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Abstract

Purpose In the context of regenerative medicine strategies, based in particular on the injection of regenerative cells, biologi-
cal factors, or biomaterials into the nucleus pulposus (NP), two main routes are used: the transpedicular approach (TPA) and
the transannular approach (TAA). The purpose of our study was to compare the long-term consequences of the TPA and the
TAA on intervertebral disc (IVD) health through a longitudinal follow-up in an ovine model.

Methods The TPA and the TAA were performed on 12 IVDs from 3 sheep. Six discs were left untreated and used as con-
trols. The route and injection feasibility, as well as the IVD environment integrity, were assessed by MRI (T2-weighted
signal intensity), micro-CT scan, and histological analyses (Boos’ scoring). The sheep were assessed at 1, 3, and 7 months.
Results Both the TPA and the TAA allowed access to the NP. They both induced NP degeneration, as evidenced by a decrease
in the T2wsi and an increase in the Boos’ scores. The TPA led to persistent end-plate defects and herniation of NP tissue
(Schmorl’s node-like) after 7 months as well as the presence of osseous fragments in the NP.

Conclusions The TPA induced more severe lesions in [IVDs and vertebrae compared to the TAA. The lesions induced by
the TPA are reason to consider whether or not this route is optimal for studying IVD regenerative medicine approaches.

Keywords Intervertebral disc degeneration - Transpedicular approach - Transannular approach - Regenerative medicine

Introduction

Low back pain (LBP) is an extremely frequent symptom
and in 40% of cases it is associated with intervertebral disc
(IVD) degenerative disease (DDD) [1-3]. Current therapies
for LBP mainly manage the pain experienced by patients
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using pharmacological treatments that include NSAIDs and
analgesics. Treatment of the most advanced cases of LBP
typically involves surgery (e.g. spine fusion and total disc
replacement). Despite significant technical improvements,
these surgical procedures remain invasive. Spine fusion and
total disc replacement have been reported to have similar
rates of complications, while a lower rate of adjacent seg-
ment degeneration has been observed with arthroplasty [4].

The improvement of our knowledge regarding IVD
degeneration has recently fostered the development of cell-
based regenerative medicine as an etiopathogenic option for
treatment of DDD [5, 6]. Adding mesenchymal stem cells
(MSC) that exhibit a broad range of biological properties
(anti-inflammatory, anti-catabolic, and pro-regenerative)
to the NP is of particular interest. An increasing body of
preclinical and clinical evidence has been generated in sup-
port of the notion that intradiscal injection of MSC may be
a clinically translatable option for managing DDD [7-10].

To demonstrate the preclinical relevance of such cell-
based therapies, several DDD animal models have been
described, involving mice, rabbits, pigs, and sheep [11].
However, no particular animal model stands out among the
various models that have been devised to date. The ovine
model exhibits spontaneous DDD with a physiopathology
that is quite similar to that of human DDD [11, 12]. Moreo-
ver, there are a number of anatomical and biomechanical
similarities between human and sheep IVDs and vertebrae
[13, 14].

A key aspect that affects the efficacy of IVD cell-based
therapies is in regard to the choice of the surgical approach
to safely inject the cell-based therapeutic product into the NP
while also limiting the risk of exacerbating the DDD. The
current “gold standard” for targeting the NP is the percuta-
neous dorsolateral surgical route involving needle puncture
of the annulus fibrosus (AF), referred to as the transannular
approach (TAA) [15, 16]. However, it is now well recog-
nized that the TAA can lead to in-depth alteration of the
mechanical properties of the AF. Such AF impairments are
known to lead to an increased risk of NP herniation and
accelerated IVD degeneration [17-21], as has also been
described in human IVDs following AF puncture-mediated
discography [22]. In addition, it should also be stressed that
puncture of the AF, with a critically sized diameter needle, is
a widely used animal model of surgically induced DDD [17,
23, 24]. In the context of IVD regenerative medicine, it is,
therefore, essential to consider alternative approaches than
the TAA. Vadala et al. have described a promising trans-
pedicular approach (TPA) [25] that consists of reaching the
NP through the caudal vertebra by successively crossing
the pedicle, the vertebral body, and the endplate, thereby
protecting the AF from lesions. Despite encouraging results
[26] related to the surgical feasibility of this route, using
an ex vivo ovine model, we recently reported that the TPA
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can induce the migration of intradiscal osseous fragments
or endplate fracture [27], as evidenced by micro-computed
tomography and histological analyses. However, this pre-
liminary ex vivo study did not take into account the com-
plex in vivo mechanical environment of IVDs and it did
not address the long-term in vivo effects after the TPA. To
address both of these clinically relevant issues, the aim of the
present study was to compare the long-term consequences
of the TPA and the TAA on IVDs and vertebral endplate
integrity through a longitudinal follow-up in an ovine model.

Materials and Methods
Ethical Aspects, animals, and treatment conditions

All of the animal handling and surgical procedures were
approved by the French Ministry of Agriculture and by
the ethics committee of the Pays de la Loire Region (Eth-
ics approval number APAFIS: 8401); and they were per-
formed in the accredited Centre of Research and Pre-clinical
Investigations (CRIP) at the ONIRIS-National Veterinary
School of Nantes. Three young healthy sheep (Vendée breed,
30-40 kg, 8-10 months, GAEC HEAS farm, Ligné F-44850)
were used. Six lumbar IVDs (T13-L1, L1-L2, L2-L3, L3-L4,
LA4-L5, and L5-L6) per animal were used for the experiments
(n=18). For each sheep, four [IVDs were randomly treated
(Table 1): two IVDs were accessed by the transpedicular
approach (TPA) and two were accessed by the transannu-
lar approach (TAA). Two IVDs were not treated and hence
used as controls (CTL). The housing conditions were the
same for the three sheep. To evaluate the feasibility of injec-
tion into the NP, iodine contrast agent (iCA) was randomly
injected for each sheep in one IVD treated by TPA and one
IVD treated by TAA. The iCA was ioxaglic acid (Hexabrix®
320 mg/ml, Guerbet, France) diluted to 10% in a physiologi-
cal saline solute. After the surgery, the sheep were followed
for 1, 3, or 7 months before being euthanized to remove the

Table1 Summary of the surgical procedures performed on the
sheep IVDs. The mention « iCa» indicates iodine contrast agent was
injected on IVD (CTL: no treatment, TAA: transannular approach,
TPA: transpedicular approach)

Disc levels Sheep 1 follow-  Sheep 2 follow-  Sheep 3
up 1 month up 3 months follow-up
7 months
T13-L1 CTL TAA (iCa) TPA
L1-L2 TPA (iCa) CTL TAA
L2-L3 TAA TPA (iCa) CTL
L3-L4 CTL TPA TPA (iCa)
L4-L5 TPA CTL TAA (iCa)
L5-L6 TAA (iCa) TAA CTL
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lumbar spine. One additional sheep was used as a day 0
reference for the histological analyses.

Surgical procedure

The surgical procedure was performed under general anaes-
thesia (induction: diazepam 0.2 mg/kg IV, ketamine 2 to
5 mg/kg IV, propofol 1 to 3 mg/kg, then placed under gase-
ous anaesthesia NO: 2 L/min, O,: 2 L/min, isoflurane: 2%).
The sheep were placed in a ventral decubitus position. The
entire surgical procedure was performed under fluoroscopic
guidance (OEC9800plus®, General Electric GE Healthcare,
Little Chalfont, UK). For the TPA condition, the percuta-
neous technique was adapted from the surgical approach
described by Vadala et al. [25] and Le Fournier et al. [27].
It was carried out using a 2-mm Jamshidi® (ADHESIA
MEDICAL, Flaxlanden, France) bone marrow biopsy nee-
dle employing a hollow trocar. When the trocar was under
the endplate, a threaded 1.5-mm Kirschner wire was used
to slowly cross the endplate to the NP through the cannula
with a drill under video-fluoroscopic guidance. The iCA was
injected with a spinal needle (Mila Spinal Needle® 20G,
20 cm, Mila International Inc, Florence, KY, USA). Unlike
in the Vadala et al. protocol, no endplate repair was per-
formed. For the TAA condition, a transannular approach was
performed percutaneously, as in the classic posterolateral
procedure, with a 22G needle (Spinocan® 22G, 88 mm, B
Braun, Berlin, Germany). The iCA was injected using this
spinal needle. For both of the conditions, the amount of iCA
injected was 100 pL.

MRI procedure follow-up

MRI of the entire lumbar spine was performed under anaes-
thesia as described for the surgical procedure. It was carried
out before the surgery on each sheep to exclude spontane-
ously degenerated IVD or major anatomical abnormalities
such as spinal malformations. The images were used as a ref-
erence for the in-vivo follow-up. MRI was performed imme-
diately after the surgery, then once a month until the sheep
were euthanized, in order to assess the change in the NP
signal. The last MRI was performed immediately before the
euthanasia. A 1.5T MRI scanner (Magnetom Essenza®, Sie-
mens Medical Solutions, Erlangen, Germany) with a stand-
ard spine coil was used to obtain T2-weighted images in all
three planes (TR: 3000 ms; TE: 86 ms) with the following
parameters: matrix: 512 x358; field of view 350 x 350 mm;
and slice thickness: 3 mm with no interslice gap.

Computed tomography scan (CT scan) procedure

The three sheep were euthanized at 1, 3, or 7 months
(sedation: ketamine 5 mg/kg, then euthanasia: intravenous

injection of a sodium pentobarbital overdose). The entire
lumbar spine was harvested and isolated as an “endplate-
IVD-vertebra” segment by cutting the vertebrae transversely
with a band saw. The caudal vertebral body was sectioned
below its transverse process, just above the caudal endplate,
in order to preserve the canal of the TPA. To observe the
effects of the TPA on the vertebrae, the endplates crossed
by the drill and the IVDs were analysed by CT scanning
(Inveon®, Siemens Medical Solutions, Erlangen, Germany)
with the following parameters: low magnification, time of
exposure 550 ms, 80 kV, 500 pA, and slice thickness 59 pm.

Image analysis

The images were analysed with Osirix® software (Osirix
Foundation, Geneva, Switzerland). For the MRI images,
the T2-weighted signal intensity (T2wsi) was determined
on MRI images of a midsagittal slice. The T2wsi was deter-
mined by the ratio of the NP weighted mean signal inten-
sity divided by the spinal cord signal, and it was compared
with the preoperative images. The CT scan images were also
analysed with Osirix® software. The volume of the osse-
ous fragments in the IVDs was calculated after defining the

region of interest and it was expressed in mm?.

Histological analyses

The “endplate-IVD-vertebra” segments were obtained by
sawing the vertebral bodies immediately above the cranial
endplate and just beneath the caudal endplate. The endplates
were then sanded to reduce the bone thickness (Metaserv®
2000, 800, Buehler, Switzerland). Segments were fixed in
4% paraformaldehyde, decalcified in TBD-2® decalcifier
solution for twelve days (Thermo Fisher Scientific, Waltham,
MA, USA), frozen and then first sectioned transversely, tak-
ing care to preserve the caudal endplate. Secondly, the IVD
with the caudal endplate was sectioned sagittaly to observe
the route of the TPA and the endplate disruption. Sections
of 10 pm were generated with a cryostat (CryoStar NX70®,
Thermo Fisher Scientific, Waltham, MA, USA). The sec-
tions were stained with haematoxylin eosin (HE) and 0.1%
Alcian blue (Sigma-Aldrich, St. Louis, MO, USA) as previ-
ously described [28]. Masson’s trichrome staining was car-
ried out on the sagittal segments to assess the effects of the
TPA on the endplates. The histological transversely sections
were also analysed using a modification of Boos’ scoring
[29]. Briefly, this Boos scoring was based on the analysis of
four criteria regarding the integrity of the Nucleus pulposus:
a decrease in cell density, granular changes, tear and cleft
formation (except for the cleft induced by needle puncture of
the endplate), and mucus degeneration. Some of the param-
eters were ranked from O to 4 (granular and mucus degen-
eration) and others were ranked from O to 5 (a decrease in
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cell density, and tear and cleft formation) depending on the
intensity of the parameters tested (0, lowest; 4 or 5, highest).
The stained sections were observed with a slide scanner and
all of the sections were analysed with NDP view® software
(Hamamatsu, Japan). The day 0 Boos’ scores were obtained
from an additional sheep who was euthanized immediately
after the surgery. Three independent investigators who had
expertise with reading histological slides performed a blind
evaluation of the histological samples. The reported results
are the means of the scores from each investigator.

Results
Route and injection feasibility

Six TPA, as well as six TAA, were carried out in this study
(two TPA and two TAA on each sheep). In terms of the
accuracy of the procedure, all (100%) of the TPA and the
TAA were successful based on the fluoroscopic guidance
and the postoperative MRI data (Fig. 1a, b). No pedicle frac-
ture or encroachment into the spinal canal was observed.
Injection into the NP by the TPA was feasible, as confirmed
by the fluoroscopic guidance. One case of iCA backflow was
observed (Fig. 1c), localized in the canal of the TPA and
inside the vertebra. No iCA backflow was observed after
the TAA.

Analysis of IVD integrity
CT scan analysis
The IVDs and lumbar vertebrae were analysed by CT scan-

ning at 1, 3, and 7 months in order to study bone lesions
induced by the TPA and the TAA. No false route in the

spinal canal was observed with the TPA. No pedicular frac-
ture sequelae were observed. The endplates had been crossed
without inducing secondary endplate fractures.

At 7 months, the path in the vertebrae induced by the TPA
was still visible. Osteocondensation around the canal and the
initiation of bone filling were observed but the bone healing
was incomplete. However, no bone filling was observed at
the level of the endplate defect. Osseous fragments were
found in all of the IVDs treated by the TPA (Fig. 2). These
fragments were larger on the IVDs at the 7-month follow-up
(mean 2.32 mm?®), compared to fragments at the 3- and the
1-month follow-up (mean 0.59 mm3 and 0.27 mm?>, respec-
tively). No osseous fragments were found in the control
IVDs or in the IVDs treated by the TAA.

Histological analysis

To determine whether the TPA can result in endplate lesions,
we performed histological analyses at 1, 2, and 7 months.
The TPA inevitably causes endplate lesions. At 7 months,
the endplate lesions induced by the TPA were not cicatrized
and the endplate defects were filled by tissue that was simi-
lar to the NP in appearance (Fig. 3). Indeed, NP extravasa-
tion through the caudal vertebral body was observed. It was
comparable to an intrabody disc herniation analogous to a
Schmorl node (Fig. 3). The diameter of these disc hernia-
tions was, on average, 1.1 mm. As expected, no endplate
lesions were found in the control or in the TAA conditions.

Degenerative effect of the TPA and the TAA
MRIT2-weighted signal intensity (T2wsi)

To evaluate the impact of the TPA and the TAA on the NP
degenerative status, MRI was performed and the T2wsi was

Fig.1 Representative images are shown preoperative (a), postopera-
tive (b) sagittal MRI and peroperative dorsoventral fluoroscopy (c)
during TPA of the L2-L3 disc level. The path of the TPA (red arrow
on (b)) through the endplate to the NP confirmed the TPA feasibility
in ovine model. Peroperative dorsoventral fluoroscopy (¢) showed one
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case of iCA reflux through the path of the TPA (blue arrow). T2wsi
was subsequently determined as described in Materials and Methods
(green circles). (NP: Nucleus pulposus, iCA: iodine contrast agent,
TPA: transpedicular approach). Scale bar: 25 mm.
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3 months 1 month

7 months

Fig.2 CT scan reconstructions of IVDs and caudal vertebrae. Rep-
resentative pictures of 3D analysis reconstructions. The volumes of
the osseous fragments in the IVDs were determined as described in
the Materials and Methods section. No osseous ectopic fragments

measured once a month until euthanasia. For the control
IVDs, the T2wsi images revealed a spontaneous decrease at
7 months (33.5% and 19.7%) (Fig. 4). Although a statisti-
cal analysis was not possible due to the limited number of
animals, for the IVDs treated by the TPA, the decrease in the
T2wsi tended to be more pronounced than that observed in
the control IVDs, or in the IVDs treated by the TAA (47.5%
and 33.3% for the TPA; 34.1% and 26.3% for the TAA).
Regardless of the reach, no obvious effect of iCa injection
was observed on IVDs at 7 months.

Boos’ scoring

To further determine whether the different surgical routes
can induce IVD degeneration, Boos’ scoring was performed
on all the IVDs (Fig. 5). Compared to the control condi-
tion, the IVDs treated by the TPA and the TAA exhibited a
progressive increase in Boos’ scores from day O (6, 7 and
6, respectively) to 7 months (7, 13 and 11, respectively).
Although statistical analysis was not possible due to the

were observed in the IVDs treated by the TAA or in the control I[VDs.
The volumes of the osseous ectopic fragments were determined (the
values are indicated on the images). (CTL: control IVDs, TPA: trans-
pedicular approach, TAA: transannular approach). Scale bar: 5 mm

limited number of samples per group, this increase appeared
to be more pronounced at each time point after the TPA
compared to the TAA. In the same way as above, no effect
of iCA injection was observed on IVDs at 7 months.

Discussion

Understanding of the IVD degenerative process has allowed
innovative DDD therapies to be developed, notably cell-
based therapies based on the injection of cells or biological
factors into the NP. Access to the NP needs to be minimally
invasive to preclude adverse impacts on the IVD, and the
TPA could be an alternative approach to avoid compromis-
ing the integrity of the AF. Vadala et al. were the first to
describe the TPA, demonstrating its feasibility in an ovine
model [25], with very low peri- and post-operative compli-
cations in an in vivo study [26]. To further assess whether
the TPA may be a valuable route to target the NP in the
general context of IVD regenerative medicine, we performed
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1 month

3 months

7 months

Fig.3 Representative section are shown IVD, endplates and verte-
brae integrity after control, TPA and TAA surgical approaches. Mas-
son’s trichrome staining was performed as described in Materials and
Methods. Endplate lesions were observed after TPA conditions with

an in vivo study with a long-term longitudinal follow-up that
involved comparison of the TPA with the TAA.

To develop these innovative therapies, and before trans-
posing the NP approach to humans, animal models of
DDD that closely mimic the spontaneous IVD degenera-
tion observed in humans are required. First, the physical
dimensions should allow safe surgical targeting of the NP,
as is the case in humans. Secondly, the pathogenesis and
the biomechanical properties should be similar to those of
human IVDs. Thirdly, the model should be readily avail-
able, and the animal agistment should be as straightfor-
ward and inexpensive as possible. Unfortunately, none of
the available models generated to date exhibit all of the
required features. As already mentioned, the ovine model
has biomechanical similarities, and it exhibits spontane-
ous DDD that is quite similar to that of human DDD at
the cellular level [12, 14]. Moreover, the size of sheep
allows surgical techniques to be used that can be trans-
posed to humans. Comparable models are available, and
the porcine model has already been used in numerous
studies in the context of IVD regenerative medicine [30,
31]. The anatomical features of lumbar spine and IVDs
are similar between pigs and humans [32], especially in
terms of the size of the pedicles, which is a very relevant
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TAA

an absence of healing after seven months. This endplate defects were
filled by NP-like tissue similar to a Schmorl node (Red Arrow). No
endplate lesion was observed for CTL and TAA conditions. (IVD:
intervertebral disc, EP: endplate, V: vertebra). Scale bar: 1 mm

aspect for studying the TPA. Moreover, the biomechani-
cal similarities are now well-accepted [33]. However, in
pigs, notochordal cells persist in the NP, even after skeletal
maturity has been reached [34], which contrasts with the
situation in humans and sheep. In light of the pivotal role
of the loss of notochordal cells in IVD degeneration [35],
it seems reasonable to speculate that sheep, unlike pig, is
a relevant preclinical model for assessing cell-based IVD
regenerative medicines.

As previously described [25, 27], and confirmed in our
study, the TPA allows access to the NP. Unlike a recent study
performed by our group [27], no evidence of pedicle fracture
or encroachment into the spinal canal was noted in our study.
Among the three discographies performed by the TPA, one
case of leakage of the iCA through the transpedicular canal
in the vertebra was observed. This leakage and backflow
may be explained by the high swelling pressure observed
in healthy IVDs, particularly in the ovine model [36]. Fur-
ther experimentation is needed to confirm this hypothesis.
Moreover, degenerated and dehydrated IVD may have a
lower swelling pressure [37], although the NP of a degener-
ated IVD is more fibrous [35] and injection into the NP can
also be difficult. Leakage of intradiscal injected substitute,
particularly when injecting a cell therapy product, is a major
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Fig.4 Representative graph is shown the decrease in T2wsi after
surgery. Lumbar IVDs of sheep were treated according to either the
CTL, TAA and TPA conditions and MRI analysis of T2wsi of sheep
lumbar were performed at the indicated times as described in Mate-

concern, as it has been shown in rabbits that these leaks can
lead to osteophyte formation [38].

In addition, the TPA can give rise to venous embolisms,
as previously described [27], due to the high swelling pres-
sure of the NP. Other bone lesions after the TPA not found in
our study but previously described, such as a pedicle fracture
or a false passage, can induce biomechanical disorders and
spondylarthritis [26, 27]. These can lead to medullar lesion
or neurological impairment.

Contrarily to Le Fournier et al. [27], no endplate fracture
occurred, probably because a drill was used for the proce-
dure to access the NP through the endplate. However, osse-
ous fragments were observed in all of the NP treated by the
TPA, as also described in Le Fournier et al. [27]. Intuitively,
these fragments may have been carried directly into the IVD
by the TPA. Moreover, these fragments could be the result of
intradiscal calcification secondary to an inflammatory pro-
cess, especially as these osseous fragments appeared larger
at 7 months compared to at 1 or at 3 months. Indeed, the
TPA may induce intradiscal osteogenesis when blood and
microscopic bone fragments from the vertebral body remain

rials and Methods. For IVDs treated by TPA, the decrease in T2wsi
tended to be more pronounced than those observed in control IVDs or
IVDs treated by TAA. (IVD: intervertebral disc, CTL: control, TPA:
transpedicular approach, TAA: transannular approach)

in the IVD. This would, theoretically, increase the risk of
vertebral fusion, thereby amounting to a failure of the IVD
regenerative medicine approach. A previous in vivo longitu-
dinal follow-up study of the TPA in an ovine model did not
confirm this hypothesis [26]. Nevertheless, the nucleotomies
that were performed in this study could have aspirated bone
fragments, thereby leading to an underestimation of the risk
of intradiscal osteogenesis.

The histological and CT analyses did not show healing
of the endplates at 7 months after the TPA, thus confirming
data recently obtained by Vadala et al. [39]. Interestingly,
endplate defects were filled by tissue that was similar to the
NP in appearance. The high swelling pressure of the NP
could explain its extravasation through the endplate, which
could then prevent it from healing [36], according to the
biological inhibitory effects of IVD cells on osteoblasts, as
recently described [40]. The critical endplate defect induced
by the TPA is a major limitation of this approach because
endplates are considered to be pivotal structures for main-
taining IVD homeostasis, especially for providing nutri-
tive support to IVDs and for elimination of waste products.

@ Springer



592

European Spine Journal (2021) 30:585-595

BN
(<] 0o o
1 1 J

B
N >
1 1

Boos’ scoring

7 months

N Taa

3 months

1 month

B A

Day O

el

Fig.5 A representative graph is shown of the IVD degeneration
impact of the TPA and the TAA on the Boos’ scores and the NP
cell density. Lumbar IVDs of sheep were treated according to either
the CTL, TAA, or TPA conditions as described in the Materials and
Methods section. The Boos’ scores were determined for the different
conditions after the indicated times as described in the Materials and
Methods section. (IVD: intervertebral disc, CTL: control, TPA: trans-
pedicular approach, TAA: transannular approach)

Lesions or sclerosis of the endplate decrease the diffusion-
mediated exchange between endplates and IVDs [41] and
they accelerate IVD degeneration [42]. Moreover, endplate
defects have been shown to initiate the cascade of events that
leads to DDD [43]. A height intradiscal pressure is need for
fluid and metabolite exchange and the decrease in IVD pres-
sure reduced theses exchanges, as it is already demonstrated
in particular in post-traumatic disc degeneration [44]. Vadala
et al. repaired the endplate after the TPA by sealing the edge
of the tunnel using a press-fit porous polyurethane cylinder
[25, 39]. However, filling the TPA tunnel does not solve the
problem of reflux during the procedure. Furthermore, even
when the scaffolds were colonized by cells, the histological
analyses by Vadala et al. indicated that the endplates were
not fully repaired [39].

Our study showed that there was a deleterious effect of
the TPA on the IVD, with an increase in the Boos’ scores.
Based on the T2wsi longitudinal follow-up, the NP tended
to undergo a degree of degeneration. Indeed, the decrease
in the T2wsi was greater when the IVDs were treated by the
TPA as compared to the control. This decrease reflects NP
dehydration, which represents a first step in the initiation of
the IVD degenerative process. Although our observations
could not be proven by statistical analysis due to the lim-
ited number of animals, they are in agreement with those of
Cinotti et al. [45], who described a porcine model of DDD
induced by endplate lesion that was carried out as in our
study using a 1.5-mm Kirschner wire. Our results are also

@ Springer

in agreement with those of Vadala et al., who described a
stepwise ovine model of IVD degeneration with intact
AF induced by an endplate lesion [39]. Although MRI is
nowadays among the best in vivo investigative methods to
detect DDD, T2-weighted images are not the most sensitive
sequence. The use of the MR relaxation time (T2 and T2*
mapping) could be more sensitive for detection of early IVD
degeneration [46]. Thus, T2 mapping should be used later
on to follow induced IVD lesions.

The results of our longitudinal follow-up (lack of heal-
ing of the endplate, intradiscal osseous fragments, T2wsi
decrease, Boos’ score increase) indicate that care must be
taken when choosing an approach to the NP in the context of
regenerative medicine. Due to the risk of osseous fragments
in the NP, we consider it preferable to associate the TPA
with a nucleotomy in the context of cell therapy involving
injection of exogenous cells and growth factors. Lesions of
the AF by large-sized material necessary for nucleotomy
by the TAA could be avoided with this approach. However,
nucleotomy is not desirable in the context of endogenous
repair, as the injection of biological factors must stimulate
local endogenous cells and it could be deleterious to IVD
resident regenerative cells [47]. In this context, the TAA
appears to be more appropriate. Currently, the TPA would be
too intrusive and it would carry the risk of early DDD induc-
tion and loss of the injected factors by leakage. Although
the TAA is controversial [17, 22], a study has shown that
the risk of DDD induction after injection through the AF is
not constant, as it depends on the ratio between the gauge
of the needle and the height of the IVD [23]. According to
Elliott et al., when the gauge of the needle is less than 40%
of the height of the IVD, AF puncture with this needle does
not induce accelerated DDD [23]. Carragee et al. [22], used
22 and 25 gauge needles, corresponding to less than 10% of
the height of the IVD, thus suggesting that, in this case, the
AF puncture was not responsible for the DDD. While there
is a discrepancy in needle size which may have contributed
to increased degeneration in TPA with the larger needle size
[23], the principal aim of this work was to compare two
currently used routes to access the NP. We have decided to
use the NP approaches as they have been described in detail
and they are used in the literature [22, 23, 25, 27]: the TAA
generally entails use of a needle of approximately 0.7 mm
in ovine IVDs, and the TPA involves use of a needle of
approximately between 1.5 and 2 mm. In the context of the
development of IVD regenerative medicine strategies, it is
widely acknowledged that the structural integrity of the AF
needs to be preserved. Use of a large-size needle (1.5 mm),
in addition to making the TAA surgically more difficult due
to the limited height of the IVD, would most likely have
resulted in damage to the annulus fibrosus, especially since
on a number of occasions we have noticed that lumbar
IVDs of sheep (when less than 1 year old) can be very thin
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(between 2 and 3.5 mm), as indicated by our X-ray, MRI,
and histological data (data not shown). In this context, using
a 1.5 mm needle to perform the TAA would most likely have
led to IVD degeneration. Regarding the needle used for TPA,
it remains technically unfeasible to perform the TPA with a
0.7 mm needle, since such a needle with a sufficient length
and mechanical resistance to penetrate through the skin and
endplate to the NP is not commercially available.

As the optimal route for targeting the NP in regenerative
medicine has yet to be established, other strategies based on
homing of endogenous progenitor cells to the diseased tissue
warrant further consideration. A number of targeted sys-
temic treatments could be specifically designed to mobilize
and attract such endogenous progenitors to the degenerated
IVD and contribute to its repair [48, 49].

Presently, it is thought that discographies by the TAA are
likely to induce acceleration of DDD or an increase in disc
lesions [22, 50]. DDD is probably secondary to the iodine
contrast agent (iCA) injection. Kim et al. recently showed
that iCA is toxic to NP cells [51]. This toxicity is dependent,
however, on the dose and on the nature of the agent [51, 52].
Even though these in vitro results have to be verified under
in vivo conditions, the DDD was thus probably induced by
the injection of iCA rather than the AF puncture. Therefore,
we strongly advocate avoiding the use of iCA when testing
innovative cell therapies. In this in vivo study no effect of
iCA injection was clearly observed on IVDs. However, the
concentration of iodinated contrast agent used may not be
sufficient to induce an IVD degeneration and the sample
size was reduced. It would then be necessary to consider
the effect of iCa on IVD through a longitudinal follow-up
taking into account the dose injected, as in the study of Kim
etal. [51].

Conclusion

To access the NP without inducing AF lesions, the TPA
could be a suitable alternative to the conventional TAA
dorsolateral NP access in the context of IVD regenerative
medicine based on the injection of cells, biological fac-
tors or biomaterial into the NP. The TPA is, however, not
without consequences, and the lack of healing of endplates
at 7 months is a major limitation that may lead to acceler-
ated DDD. Therefore, given to different trends observed in
our work, we favour use of the TAA, which appears to be
less invasive and does not induce any deleterious degenera-
tive processes. This suggestion should be reassessed under
specific conditions (a study of the efficacy of regenerative
treatments). The TPA could nevertheless be indicated when
injection into the IVD is preceded by a nucleotomy, and
when the therapeutic objective is to replace the NP while
keeping the AF intact. Thus, this study should be seen as a

preliminary work that highlights the urgent need for addi-
tional studies in this regard, notably to more precisely assess
the tissue consequences of the surgical routes used to target
the NP.
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