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Abstract

Purpose To investigate the suitability of the transpedicular
approach (TPA) in a sheep model of IVD regenerative
strategies

Methods 24 IVD from four sheep were used. TPA and
biopsies of the Nucleus pulposus (NP) were performed in
18 TVD (6 IVD control). Seven discographies were per-
formed to assess the feasibility of injecting contrast agent.
MRI, micro-CT scan, and histological analyses were per-
formed and the accuracy of the TPA was evaluated. The
effects on the vertebra and endplates were analyzed.
Results 83% of our biopsies or injections were located in
the NP. Osseous fragments in IVD were observed in 50%.
We observed two cases (11%) of rostral endplate fracture
and five cases (27%) of breaching of the cortical pedicle
and encroachment into the spinal canal. Two cases of
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perivertebral venous embolism and two of backflow
through the canal of the TPA inside the vertebra were
noted. Significant damage occurred to the bone structure of
the vertebra and to the rostral endplate on which the IVD
had been inserted.

Conclusions TPA induces damage to the endplates, and it
may lead to neurological impairment and leakage of
injected materials into the systemic circulation. These
adverse effects must be fully considered before proceeding
with TPA for IVD regenerative strategies.
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Introduction

Low back pain (LBP) is a major public health issue and its
socio-economic cost is increasing as the population ages [1].
LBP is frequently associated (40% of cases) with interver-
tebral disc degenerative disease (DDD) [2]. Currently, LBP
is mainly managed by pharmacological treatments and, as
treatment of last resort, by surgical interventions (spine
fusion or disc prosthesis) that are reserved for advanced and
debilitating cases of LBP. Whereas pain relief can generally
be achieved with these surgical treatments [3, 4], they are
subject to several limitations, including the risk of promot-
ing the degeneration of adjacent IVDs. Moreover, they
remain invasive, despite improvements in the development
of minimally invasive routes [5].

Faced with the limitations of these therapies, and con-
sidering the recent improvement in knowledge regarding
the processes of IVD degeneration, regenerative medicine
offers new prospects for the treatment of DDD [6, 7]. It is
currently widely acknowledged that this degenerative
process initiates in the Nucleus pulposus (NP), the central
region of the IVD, and becomes manifest as a result of a
drastic reduction in cell numbers and matrix hydration [8].
Consequently, cell supplementation-based regenerative
strategies of the NP have gained a degree of prominence in
the past several years. These strategies usually aim to
exploit the regenerative properties of mesenchymal stem
cells (MSC). Based on their ability to produce the essential
components of the NP extracellular matrix, and to release
trophic factors, MSC have exhibited clear efficacy in a
range of pre-clinical studies [9-13].

Despite this large body of evidence indicating that MSC
are a promising source of cells for NP cell therapy, a great
variety of issues will need to be addressed before this
therapeutic option can enter into routine clinical practice.
Among these issues, the surgical route to safely inject MSC
into the NP, and the long-term efficacy of such injections,
need to be carefully addressed. In addition, pre-clinical and
clinical trials to date have suffered from several limitations,
including disparity of the animal models used and the lim-
ited number of patients that were enrolled [14—17]. How-
ever, considering the great promise held by MSC, and the
unmet medical need of DDD, it seems pertinent to further
investigate the use of MSC, with or without injectable bio-
materials, to further develop IVD regenerative approaches.

In this regard, the technical limitations linked to the
in situ injection of cells due to the particular IVD envi-
ronment should be taken into account. Indeed, the lateral
surgical approach of the NP through the Annulus fibrosus
(AF) has been a key stage of this procedure in multiple
studies [18]. However, it is now well established that this
route, based on needle puncture of the AF, could lead to

further degeneration and IVD herniation [19]. Of note, a
prospective human study found that discographies through
the AF led to accelerated degeneration [20]. Interestingly,
and in line with this clinical study, needle insertion into the
AF is considered to be an excellent experimentally induced
model of IVD degeneration [21-23]. Furthermore, the risk
of extrusion of the injected material through the AF injury
is an additional issue of concern [24]. Thus, maintaining
the integrity of the AF is now seen as a critical aspect that
has to be taken into account to maintain [IVD homeostasis.
In this context, alternative routes to the trans-AF approach
are needed. Among the various possibilities in this regard,
preliminary results for a promising new approach have
been reported with an ovine model. This route is based on a
transpedicular approach (TPA) to target the NP without
inducing any AF lesions [25]. The procedure consists of
targeting the NP after having introduced a wire in the
caudal vertebra through the pedicle and the inferior end-
plate to the NP. First described in 1987 [26], this TPA is
commonly used to achieve osteosynthesis [27] and
cimentoplasty [28], thus already making it a promising
approach for future human research studies.

The purpose of the present study was to determine the
feasibility and the accuracy, as well as to describe specific
complications of the TPA for injection into the NP in an
ovine model. The outcomes for this TPA-mediated
intradiscal injection were also documented, and the potential
use of this technique in pre-clinical research is discussed.

Materials and methods
Ethical aspects, animals, and treatment conditions

All the animal experiments described in this study were
approved by the French Ministry of Agriculture and by the
ethics committee of the Pays de La Loire Region (Ethical
number APAFIS 8401), and they were performed in the
accredited Centre of Research and Pre-clinical Investiga-
tions at the National Veterinary School of Nantes. Four
healthy sheep (1 year; 60-80 kg, Vendée breed, GAEC
HEAS farm, Ligné F-44850) were used. Six lumbar IVD
(L1-L2, L2-L3, L3-L4, L4-L5, L5-L6, and L6-L7) were
used for the experiments (n = 24) (Table 1). TPA to reach
the NP was performed in 18 of the IVD, whereas 6 of the
IVD were used as controls.

Surgical procedure
In a first set of experiments (i.e., the ex vivo condition), the
lumbar motion segment was taken from two sheep cadav-

ers after removal of all of the muscles and soft tissues.
Under fluoroscopic guidance, TPA was performed using a
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Table 1 Conditions,

approaches, and treatments Condition IVD level Approach Treatment
performed on the 24 IVD ExX Vivo L1-L2 Control
included in the study .
L2-L3 TPA I, Discography
L3-L4 TPA Biopsy
L4-L5 TPA Biopsy
L5-L6 Control
L6-L7 Control
L1-L2 Control
L2-L3 TPA Biopsy
L3-L4 TPA Biopsy
L4-L5 TPA Biopsy
L5-L6 TPA Biospy
Lo-L7 TPA Biopsy
In vivo cadaver L1-L2 Percutaneous TPA Gd Discography
L2-13 Percutaneous TPA I, Discography
L3-L4 Percutaneous TPA I, Discography
L4-L5 Control
L5-L6 Percutaneous TPA Gd Discography
L6-L7 Control
In vivo no cadaver L1-L2 Percutaneous TPA Biopsy
L2-13 Percutaneous TPA I, Discography
L3-L4 Percutaneous TPA Biospy
L4-L5 Percutaneous TPA Biopsy
L5-L6 Percutaneous TPA I, Discography
L6-L7 Percutaneous TPA Biopsy

IVD intervertebral disc; TPA transpedicular approach, /> iodine contrast agent; Gd gadolinium

2-mm Jamshidi® bone marrow biopsy needle employing a
hollow trocar and a cannula. The route was the same as
described previously by Vadala et al. [25]. The correct
position of the needle was assessed by fluoroscopy
(OEC9800plus, General Electric GE Healthcare, USA)
based on anatomical markers (Fig. 1). In a second set of
experiments (i.e., in vivo, cadaver), the whole cadaver of
the third sheep was used to inject within the NP via a
percutaneous TPA. In a final set of experiments (i.e.,
in vivo, no cadaver), TPA was performed in the fourth
sheep under general anesthesia. The sedation was initially
achieved by intramuscular injection of 15 pg/kg of
medetomidine. The sheep was positioned in lateral decu-
bitus position. Anesthesia was induced by intravenous
injection of 4 mg/kg of ketamine and 0.2 mg/kg of diaze-
pam, and maintained by inhalation of 1-3% isoflurane and
intravenous injection of 2—4 mg/kg of propofol. Analgesia
required intravenous injection of 0.5 mg/kg of morphine,
via continuous rate infusion of 50-100 pg/kg/min of lido-
caine and 0.6-1.2 pg/kg/min of ketamine. The TPA was
carried out percutaneously using the same protocol. Fol-
lowing the experimental procedures, the sheep was sacri-
ficed under general anesthesia by intravenous injection of
140 mg/kg of pentobarbital.

@ Springer

Feasibility study: discography

To assess the feasibility to inject into the IVD via the TPA,
discographies were performed. The cannula of the
Jamshidi® needle was removed and a 16G bone biopsy
needle was introduced through the trocar so as to cross the
rostral endplate of the vertebra and to then enter the NP.
Approximately, four biopsies were needed to decrease the
high swelling pressure of non-degenerative IVD, as
described by Vadala et al. [29]. Biopsies of the NP without
injections were carried out in the 10 other IVD. Five
discographies were performed by injection of 100 pL of
iohexol (Omnipaque®, GE Healthcare, USA) and two
discographies using 100 pL of gadolinium-based
(Dotarem®, Guerbet, France) contrast agents through the
biopsy needle.

MRI procedure

Pre- and post-operative MRI of the entire lumbar sheep
spines were performed using a 1.5 Tesla MRI scanner
(Magnetom Essenza®, Siemens Medical Solutions, Erlan-
gen, Germany) with a standard spine coil to obtain T2-
weighted images (TR 3000 ms; TE, 86 ms with the
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Dorsal View Rostral

. Lateral '—I

Entry point of TPA

Fig. 1 Anatomic landmarks of the transpedicular approach (TPA).
Entry point of the needle was drilled in the caudal vertebra at the
intersection of a horizontal line passing through the axis of the
transverse process and a vertical line passing to the lateral border of

following parameters: matrix, 512 x 358; field of view,
350 x 350 mm; and slice thickness, 2.5 mm with no
interslice gap) and T1-weighted images (TR 459 ms; TE,
11 ms with the following parameters: matrix, 512 x 358;
field of view, 350 x 350 mm; and slice thickness of 3 mm
with no interslice gap). The pre-operative MRI revealed no
degenerated IVD in the four sheep spines. The location of
the biopsy and injection targets was assessed in the NP or in
the AF using post-operative axial T2 MR images of IVD.
Following the MRI investigation, all IVD were harvested
and isolated in a bone-disc-bone segment by cutting the
lumbar vertebrae to the axis of the spine with a bandsaw
(Fig. 1). The caudal vertebra was sectioned below its
transversal process in order to preserve the canal of the TPA.

Micro-computed tomography (nCT) scan procedure

To observe the effects of the TPA on the bones, the bone—
disc—bone segments were analyzed by a micro-computed
tomography (LCT) scan (Inveon, Siemens, Germany), with
the following parameters: low magnification, time of
exposure: 320 ms, 80 kV, 500 pA, and slice thickness
110 um. Three-dimensional UCT reconstructions were
made to control the correct position of the transpedicular
tunnel into the vertebral body and pedicle.

Image analysis

All the imaging data were analyzed with the Osirix soft-
ware 3.9© (Osirix Foundation, Geneva, Switzerland).

Rostral

Ventral '—I

Lateral View

Cutting lines

Cutaneous Projection
of the entry point

>

the superior articular facet as previously described by Vadala and al.
The needle was then positioned respecting an angle of approximately
45° in frontal, sagittal, and transversal plans

Histological analysis

IVD from all of the segments were carefully dissected,
frozen, and sectioned using a cryostat (CryoStar NX70%,
Thermo Fisher Scientific, Waltham, MA, USA). Tissues
were prepared into 3-um sections orthogonal to the axis
of the spine. Van Kossa’s staining was conducted on
IVD to detect the presence of calcium deposits. To
observe the effects of TPA on the endplates, the caudal
vertebrae were embedded in resin (Technovit®, Kulzer,
Germany) and cut into 5-pum sections in the axis of the
transpedicular canal. Some sections were made with a
polycut (SM2500®, Leica, Nanterre, France) and then
stained with Safranin O and Movat’s pentachrome.
Safranin O and Movat’s pentachrome staining were
performed to study the endplate articular cartilage and
the vertebrae bony matrix, respectively. Stained sections
were observed with a slide scanner, and all the image
data were analyzed with NDP view software® (Hama-
matsu, Japan).

Scanning electron microscopy (SEM)

For SEM observations, sections were made with a micro-
tome (Isomet 1000®, Buehler, Esslingen, Germany), pol-
ished (Metasery 2000®, Buehler), and metal coated (Desk
I11®, Denton Vacuum, Moorestown, NJ, USA) before they
were examined with a scanning electron microscope (LEO
1450 VP, Carl Zeiss, Jena, Germany) at a magnification of
50x%.
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Results
Route and injection feasibility

The route procedure described by Vadala et al. [25] was
followed (Fig. 1), and anatomical landmarks on the ovine
spine were well identifiable. Six and eighteen IVD were used
for the control and the TPA condition, respectively. Ex vivo
experiments on 12 IVD were performed in a first set of
experiments. The selective biopsy or injection of iodine
contrast agent was confirmed by X-ray data on the center of
the NP, and these confirmed the feasibility of targeting the
NP (Fig. 2a). These data were substantiated by pCT scans
obtained after injection of iodine contrast agent (Fig. 2b).

Route accuracy

Regarding the accuracy of the procedure, T2-weighted sig-
nal intensities of ovine spine were obtained by MRI (Fig. 3).
Pre-operative images in sagittal and axial acquisitions con-
firmed the vertebra and IVD integrity (Fig. 3a—c). Following
the biopsy or injection, success with the procedure, in terms

rsal View

b)

of targeting of the NP, was obtained in 83% of the cases (15/
18 IVD) (Fig. 3d). The three others procedures, for which
targeting of the AF was observed, were considered to be
failures. Over the course of the procedure, only one diffi-
culty was encountered while performing the TPA. Indeed,
the sheep abdomen partially interfered with frontal fluo-
roscopy, and this made precise targeting of the NP difficult.

Injection complications

As indicated above, an accuracy level of 83% was
achieved. However, in two percutaneous discographies, a
backflow of injected gadolinium-based contrast agent was
noted when compared with pre- (Fig. 4a) and post-opera-
tive sagittal T1-weighted signals (Fig. 4b). This backflow
was localized in the canal of the TPA and inside the
vertebra.

Effects on osseous and endplate tissues

Micro-CT analysis of IVD revealed significant adverse
effects on the vertebra and its rostral endplate that were a

Axial View

Fig. 2 Injection feasibility via transpedicular approach. Fluoroscopy X-ray images (a) and micro-computed tomography scan (b) of L2-L3
discography using an iodine contrast agent injected (ex vivo condition). Red arrows indicate iodine contrast agent injection targeting the NP
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a) Lateral View

Fig. 3 Analysis of the transpedicular approach (TPA) accuracy. T2-
weighted magnetic resonance images of pre-operative L1-L2 (a—
¢) and post-operative L2-1.3 (d) intervertebral discs (IVD). Red

consequence of the TPA (Fig. 5). Osseous fragments were
found with 9 of the 18 TPA procedures (i.e. in 50%)
(Fig. 5a). Five cases (27%) of a cortical pedicle breach and
encroachment into the spinal canal were noted (Fig. 5b).
No cerebrospinal fluid leaks were observed during the
injections. Two cases (11%) of rostral endplate fracture
were recorded (Fig. 5c). Perivertebral venous embolisms of
iodine contrast agent were also noticed in two discogra-
phies that were performed in the fourth sheep (Fig. 5d).
Van Kossa’s staining confirmed the presence of osseous
fragments carried by the TPA to within the IVD, and
located into the NP or the AF according to whether the
procedure was deemed to be a success or a failure (Fig. 6).
The canal of the TPA trough the vertebra, and its rostral

Pad

~Nentral

|

arrow indicates the location of the biopsy within the Nucleus
Pulposus (NP) after TPA (in vivo, cadaver condition)

endplate, was analyzed by histology (Fig. 7). Significant
damages to the bone structure of the vertebra and to the
rostral endplate on which the IVD was inserted were noted.
Osseous fragments were found throughout the canal of the
TPA, thus confirming our previous results. The rostral
endplate was also fractured, with a mobile fragment loca-
ted within the IVD.

Discussion
As previously described [25], TPA allows for discogra-

phies to be performed in sheep IVDs. It can, therefore, be
deemed to be a suitable route for injection into the NP,
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Lateral View

Fig. 4 Injection complication after transpedicular approach (TPA).
T1-weighted magnetic resonance images before (a) and after
(b) percutaneous L1-L2 and L5-L6 discographies via TPA. Red

Fig. 5 Bony aftermaths and perivertebral venous embolism after
transpedicular approach. Micro-computed tomography scan analysis
of the transpedicular approach (in vivo, no cadaver condition). Red
arrows indicates the presence of osseous fragments within the

while preserving the integrity of the AF, particularly in
terms of IVD regenerative strategies in an ovine model.
TPA was clearly feasible (success rate about 83%) from a
surgical point of view. The accuracy of the TPA encoun-
tered in our study is hence quite satisfactory, despite the

@ Springer

arrows indicate backflows of injected gadolinium-based contrast
agent in the canal of the TPA and inside the vertebra (in vivo, cadaver
condition)

Lateral View

intervertebral disc (a), cortical breach of pedicle and encroachment
into the spinal canal (b), rostral endplate fracture (c¢), and periver-
tebral venous embolism of injected iodine contrast agent (d)

significant learning curve for this technique and problems
with visualizing the needle under frontal fluoroscopy. To
further improve this feasibility, the use of assisted CT
guidance to perform TPA could be a good option, although
this still needs to be properly evaluated [30].
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Fig. 6 Osseous fragments carried by transpedicular approach (TPA).
Van Kossa’s histological staining of sheep intervertebral discs after
TPA (a, ¢) showing failure of the procedure with a targeting of the

Despite biopsies, the high swelling pressure in healthy
IVDs during injections tends to lead to backflow of injected
contrast agent through the transpedicular canal and verte-
bra. The leakage of intradiscal injected products, particu-
larly when injecting a cell therapy product, could be a
major issue, as it has been shown that theses leaks may lead
to osteophyte formation [13]. On one hand, with the aim of
circumventing this difficulty, performance of a complete
nucleotomy prior to injection into the IVD has been pro-
posed [29]. However, this practice is questionable from a
clinical perspective when the ultimate goal is to regenerate
the NP. On the other hand, one can assume that a degen-
erated and dehydrated IVD may exhibit lower swelling
pressure, as compared to a healthy one [31]. We are hence
inclined to hypothesize that in degenerated IVD, the
injection would be easier and probably feasible without a
total nucleotomy. However, in the absence of experimental
results obtained with an aged animal model of degenerated
IVD, it remains difficult to fully rule out the possibility that
a decompressive partial nucleotomy is required.

annulus fibrosus and the presence of calcium deposits indicated by
red arrows as compared with a control (b, d)

In addition to the difficulties related to the injection
(leakage and swelling pressure), effects of TPA on bone
also have to be taken into consideration. In our study, we
found osseous fragments that were carried into the IVD by
the TPA in half of the cases. These bone fragments could
induce calcification of the IVD, thereby increasing the risk
of vertebral fusion. An in vivo longitudinal follow-up study
of TPA in an ovine model has, however, not confirmed this
hypothesis [30]. Nevertheless, the nucleotomies that were
performed in Vadala’s study [30] could have limited the
bone lesions and thus led to underestimation of the risk of
induced spine fusion. In addition to the intradiscal migra-
tion of bone fragments, we have also observed several
cases of endplate fractures after TPA. These could result in
spondyloarthritis, as described previously [30].

To date, not a single study has investigated or explored
the risk of vertebral fractures associated with TPA-induced
bone lesions. Indeed, TPA could induce severe lesions,
especially in osteoporotic patients whose vertebral bones
are fragile structures. To address this clinical issue, further
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Fig. 7 Consequences on
osseous and endplate tissues of
transpedicular approach.
Scanning electron microscopy
analysis (a) and histological
study with safranin O (b) and
Movat’s pentachrome

(¢) stainings of transpedicular
approach showing significant
damages to the vertebra and to
its rostral endplate. Red arrows
indicate osseous fragments
carried by TPA within the IVD

3 mm

3mm

investigations need to be considered in appropriate ovine
models of osteoporosis, such as the ovariectomized ewes
[32].

In our study, encroachment into the spinal canal was
also noted. These results, and the cerebrospinal fluid leaks
observed after TPA in a previous study [30], indicate that
this procedure may risk neurological impairment. These
data hence highlight the need to use assisted CT guidance
to accurately target the NP through the pedicle without
encroachment into the spinal canal.

Another limitation of TPA is the anatomical proximity
between the vertebral endplate and the vascular system.
This could result in a risk of perivertebral venous embolism
of the injected products. Although such a side effect has
not yet been carefully described with TPA for treatment of
IVDs by regenerative medicine, it is, however, a well-

@ Springer

documented effect in the literature. Thus, the risk of a
pulmonary cement embolism has been reported to range
from 3.5 to 23% after percutaneous vertebroplasty via TPA
[33]. In terms of intradiscal injection of MSC, their
migration into the bloodstream could be a significant
occurrence via this route. This hypothetical risk of migra-
tion could induce various complications (tumor formation,
immune reactions, and undesirable bone formation). These
risks have already been documented for the use of MSC
with other medical conditions. There is hence a degree of
skepticism regarding the safety of their use in humans, and
in particular in a high-pressure region, such as the IVD,
where leakage of the implant may occur [9]. Whilst MSC
have seen a degree of success in clinical trials of bone and
cartilage repair, and they have so far been considered to be
safe and their tumorigenic and immunogenic potential
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nonetheless need to be kept in mind [34, 35]. Unwanted
ossification is also a potential negative consequence that
has been described after intradiscal injection of MSC, with
the formation of osteophytes within the damaged area in
rabbit IVD in particular [13]. We have shown that TPA
induced a significant damage to the bone structure of the
vertebra and to the rostral endplate. Although, a
transpedicular tunnel does not appear to affect the biome-
chanical properties of the IVD [36], its adverse effects on
endplates should not be taken lightly. Vertebral endplates
are considered to be essential supportive and nutritive
structures for IVDs, particularly as they are a vascularized
tissue. It has been shown that endplate violation is
responsible for an impairment in IVD nutrition that could
contribute to acceleration of the degenerative cascade [37].
Consistent with the nutritive role of endplates, their alter-
ation has already been successfully used as an experi-
mentally induced model of IVD degeneration [22].

Viewed together, our data strongly suggest that TPA
involves many risks and effects on bone that raise doubts
regarding its suitability as a clinically relevant injection
route for the treatment of IVD by regenerative medicine.
Nevertheless, we wish to avoid over interpreting our
results. Indeed, unlike Vadala et al. [30], in our study, we
did not conduct longitudinal follow-ups. This study by
Vadala et al. has shown promising long-term results with
TPA in an ovine model, reporting very low perio- and post-
operative complications [30]. This difference with the
results from our study may be attributed to endplate repair.
Indeed, Vadala et al. repaired the endplates by sealing the
edge of the tunnel using a press-fit porous polyurethane
cylinder [30]. This technique could have contributed to
being able to avoid leakage of the injected biomaterials
through the transpedicular tunnel and the associated risks
of perivertebral venous embolism while limiting the
degenerative cascade induced by endplate damage. Finally,
as mentioned above, our operating conditions may be
improved so as to increase the accuracy of the TPA, and to
overcome the effects of the high swelling pressure in
healthy ovine IVDs.

Additional data regarding TPA as an appropriate
injection route for the treatment of IVD by regenerative
medicine should be obtained. Notably, longitudinal
studies with long-term follow-up should be performed so
as to confirm our results and those reported in the lit-
erature. The effects on bone that we observed after TPA
should be carefully investigated in such future studies.
Data are still lacking in regard to the effects of TPA on
the vertebra and the rostral endplate, which appear to be
particularly prone to damage with this route. As end-
plates are an essential nutritive support for IVD, the
potential of damaging them could pose a significant
obstacle to the development of TPA [37] due to the

induced risk of spondylarthrosis [30] and degeneration of
the IVD.

While awaiting the findings from further investiga-
tions, for the time being the lateral surgical approach of
the NP through the AF appears to be a less invasive route
in terms of effects on the vertebrae and the rostral end-
plate. Furthermore, there is a degree of controversy in the
literature regarding the necessity to preserve the AF for
regenerative strategies. Indeed, a recent study [38] has
shown that the risk of induced DDD after injections
through the AF is not constant, as it depends on the ratio
between the gauge of the needle and the height of the
IVD.

Conclusion

TPA provides a suitable alternative to the conventional
dorso-lateral approach through the AF. Nevertheless, TPA
can cause significant damage to the endplates and it may
lead to neurological impairment. Furthermore, leakages of
injected products into the systemic circulation were
observed in our study. These effects require that the con-
ditions of injection after the TPA are improved. An in vivo
study with a longitudinal follow-up is also needed before
proceeding any further with the use of TPA for IVD
regenerative strategies.
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