
Abstract Arthrodesis using interbody cages has

demonstrated high fusion rates. However, permanent

cages are exposed to stress-shielding, corrosion, and

may require explanation when necessary. Polylactic

acid (PLA) bioresorbable cages are developed for

avoiding these problems, but significant tissue reaction

has been reported with 70/30 PLDLLA in some pre-

clinical animal studies. The objective was to evaluate

96/4 PLDLLA cages in a sheep model over 3 years.

Sixteen sheeps underwent one level anterior lumbar

interbody fusion using 96/4 PLDLLA cages, filled and

surrounded with cancellous bone graft from the iliac

crest. Six groups of three animals were killed after 3, 6,

9, 12, 24, and 36 months. Harvested lumbar spine had

radiographic, MRI, and CT evaluation and histological

analysis. Histological results: cage swelling and slight

signs of fragmentation associated to fibrocartilaginous

tissue apposition at 3 months; bone remodeling around

the cage with direct apposition of the mineralization

front at 6 months; active cage degradation and com-

plete fusion around the cage at 9 months; cage frag-

mentation and partial replacement by bone tissue at

12 months; bone bridges in and around the cage at

24 months; full resorption and intervertebral fusion at

36 months. Radiological results: partial arthrodesis at

3 months; definite peripheral arthrodesis at 6 months;

similar aspect at 9 months; significant cage resorption

at 12 months; definite inner and outer fusion at

24 months; complete cage resorption and calcification

at the location of the cage at 36 months confirmed

histological observations. Radiographic, CT scan,

MRI, and histological data were consistent for showing

progressive resorption of 96/4 PLDLLA, interbody

fusion, and bone remodeling, with no significant signs

of local intolerance reaction. These results are prom-

ising and suggest further development of 96/4 PLD-

LLA cages.
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Introduction

Interbody cages with bone graft are currently success-

fully used for spinal fusion [2, 30]. Using cages help

maintaining lordosis and neuroforaminal distraction

and reduce donor site morbidity when compared to

tricortical bone graft [24, 27, 31, 32, 51]. However, re-

ported complications of the use of interbody cages in-

clude migration, extrusion, pseudarthrosis, and implant

subsidence [21, 25, 51, 54]. Being permanent implants,

intervertebral cages remain at the risk of secondary

infection, possibly requiring difficult removal. In addi-

tion, titanium alloy and stainless steel cages have spe-

cific disadvantages including stress-shielding due to

excessive rigidity, which leads to bone resorption and

osteopenia [19, 43]; corrosion, wear debris due to slight

motion before achievement of fusion; and possible

allergic reactions [16]. Carbon fibers are radiolucent,

MRI-compatible, and better match the elasticity

modulus of the bone [9]. However, small debris parti-
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cles have been reported with carbon fiber cages [38].

Cases of rupture of these cages have also been re-

ported [41].

Bioresorbable polymer implants aim at avoiding

these complications with self degrading once their

mechanical role is over, after achievement of solid

bone fusion [5]. Resorbable implants would also facil-

itate imaging for assessing fusion [28, 39, 47, 48] and

allow progressive transfer of the load to the fusion

mass [3]. Currently, the most common resorbable

biomaterial used in orthopedic and trauma surgery is

polylactic acid (PLA). With limited foreign body

reaction [12], biocompatibility with neural tissue [46,

22], nerves [13], bone-like low elastic modulus [11], and

possibility of association with osteoinductive molecules

such as BMP [40], PLA devices represent a promising

class of bioresorbable materials with widespread po-

tential in spinal surgery. In addition, the incidence of

infections was comparable between resorbable im-

plants and usual metal implant devices [4].

PLA has two forms: poly-(L-lactide), which can be

pure (PLLA form), and poly-(D-lactide), which is sys-

tematically associated with poly-(L-lactide) (PDLLA

form). Their combination constitutes a stereocopoly-

mers poly-(L,DL lactide) (PLDLLA), with varying ra-

tios of each [50], usually 70/30. Kinetics of resorption

and strength retention have been investigated [7, 18,

26, 33, 35, 42, 47]. PLDLLA are considered to degrade

faster with more tissue reaction as compared with

PLLA implants, for which the degradation process has

been described to last for several years. The degree of

the material’s crystallinity also interferes in determin-

ing the occurrence of late degradation [7, 29]. In

addition, the biological (vascularization) and the

mechanical environment at the implantation site are

also important parameters [16].

The goal of this study was to evaluate a new PLDLLA

cage, where the L/DL ratio was set at 96/4, in a large

animal model for lumbar interbody fusion. The main

hypothesis was that the increased proportion of the

PLLA form, when compared to 70/30 PLDLLA, would

be a good compromise for degradation and fusion

kinetics at the lumbar spine. The sheep model was cho-

sen because of similarities with human spine in term of

lamellar bone growth rate and biomechanics [52]. His-

tological and radiological bone formation and implant

degradation as a function of time were investigated.

Materials and methods

All operative procedures and the animal care complied

with the regulations of the legislation for animal

research. Sixteen Pre Alps ewes (7 months-old, and

42 kg in average) underwent a left retroperitoneal

lumbar approach for single level implantation of the

bioresorbable 96/4 PLDLLA cage (PHUSIS-

FRANCE) at L3–L4 (Table 1). Muscles of the

abdominal wall were opened longitudinally in lateral

position. The peritoneum and all retroperitoneal ele-

ments were moved medially together for exposuring

the lumbar spine. The complete discetomy preserved

the posterior longitudinal ligament and the vertebral

endplates were reamed until the subchondral bone.

The parallelepipedal cage was 22.2 mm long, 9 mm

wide, and 9 mm high at one end and 11 mm high at the

other end (lordotic cage of 6� angle). The wall thick-

ness was 2.5 mm. It was filled and surrounded with

autologous cancellous bone from the iliac crest. The

cage was implanted obliquely in order to preserve the

common anterior vertebral ligament and to avoid

anterior migration. Six groups of two or three animals

were sacrificed at 3, 6, 9, 12, 24, and 36 months post-

implantation. Oxytetracyclin (30 mg/kg, IV) was

administered 15 days and 5 days before sacrifice for

labeling bone apposition.

Harvested spinal blocks were X-rayed, and had CT

scan (General Electric, volumic acquisition and

rebuilding from 1 mm thickness cuts, matrix 512 · 512)

and MRI (SIGNA 1 Tesla General Electric, T1 and

Fast T2 Fat Sat sagittal and frontal, cuts 3 mm thick-

ness with 0.3 mm gap. Matrix 512 · 512, Fov 20 cm)

imaging. Definite fusion was defined as the presence of

bone bridges on the CT scan.

The harvested specimens were fixed in 10% buf-

fered formalin, dehydrated in a graded alcohol series,

and embedded in polymethylmetacrylate. Two ventro-

dorsal parasagittal ground sections were prepared from

each specimen using the Donath method for the Exakt

system [14]. Histological sections were stained using

Table 1 96/4 PLDLLA cages characteristics

Composition 96/4 PLDLLA
(96% L-Lactic, 4% D,L-Lactic)

Catalyst Zinc lactate
Production procedure Injection moulding
Mean molecular

mass (RMM)
‡ 230,000 daltons

after moulding
Polydispersity index (PI) < 2.2 after moulding
Residual zinc < 20 ppm after moulding
Morphology Amorphous after moulding
Sterilization Cold plasma (Sterrad�)
Elastic modulus 3.8 GPa at 20�C or 3.3

GPa at 37�C
Compressive load

at failure
8,230 N after sterilization
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the modified Paragon method. Qualitative and semi-

quantitative analyses of histological inter-body fusion,

bone and cell density at the implantation site, degree of

tissue differentiation in contact with the cage, miner-

alization, remodeling, cage resorption, and inflamma-

tory parameters were performed. The assessment of

the bone mineralization activity in the interbody space

was performed using epifluorescence examination.

Observed parameters were quoted 0 to 4 on each his-

tological section (0 = absent, 1 = mild, 2 = moderate,

3 = marked, 4 = very marked or complete) and aver-

aged for each group of animals. The histological anal-

ysis was performed according to the NF EN ISO

10993–6 recommendations [1].

Qualitative histopathological examinations (Safra-

nin–Hematoxylin–Eosin-stain) of local and remote

tissues (paravertebral muscles and lymph nodes, liver,

kidney, and spleen) were performed to determine

possible reactions for the degradation products and/or

resorption of the material.

Results

All sheep recovered from anaesthesia uneventfully

without signs of neurological deficits. Histological re-

sults are summarized in Table 2. Three months after

implantation, the cages displayed morphological

deformations showing compression of the internal

space of the implant by 10–40%, slight undulation of

the walls, and limited fragmentation of the material.

There was no sign of significant material resorption.

However, active peri-implant bone neoformation

associated with fibro-cartilaginous tissue was observed.

Early centripetal bone in growth ranging from 0 to

60% (Fig. 1) occurred in the inner space of the cage,

although no complete bone fusion had taken place.

The neuronal and muscle tissues close to the implan-

tation site did not exhibit signs of lesions. Six months

following implantation, osteogenesis and bone

remodeling around the implants increased. The cages

deformations were the same as previously observed

and were associated with direct bone-to-implant. Signs

of bone fusion were visible outside the implant in all

cases. Limited signs of fusion were also observed

within the cage. No inflammatory, necrotic, or osteo-

lytic reactions were visible. Fluorescence labeling

clearly showed signs of mineralization in direct contact

with the cage (Fig. 2). Nine months after implantation,

the implant material gradation developed actively.

Macro- and micro-particles were visible among mac-

rophages. Fusion occurred at the periphery of the cage

in the two animals while noticeable bony growth was

seen within the cage in one case. In one ewe, the cage

was implanted too much dorsally with direct contact

with the dura mater. No local significant inflammatory

reaction was reported (Fig. 3). At 12 months post-

implantation, deformation and signs of extensive deg-

radation of the implant (fragmentations and erosions)

were detected. Approximately 30% of the cage was

resorbed and replaced by trabecular bone tissue with

structural characteristics similar to those of physiolog-

ical neighboring bone tissue. The fibro-cartilaginous

peri-implant tissue was distinctly thinned. Osteointe-

gration of the cage was associated with pronounced

bony growth within the implant without signs of sig-

nificant inflammatory reaction. Signs of complete

interbody arthrodesis were seen within and outside the

Table 2 Histological results

Time 3 months 6 months 9 months 12 months 24 months 36 months

Number of animals 3 3 2 3 3 2
Necrosis and tissue degeneration 0 0 0 0 0 0
Polymorphonuclear cells 0 0 0 0 0 0
Lymphocytes 0 0 0 0 0 0
Macrophages 2 1 2 1.7 3.2 0.5
Osteoclasts 1.2 1 1 1.2 2 0.3
Vessels 1 1 1 1.7 1.7 2
Osteolysis 0 0 0.3 0 0.7 0
Osteogenesis in the internal

space of the cage
1 2.5 1.5 1.8 2 3.5

Peri-implant bone density 2 2.8 2 2.5 3 3
Implant resorption 0.8 2 2.5 2.3 3 4
Bone remodeling 1.7 1.8 2 2 3 3
Implant/bone interface FC FCMb FCMb FCMb FCMb Mb

Semi-quantitative analysis of biocompatibility and bone formation from 3 to 36 months. Assessment of two histological sections per
animal according a 0–4 scale and average (0 = absent, 1 = mild, 2 = moderate, 3 = marked, 4 = complete)

F = fibrous tissue, C = cartilaginous tissue, Pb = primary bone tissue, Mb = mature bone tissue
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cage in one animal, and only outside the cage in two

animals. At 24 months, resorption of the implant pro-

ceeded with more fragmentation. Approximately 40%

of the device was resorbed and replaced by trabecular

bony tissue. Numerous direct bone-material or fibro-

cartilaginous contacts tissue were seen around the im-

plant (Fig. 4). Fusion outside the cage was seen in all

cases. Two of the three ewes displayed bone fusion

inside and outside the implant. One cage, that was

implanted too much dorsally, in direct contact with the

dura mater, had a localized and limited granulomatous

reaction. No signs of local intolerance were seen

around the implant, including the neighboring muscle.

At 36 months post-implantation, the two cases exhib-

ited histological fusion in regions of the device, as well

as in the periphery of the cage (Fig. 5). In one case, the

cage was completely reabsorbed; it was replaced by a

fibro-bone marrow tissue containing mesenchymal

cells. In the other case, a few remants of the cage were

seen, associated with a fibrovascular tissue and bony

Fig. 1 Histological section at
3 months post-implantation.
Original magnification 2·.
Paragon staining. Sagittal
section of the cage in the
intervertebral position
showing active bone
neoformation

Fig. 2 Histological section at
6 months post-implantation.
Original magnification 10·.
Epifluorescence labeling
showing the mineralization
front: the activity is
characterized by direct
apposition of bone in contact
with the implant

Fig. 3 Histological section at
9 months post-implantation.
Original magnification 10·.
Paragon staining. Peripheral
fragmentation of the material
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bridges occupied the space left by the reabsorbed im-

plant. A few macrophages showing blue-stained cyto-

plasmic inclusions were visible. Within and outside the

former cage, the trabecular bone tissue was mature and

of similar density as compared to the rest of the ver-

tebral body. Signs of cortical bone formation were seen

in one case. Epifluorescence analysis demonstrated

mineralization activity in the implanted site, similar to

that seen in the rest of the vertebral body. No signifi-

cant signs of local intolerance reaction were seen either

on the implanted site or in the neighboring neuronal or

muscle tissues.

Radiological results showed a continuous evolution

toward fusion, which was following the histological

curse. At 3 months post-implantation, radiological fu-

sion was partial in all cases on standard radiographs;

implants remained clearly visible in all cases. CT-scan

section showed no bone bridges. At 6 months, radio-

logical intervertebral fusion was definite in all cases on

radiographs and CT-scan sections. No specific signal

was detected on the MRI in the adjacent bone (Fig. 6).

The radiological aspect was similar at 9 months after

implantation. At 12 months, the radiological fusion

was also definite in all cases in and outside the cage.

This was associated with considerable resorption of the

cage (Fig. 7). Radiological fusion was definite in all

cases after 24 months with confirmed interbody fusion

on the CT-scan (Fig. 8). At 36 months, fusion was

complete on radiographs and CT scans, with calcifica-

tion at the site of the degraded cage. The MRI aspect

still showed a variation of signal at the location of the

former cage; however, adjacent vertebral endplates

were physiological (Fig. 9).

Discussion

The current study investigated lumbar intervertebral

fusion using 96/4 PLDLLA cages in an ovine model. In

addition to the histological investigation, fusion and

tissue response were assessed radiologically. We noted

the obvious correspondence between histology and

radiology and the absence of material related artifacts.

We demonstrated that interbody fusion using 96/4

PLDLLA cages was rapidly achieved, starting around

the cage. The ‘‘locked pseudarthrosis’’ area, described

as the presence of fibrous tissue with collagen fibers in

the fusion zone without enchondral bone formation,

when using 70/30 PLDLLA polymer [39], was not

encountered in our study. We did not observe a qui-

escent fibrous tissue layer surrounding the cages and

persisting overtime in any of our cases. Direct bone

Fig. 4 Histological section at
24 months post-implantation.
Original magnification 10·.
Paragon staining.
Replacement of the material
by bony tissue, direct bone
apposition

Fig. 5 Histological section at
36 months post-implantation.
Original magnification 2·.
Paragon staining. Complete
intervertebral arthrodesis.
The peri-implant bone
trabecular bone density is
comparable to the bone
density of the adjacent
vertebral bodies
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apposition onto the implant was gradually observed.

This is in accordance with some previous observations

showing direct apposition of bone on the polymeric

material with PLDLLA implants and a thin layer of

connective tissue with PLLA [6, 23, 43]. By separately

analyzing the inner and outer fusion, we observed that

peripheral fusion came first, which is in accordance

with the notion of radiological sentinel sign for inter-

vertebral fusion [36]. It is likely that the microenvi-

ronment (blood supply) is more favorable around than

within the cage. We acknowledge that placing autolo-

gous bone graft around the cage in addition to within

Fig. 6 Imaging at 6 months
post-implantation.
Intrevetebral bone
demonstrates interbody
fusion on the radiograph (a)
and CT-scan (b) and MRI (c)

Fig. 7 CT-scan sections at
12 months post-implantation.
Radiological aspect of
interbody fusion is similar to
the one at 6 months.
a Sagittal view, b axial view

Fig. 8 CT-scan sections at
24 months post-implantation.
Signs of complete fusion with
evidence of cortical bone
ventrally. a Sagittal view,
b axial view
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the cage in the protocol made a difference with other

animal studies (Table 3). However, the in and out graft

is a common procedure in spinal surgery of the anterior

column using autologous bone graft, and this had to be

taken into account.

Concerning cage degradation and tissue reaction, we

observed that the overall original geometry of the 96/4

PLDLLA cages was maintained at 3 and 6 months,

with respect to a slight change in shape, that was

probably due to the combination of mechanical con-

straint and swelling of degradation. At 12 months,

approximately 30% of the cage was resorbed and no

specific inflammatory reaction was seen. Thirty-six

months after implantation, the site operated on dis-

played no signs of significant inflammatory, immuno-

logic, or necrotic reaction.

Some intensive inflammatory tissue response was

reported with the use of highly crystalline self-rein-

forced PGA implants [8, 10, 17, 49]. It was noticeable

that the PLA cage in this study was produced with

using hydrophilic zinc catalyst in place of the usual

hydrophobic stannous octanoate [34], which provides

highly crystalline matrix and degradation particles [35].

Chemical composition and L/DL ratio is also a

prominent factor influencing tissue response and deg-

radation. Other studies using PDLLA 70/30 cages [15,

20] showed fast degradation associated with an

important inflammatory response without allowing

definite fusion. Severe foreign body reaction has been

using 70/30 PDLLA at the cervical spine in a sheep

model [15, 20]. On the other hand, PLA stereoisomers

have been shown to generate less soft-tissue reactions

[8, 37, 53].

We noted that density of the new bone in the

interbody arthrodesis using 96/4 PLDLLA cages was

similar in all ways to that of the adjacent vertebral

bodies, showing physiological path of mineralization.

This is indirectly promising in terms of mechanical

quality of the fusion mass; however, our study did not

include biomechanical testing and do not allow to state

on this point. Since the aim was purely histological with

evaluating degradation and fusion, the mechanical

Fig. 9 Imaging at 36 months
post-implantation. All the
interbody space is fused with
mature bone replacing the
fully degraded 96/4 PLDLLA
cage (a radiographs, b CT
scan); the cage site still had an
hydrophilic signal on the MRI
(c) with no change of signal in
peripheral tissue when
compare to adjacent levels

Table 3 Synoptic table for comparing histological results from in vivo studies concerning interbody cages in term of fusion

Fusion rate (histology) 3 months 6 months 9 months 12 months 24 months 36 months

Actual study
96/4 PLDLLA
Autograft in and

around the cage

3/3 around
the cage

1/2 outside
the cage

1/2 outside and
inside the cage

2/3 outside
the cage

1/3 outside
and inside
the cage

1/3 outside
the cage

2/3 inside and
outside
the cage

2/2 outside and
inside the cage

Van Dijk [44, 45, 53]
PLA
Autograft in the cage

4/5 4/5 6/6 5/6

Toth [39] 70/30 PLDLLA
Autograft in the cage

1/4 2/4 3/4 5/5

Eindorf [15]
70/30 PLDLLA
Polmer composite CaP
Autograft in the

cage + screwed
plate fixation

0/87/8 0/88/8
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issues related to violation of the endplates and cage

subsidence were not investigated.

We acknowledge that the study was limited by the

number of animals at each retrieval time; however, the

number of time points and the long term follow-up did

not allow to use more than three large animals per

group. In spite of the differences in quality of bone

between the sheep and humans, specifically the use of

relatively young animals, the promising results in the

short and long term incite developing investigations

concerning the use of 96/4 PLDLLA as lumbar inter-

body implant. In addition to the differences in the

mechanical environment between sheep and humans,

the association with some anterior/posterior spinal

instrumentation in human surgery has to be taken into

account for interpreting the results of the stand-alone

model presented here. However, using bone graft in

and around the cage for filling the intervertebral space

after discetomy has been inspired from human surgery

and improved the realism of the experiment.

Conclusions

The use of 96/4 PLDLLA resorbable cages and autol-

ogous bone graft has been shown to lead to appropriate

bone fusion at the lumbar spine in the sheep. Gradual

resorption of 96/4 PLDLLA demonstrated low poten-

tial for foreign body reaction. Specifically, biocompat-

ibility with the dura mater, nervous tissue, and distant

organs was confirmed. The promising balance between

fusion and degradation of 96/4 PLDLLA intervertebral

implants suggests developing this resorbable polymer

for spine surgery.
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