnification of X1.6.

Fluorochrome analysis of intervertebral fusion areas has been
described in detail previously [60]. The first appearance of the
marker served to time formation of new bone matrix. The presence
or absence of each marker around or within the cage was used to
determine the relative time frame of new bone formation.

Statistical analysis

Comparison of data was performed using one way ANOVA for in-
dependent samples followed by TUKEY post-hoc analysis for
multiple comparison procedures with Bonferroni correction for
multiple measurements. Intraobserver variability for radiographic,
functional radiographic evaluation and CT measurements was de-
termined using kappa statistics. Statistically significant differences
were defined at a 95% confidence level. The values are given as
mean + standard deviation. SPSS (release 10.0, SPSS Inc. Chicago,
Illinois) software supported statistical evaluation.
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Results
Blood and serum analysis results

Full blood count did not show any significant differences
between the groups and throughout the experiment. Lev-
els of electrolytes (Na, K, Cl, Ca) did not show significant
changes during the experimental period. Furthermore, no
differences of thyroid hormones, alkaline phosphatase and

glucose levels were found throughout the observation pe-
riod and between all groups.

Body weight and body temperature
No significant differences were found between all groups

in mean body temperature and body weight throughout
the experimental period. Postoperatively, a slight and con-

Table 1 After 12 weeks, quantitative computed tomographic analysis (QCT) was performed to measure bone mineral density (BMD),
bone mineral content (BMC) and bony callus volume (BCV) [PDLLA poly-(D,L-lactide]

QCT Group 1 (n=8)
(parameters) cage + PDLLA
TGF-B1 (2.5%)

Group 2 (n=8) cage +
PDLLA + IGF-I (0.5%) +

Group 3 (n=8) cage +
PDLLA + IGF-I (1%) +
TGF-B1 (5%)

Group 4 (n=8) Cage +
PDLLA + IGF-1 2%) +
TGF-B1 (10%)

BMD (g/cm?)
BMC (g)
BCV (cm?)

0.62+0.03 (0.59-0.66)
2.1+0.5 (1.3-2.6)
3.4+0.9 (2.54.3)

0.62+0.03 (0.58-0.66)
2.6£1.5 (2.7-5.8)
4.2+1.1* (4.4-7.1)

0.64+0.04 (0.59-0.68)
3.4%1.6" (2.4-5.5)
5.2+1.200 (4.1-6.8)

0.65+0.04 (0.60-0.69)
3.5+1.6" (2.4-5.5)
5.4%1.0°0 (4.1-6.8)

2 P<0.05 in comparison to group 1
b P<0.05 in comparison to group 2

Table 2 Biomechanical analysis: after 12 weeks, biomechanical analysis was performed to measure range of motion (ROM), neutral

(NZ) and elastic zone (EZ) for the different test modes

Test modes Group 1 (n=8) Group 2 (n=8) cage + Group 3 (n=8) cage + Group 4 (n=8) cage +
(degrees) cage + PDLLA PDLLA + IGF-I (0.5%) + PDLLA + IGF-I (1%) + PDLLA + IGF-I (2%) +
TGF-B1 (2.5%) TGF-B1 (5%) TGF-B1 (10%)

Flexion

ROM 3.0+£0.9 2.9+1.0 2.9+1.2 2.7£1.0

NZ 0.5+0.7 0.5£0.7 0.7£0.7 0.6£0.5

EZ 2.5+0.9 2.4%0.9 2.310.8 2.1+0.8
Extension

ROM 3.3+1.2 3.0£1.1 2.2+0.72 2.2+0.82

NZ 1.4£1.0 1.1£0.6 0.6+0.5 0.50.6

EZ 1.9£0.3 1.910.6 1.6+0.3 1.7+£0.5
Right rotation

ROM 2.4+0.8 2.0+0.3 1.4+0.320 1.240.42b

NZ 0.4+0.3 0.4+0.3 0.2+0.12b 0.2+0.1b

EZ 2.0£0.6 1.6+0.3 1.2+0.32b 1.0+0.32b
Left rotation

ROM 2.320.5 1.9+0.5 1.5£0.42b 1.240.42b

NZ 0.3£0.1 0.3+0.1 0.2+0.12b 0.2+0.12b

EZ 2.0+0.5 1.8+£0.5 1.34£0.32b 1.0£0.42>
Right bending

ROM 4.1+£1.0 3.2+0.7 2.5+0.7~b 2.4+0.6%b

NZ 0.7£0.4 0.6x£0.3 0.6£0.32 0.5£0.32

EZ 3.4+£0.9 2.8+0.8 1.9+0.72 1.9+0.62
Left bending

ROM 4.2+0.7 3.3+0.6 2.5+0.8>b 2.3+0.7b

NZ 0.8+0.7 0.84£0.3 0.5£0.4% 0.4£0.2%

EZ 3.4+0.8 2.5£0.5 2.0£0.52 1.9+0.72

2 P<0.05 in comparison to group 1
b P<0.05 in comparison to group 2
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stant increase in body weight for all sheep of all groups
was determined.

Radiographic results

Intraobserver agreement for radiographic measurements
was good, showing kappa values ranging between 0.78 and
0.94. Preoperative baseline values of all radiographic pa-
rameters did not show any differences between the groups.
No significant differences were found for average disc
space height and intervertebral angle between all groups
throughout the observation period. After a slight postop-
erative increase of disc space height and intervertebral an-
gle due to intervertebral cage stabilization, these param-
eters decreased to preoperative values within 2 weeks. Af-
ter these first 2 weeks no significant further loss of disc
space height and intervertebral angle occurred.

Quantitative computed tomographic results

Intraobserver agreement for CT measurements was excel-
lent, showing kappa values ranging between 0.88 and
0.98. After 12 weeks, bony callus volume (BCV) was sig-
nificantly lower in the cage group without growth factors
(group 1) than in any other group (P<0.05) (Table 1). Ad-
ditionally, the medium- and high-dose growth factor
groups (groups 3 and 4) showed a significantly (P<0.05)
higher BCV than the low-dose growth factor group (group
2). There were no significant differences in bone mineral
content (BMC) between the cage group without growth
factors (group 1) and the low-dose growth factor group
(group 2). However, the medium- and high-dose growth
factor groups (groups 3 and 4) demonstrated a signifi-
cantly (P<0.05) higher BMC than both other groups
(groups 1 and 2). There was no significant difference for
bone mineral density of the callus (BMD) between all
groups.

Biomechanical results

Biomechanical results for range of motion (ROM), neutral
zone (NZ) and elastic zone (EZ) are depicted in Table 2.
Lowest ROM, NZ and EZ values were constantly found
for the high-dose growth factor group (group 4). ROM in
all directions, except flexion, and NZ and EZ in rotation
and lateral bending were significantly (P<0.05) lower in
the medium- and high-dose growth factor groups (groups
3 and 4) than in the cage group without growth factors
(group 1). No significant difference for ROM, NZ and EZ
in any direction was found between the cage without
growth factor group (group 1) and the cage plus low dose
growth factors (group 2). Additionally, no significant dif-
ference was found between the medium (group 3) and

8) cage +

8) cage + PDLLA + IGF-1

8) cage + poly-(D,L-lactide) (PDLLA), C of group 2 (n

(1%) + TGF-B1 (5%), and E of group 4 (n=8) cage + PDLLA + IGF-I (2%) + TGF-B1

(10%). The grey bars represent the location of the branches of the cage

PDLLA + IGF-I (0.5%) + TGF-B1 (2.5%), D of group 3 (n

tive of group 1 (n

weeks, interbody fusion was evaluated histomorphologically and histomorphometri-
cally on midsagittal slides. Depicted is a digitalized view of a Safrin-O/van Kossa
staining of the intervertebral fusion area (magnification x1.6). Lateral radiograph of

Fig.1A-E Histomorphological analysis of the intervertebral fusion area. After 12
the sheep motion segment C3/4 (A) shows orientation of slides B-E. B is representa-
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high (group 4) -dose growth factor group. In comparison
to the low-dose growth factor group (group 2), the me-
dium- and high-dose growth factor groups (groups 3 and
4) showed a significantly (P<0.05) lower ROM in rotation
and lateral bending and a significantly (P<0.05) lower NZ
and EZ in rotation.

Histomorphological results

Histomorphological analysis supported the findings of
computed tomographic and biomechanical examinations
(Fig. 1). In the cage plus PDLLA group (group 1), mainly
fibroblasts and occasionally cartilage cells were observed
between the endplates. Cages were surrounded by a dis-
tinct thin line of fibroblasts interrupted by some small
bony islands. Group 2, stabilised with cages including a
low dose of IGF-I and TGF-B1, showed some bony is-
lands between the endplates with cartilage and fibrous tis-
sue components. The tissue surrounding the cages ap-
peared similar to group 1. Groups 3 and 4, stabilised with
cages including medium and high doses of IGF-I and
TGF-B1, showed extensive callus formation and large
bony islands or complete bony bridging between the end-
plates with small cartilage and fibrous tissue components.
Most of the callus was seen inside the cage. These find-
ings were accompanied by capillary ingrowth and small
resorptive lacunae without major differences between the
two groups. Cages were surrounded by bone; however, in
some areas a distinct thin line of fibroblasts was obvious.

Table 3 After 12 weeks, histomorphometrical analysis was per-
formed and the following structural indices were calculated in the
region of interest (ROI): sagittal diameter distance (SDD, base-

Beside that, no ossifications of the spinal ligaments were
investigated in any group.

Histomorphometrical results

The results of histomorphometrical analysis are presented
in Table 3. Histomorphometrical analysis showed no sig-
nificant differences in sagittal diameter index (baseline) be-
tween all groups. Compared to the cage without growth
factor group (group 1) and the low-dose growth factor group,
histomorphometrical parameters revealed a significantly
(P<0.05) higher bone volume/total volume ratio in the me-
dium- and high-dose growth factor groups (groups 3 and
4). No differences in the bone volume/total volume ratio
were found between the medium- (group 3) and high-dose
(group 4) growth factor group. There were no differences
in the other histomorphometrical parameters for all groups.

Fluorochrome analysis results

The results of fluorochrome analysis are depicted in Table 4.
The IGF-I/TGF-B1 coated cages (groups 2, 3 and 4) ex-
hibited earlier new bone formation both within and
around the cages compared to the group without growth
factors (group 1). There were no differences in fluoro-
chrome marker appearance between all groups after 6 and
9 weeks.

line), bone volume/total volume (BV/TV), cartilage volume/total
volume (CV/TV), mineralised cartilage volume/cartilage volume
(mCV/CV)

Indices Group 1 (n=8) Group 2 (n=8) cage + Group 3 (n=8) cage + Group 4 (n=8) cage +
cage + PDLLA PDLLA + IGF-I (0.5%) + PDLLA + IGF-I (1%) + PDLLA + IGF-I 2%) +
TGF-B1 (2.5%) TGF-B1 (5%) TGF-B1 (10%)
SDD (mm) 25.9£1.6 (24.3-27.8) 25.7£1.4 (24.0-27.1) 26.6x1.1 (25.3-28.3) 26.1£1.3 (24.6-28.1)
BV/TV (%) 41.8+3.2 (31.7-50.2) 42.1+2.4 (33.7-46.3) 43.34+2.8%0 (33.8-51.4) 43.6+2.8%0(33.8-51.4)
CV/TV (%) 4.442.1 (1.9-9.2) 4.3%+1.8 (2.1-8.0) 4.842.4 (0.8-14.6) 47422 (1.3-11.2)

mCV/CV (%) 3.6£1.0 (1.9-5.8) 3.0%1.1 (1.4-5.5)

32412 (1.8-5.7) 3.7+1.1 (2.0-5.4)

2 P<0.05 in comparison to group 1
b P<0.05 in comparison to group 2

Table 4 After 12 weeks, fluorochrome analysis was performed. Depicted are the number of fusion sites (of the different groups at dif-
ferent time points) in which the fluorochrome marker was present adjacent or within the cage or bone graft, respectively

Indices Group 1 (n=8) Group 2 (n=8) cage + Group 3 (n=8) cage + Group 4 (n=8) cage +
cage + PDLLA PDLLA + IGF-I (0.5%) + PDLLA + IGF-1 (1%) + PDLLA + IGF-I 2%) +
TGF-B1(2.5%) TGF-B1 (5%) TGF-B1 (10%)
Adjacent Within Adjacent Within Adjacent Within Adjacent Within
3 weeks 0 0 2 2 2 2 2 3
6 weeks 3 6 3 4 4 4 4 5
9 weeks 5 6 5 5 6 6 6 7
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Discussion

Recently, in vitro and in vivo studies have demonstrated
an osteoinductive effect of IGF-I and TGF-B1 application
by direct and indirect mechanisms [31, 32, 37, 51, 52, 54].
IGF-I stimulates angiogenesis, the replication of os-
teoblasts and the synthesis of bone matrix [18, 20, 52].
TGF-B1 regulates differentiation and proliferation of dif-
ferent cell types that are directly involved in bone remod-
elling and bone matrix formation, like mesenchymal cells,
chondrocytes, osteoblasts, and osteoclasts [29, 42, 45]. In
vivo studies have shown that decreased levels of IGF-I or
TGF-B1 are associated with bone loss and osteoporosis [1,
56, 58], whereas the local application of IGF-I or TGF-1
can positively influence fracture healing [21, 38, 50]. In
contrast to the BMPs, IGF-I and TGF-B1 are said to be
unable to induce de novo bone in the absence of bone
marrow elements [49, 50]. Therefore, both growth factors
might be able to overcome the disadvantages, especially
the ossification of spinal ligaments, associated with the
use of BMPs in experimental spinal fusion.

Furthermore, in vitro and in vivo studies have demon-
strated a significant osteoinductive effect combining IGF-I
with growth factors of the TGF-superfamily [20, 26, 27,
49, 59]. 1lli and Feldmann [20], for example, combined
the application of IGF-I with BMP-2 in an osteotomy
model of the metacarpal bone in juvenile calves. Yeh et al.
[59] demonstrated that combined OP-1 (BMP-7) and IGF-I
application has a synergistic stimulatory effect on fetal rat
calvaria cells, by OP-1 induced regulation of IGF-binding
proteins (IGFBP’s). Schmidmaier et al. [49] demonstrated
that the combined application of IGF-I and TGF-B1 had a
significantly higher stimulating effect on bone matrix for-
mation in rat tibia fractures than a single application of
IGF-I or TGF-B1. They concluded that both growth fac-
tors had synergistic effects on fracture healing. Similar
conclusions were drawn by other authors [33, 43].

These synergistic effects of IGF-I and TGF-B1 have
been explained by interactions between the IGF and TGF
systems [8, 11, 53, 57]. Tremollieres et al. [53] demon-
strated that TGF-B1 is a potent modulator of IGF-I secre-
tion. Kveiborg et al. [29] showed that TGF-B1 exerts a
significant stimulatory effect on the IGF system, espe-
cially IGFBP-3, and concluded that this might represent a
mechanism mediating TGF-B1 effects on the biological
functions of cells. Additionally, a feedback mechanism
between IGFBP-6 and TGF-B1 regulating the bone mi-
croenvironment was assumed [14]. Finally, O’Keefe et al.
[40] demonstrated that IGF-I was able to augment the ef-
fects of TGF-B1 on cartilage cells.

Due to these synergistic effects, the combined applica-
tion of IGF-I and TGF-B1 seems to be very promising for
induction of bone matrix formation in the field of spine
surgery. Additionally, in vivo studies have already demon-
strated a significant osteoinductive effect of combined
IGF-I and TGF-B1 application in a sheep cervical spine

interbody fusion model [26, 27]. Kandziora et al. [26] were
able to show an increased biomechanical stiffness and an
accelerated intervertebral bone matrix formation compar-
ing combined IGF-I and TGF-B1 application with an au-
tologous tricortical iliac crest bone graft. Additionally,
they demonstrated analogous osteoinductive effects com-
paring similar doses of BMP-2 and combined IGF-I and
TGF-B1 application [27]. The results of these previous
studies are in concordance with the results presented in
this study. In comparison to the cage without growth fac-
tors (group 1), the medium- and high-dose growth factor
groups (groups 3 and 4) demonstrated a significantly
higher bony callus volume on CT scans, a higher biome-
chanical stability, an advanced interbody bone matrix for-
mation in histomorphometrical analysis, and an earlier in-
terbody bone matrix formation on fluorochrome sequence
labelling. Although the medium- and high-dose growth
factor groups (groups 3 and 4) showed an earlier and ac-
celerated interbody bone matrix formation in comparison
to the group without growth factors (group 1), the loss of
disc space height and lordosis (intervertebral angle) was
similar in all these groups. Therefore, especially in the first
2 weeks, loss of disc space height seems to be primarily
related to the interbody implant and widely independent
from the amount of new-formed bone.

For isolated application of IGF-I or TGF-B1, a positive
correlation between increasing dose and stimulatory ef-
fects on bone matrix formation has already been described
[3, 13]. IGF-I and TGF-B1 have dose-dependent effects
on the activity of enzymes associated with bone matrix
mineralisation [7, 44]. Panagakos [41] showed that TGF
stimulated a dose-dependent increase in chemotaxis of os-
teoblasts. Fujimoto [13] and Noda [39] demonstrated that
in vivo effects of TGF-B1 on bone matrix formation in rat
varied depending on concentration. However, both au-
thors also determined nearly similar osteoinductive ef-
fects of TGF-B1 in a wide range of concentrations [13,
39]. Additionally, Ebeling et al. [10] demonstrated analo-
gous effects of four different doses of IGF-I on bone turn-
over in normal women. Although dose-dependent effects
for isolated IGF-I and TGF-B1 application are sufficiently
documented, to our knowledge, no study has been per-
formed to determine whether a dose-dependent effect of
combined IGF-T and TGF-B1 application on bone matrix
formation exists.

Currently, the “ideal” concentrations to induce spinal
fusion for any growth factors are unknown. This is due to
the fact that each growth factor or growth factor combina-
tion has to be adapted to the local biological environment
(anterior or posterior spinal fusion) and to the used carrier
system. Some anterior spinal fusion models have shown
good results, with BMP-2 doses ranging between 100 and
250 pg [4, 16, 60]. Other studies [27] demonstrated that
equal doses of BMP-2 and IGF-I/TGF-1 showed nearly
similar osteoinductive capacities. Additionally, the 5:1 ratio
of IGF-I and TGF-fB1 applied by a PDLLA-coated implant
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has proven to be most effective [26, 27, 49]. Therefore,
three different doses of a 5:1 ratio of IGF-I and TGF-B1
were evaluated in this anterior interbody fusion model.
In comparison to the low-dose growth factor group
(group 2), the medium- and high-dose growth factor groups
(groups 3 and 4) demonstrated a significantly higher bony
callus volume on CT scans, a higher biomechanical sta-
bility in rotation, and an advanced interbody bone matrix
formation (bone volume/total volume ratio) in histomor-
phometrical analysis. Although there was no difference
between the low-dose growth factor group (group 2) and
the medium- and high-dose growth factor groups (groups
3 and 4) in the appearance of fluorochrome markers using
fluorochrome sequence labelling, the amount of new-
formed bone was significantly higher with higher growth
factor doses. However, no significant difference was de-
termined between the medium- and high-dose growth fac-
tor groups (groups 3 and 4, respectively). Additionally,
hardly any difference was determined between the low-
dose growth factor group (group 2) and the group without
growth factors (group 1). Therefore, the best dose-re-
sponse relationship in this study was achieved with the
medium growth factor dose (150 pug IGF-I plus 30 pg
TGF-B1). As a further result of this study, the effective
dose of IGF-I and TGF-B1 in this interbody fusion model
was defined as between 75 and 150 pg IGF-I and between
15 and 30 pg TGF-Bl. With increasing dose of these
growth factors, no further stimulation of bone matrix for-
mation was achieved. Due to the fact that no difference in

blood and serum analysis, body weight and temperature
and no acute illness of the sheep were determined in this
study, the lethal doses for local combined IGF-I and
TGF-B1 application must be significantly higher than
300 pg IGF-I plus 60 ug TGF-B1.

Currently, the reasons for these dose-dependent effects
of combined IGF-I and TGF-B1 application on bone ma-
trix formation in this sheep cervical spine fusion model
are unknown. However, due to the interaction of the IGF-I
and TGF systems, some inhibitory feedback mechanism
activated with increasing doses of these growth factors
might be possible.

Conclusion

The local application of IGF-I and TGF-B1 by a PDLLA
coated cage significantly improved results of interbody
bone matrix formation in this sheep cervical spine fusion
model. The best dose-response relationship was achieved
with the medium growth factor dose (150 pg IGF-I plus
30 ug TGF-B1). With an increasing dose of these growth
factors, no further stimulation of bone matrix formation
was observed. The effective dose of combined IGF-I and
TGF-B1 application could be defined as between 75 and
150 pg IGF-I, and between 15 and 30 ug TGF-B1. Al-
though these results are encouraging, further studies are
essential to determine safety issues of combined IGF-I
and TGF-B1 application for spinal fusion.
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