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Abstract

Background: The current standard of care for intervertebral disc (IVD) herniation, surgi-

cal discectomy, does not repair annulus fibrosus (AF) defects, which is partly due to the

lack of effective methods to do so and is why new repair strategies are widely investi-

gated and tested preclinically. There is a need to develop a standardized IVD injury

model in large animals to enable comparison and interpretation across preclinical study

results. The purpose of this study was to compare in vivo IVD injury models in sheep to

determine which annulus fibrosus (AF) defect type combined with partial nucleus

pulposus (NP) removal would better mimic degenerative human spinal pathologies.

Methods: Six skeletally mature sheep were randomly assigned to one of the two

observation periods (1 and 3 months) and underwent creation of 3 different AF

defect types (slit, cruciate, and box-cut AF defects) in conjunction with 0.1 g NP

removal in three lumbar levels using a lateral retroperitoneal surgical approach. The

spine was monitored by clinical CT scans pre- and postoperatively, at 2 weeks and

euthanasia, and by magnetic resonance imaging (MRI) and histology after euthanasia

to determine the severity of degeneration (disc height loss, Pfirrmann grading, semi-

quantitative histopathology grading).

Results: All AF defects led to significant degenerative changes detectable on CT and

MR images, produced bulging of disc tissue without disc herniation and led to degenera-

tive and inflammatory histopathological changes. However, AF defects were not equal in

terms of disc height loss at 3 months postoperatively; the cruciate and box-cut AF

defects showed significantly decreased disc height compared to their preoperative

height, with the box-cut defect creating the greatest disc height loss, while the slit AF

defect showed restoration of normal preoperative disc height.

Conclusions: The tested IVD injury models do not all generate comparable disc

degeneration but can be considered suitable IVD injury models to investigate new

treatments. Results of the current study clearly indicate that slit AF defect should be
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avoided if disc height is used as one of the main outcomes; additional confirmatory

studies may be warranted to generalize this finding.

K E YWORD S

annulus fibrosus defect, discectomy, intervertebral disc degeneration, intervertebral disc
injury, preclinical model, sheep

1 | INTRODUCTION

Back pain is the most common musculoskeletal complaint, with a

prevalence of up to 30% in the general population.1 Unfortunately,

this pain becomes chronic in 7%–10% of patients.2 Intervertebral disc

(IVD) degeneration is commonly accepted as one of the main causes

of low back pain.3 The pain resulting from alteration in IVD structure

can partially be explained by the loss of its load-bearing function dur-

ing bending and twisting movements.4 Many alterations to the IVD

occur during disc degeneration, with disc herniation (prolapse) being

the most common source of pain and disability.3,5 The herniation of

the nucleus pulposus (NP) becomes possible with the accumulation of

micro-fissures and tearing in the annulus fibrosus (AF) secondary to

disorganization of its lamellar collagen fiber network.4,6 Degeneration

of the IVD and its treatment are intensely researched to improve the

substantial morbidity and disability associated with the condition.

Some studies suggest discectomy procedures without additional treat-

ments as the standard of care for herniation with improved outcomes

compared to nonoperative treatment.7,8 Nevertheless, a complication

occurs in up to 25% of patients, and reherniation and recurrent back

pain at the same level are frequently encountered postoperatively.9,10

To improve surgical outcomes after discectomy procedures, new

strategies based on biomaterial and tissue engineering are under

investigation.

The efficacy investigation of new repair strategies targeting the

AF and/or NP after the discectomy procedure often requires preclini-

cal testing prior to clinical application. For this purpose, many

different in vivo models have been described in small and large

animals.11–24 The choice of animal models will influence the type and

severity of IVD injury required to induce degeneration. Indeed, animal

species particularities such as disc height, notochordal cells, and NP

fibrosity influence the IVD response to injury and subsequent

degeneration.25–27 Sheep models are suitable for translation to human

spinal pathology because of their similarities, including comparable

vertebral body and endplate morphology, similar loads experienced by

the spine, and resemblances in their IVD cellular content

(Figure 1).28–31 Sheep lumbar spine has been extensively used to eval-

uate the effect of adjuvant treatment of discectomy as it is considered

to approximate the state of human IVD after discectomy.32,33 Previ-

ous works on sheep described a multitude of IVD injury models (annu-

lotomy and removal of NP) of various degrees of severity from a

simple cut in the AF14,34–36 to a drill-bit injury in all IVD structures.33

The degree and consistency of IVD degeneration are not necessarily

comparable between those described models. Osti et al.14 were the

first to describe a successful model of IVD injury leading to degenera-

tion in sheep by partial-thickness incision of the AF. However, this

model showed pathological changes across a 12- to 18- month period,

which limits its possible use in preclinical research. Melrose et al.16

described an optimized annular lesion of the anterolateral AF (20-mm

wide and 6-mm deep) capable of reproducing disc height loss

3 months postoperatively. This model represented a good tool for

investigating potential therapeutic interventions but failed to induce

disc herniation. In general, aggressive AF defect creation (annulotomy)

and NP removal are believed to produce more consistent IVD

F IGURE 1 Sheep lumbar spine across multiple imaging modalities. Normal macroscopic intervertebral sheep disc anatomy in superior cross-
sectional view (left). Magnetic resonance imaging (MRI) in T1 sequence, coronal view, showing the intervertebral disc (IVD) between the
2 adjacent end plates (top right). Histological Safranin O-stained image, dorsal view, showing the normal transition between the IVD tissues
(bottom right)
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degeneration in vivo.26,32,33 However, there is no consensus on the

most suitable and reliable large animal IVD injury model to investigate

new treatment strategies following discectomy procedures and capa-

ble to mimic degenerative human spinal pathologies and disc

herniation.16,31

There remains a growing need to characterize a standardized and

robustly evaluated AF defect model in sheep since the variability

within preclinical IVD injury models decreases the ability to compare

the results between studies and could lead to misinterpretation of

preclinical study results. To address these important shortcomings,

this study compared sheep in vivo IVD injury models to determine the

AF defect type (slit, cruciate, box-cut AF defect) combined with partial

NP removal that would mimic degenerative human spinal pathologies

and would induce the greatest amount of disc material herniation and

short-term disc height loss. The hypothesis was that AF defect using a

box-cut technique (annulectomy) would lead to a greater amount of

disc herniation, increased disc height loss, and accelerated degenera-

tive changes compared to slit and cruciate AF defects.

2 | MATERIAL AND METHODS

2.1 | Study design and preclinical model overview

Six skeletally mature female Swiss White Alpine sheep were enrolled

in the study and randomly assigned to one of the two observation

periods: 1 and 3 months (n = 3 sheep per period). Each sheep under-

went the creation of 3 different AF defect types (slit, cruciate, box-cut

AF defects) and standardized 0.1 g NP removal in three lumbar levels

(L1-L2, L2-L3, L3-L4; type of AF defect with 0.1 g NP removal per

F IGURE 2 Study design of in vivo sheep lumbar spine model. Schematics and intraoperative images depicting the annulus fibrosus
(AF) defects created in conjunction with nucleus pulposus removal. Intraoperative images are oriented with the cranial side of the sheep to the
left, caudal to the right, ventral on the bottom, and dorsal on the top. The lumbar spine was visualized through a lateral retroperitoneal surgical
approach and the intervertebral discs) were exposed (A), and those receiving the discectomy injury were subjected to a 16 mm AF annulotomy
(B), two 8 mm AF annulotomies in a cruciate pattern (C), or a 5 mm by 3 mm box-cut annulectomy (D)
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IVD) using a lateral retroperitoneal surgical approach. AF defect types

were alternated systematically by level (L1-L4) between the sheep.

Lumbar level L4-L5 was left intact and served as intact control IVD.

Each AF defect type and intact L4-L5 IVD represented an experimen-

tal group, and therefore each animal included all groups (Figure 2).

During the postoperative period, animal welfare and body weight

were monitored, the lumbar spine was monitored by clinical computer

tomography (CT) immediately after the surgery, at 2 weeks postopera-

tively, and at euthanasia (at 1 or 3 months according to the observa-

tion period). Postmortem analyses included magnetic resonance

imaging (MRI) and histology. The main outcomes were the severity of

degenerative changes observed by medical imaging (disc height loss,

Pfirrmann grading) as well as qualitative and semiquantitative histo-

pathologic examination.

2.2 | Animals

The study adhered to the ARRIVE reporting standard for research (see

Data S1; ARRIVE guidelines). The study was compliant with the Direc-

tive 2010/63/EU, approved by relevant Swiss authorities (Cantonal

authorities in Graubünden, Switzerland: Permission # 19/2019), and

performed in a facility accredited by the Association for Assessment

and Accreditation of Laboratory Animal Care International (AAALAC).

Six skeletally mature female Swiss Alpine sheep (age range 2–5 years,

weight range 64.5–78 kg) were enrolled in the study and randomly

assigned to the 1 month or 3 months observation period (n = 3 sheep

per period). Prior to the start of the study, the sheep were kept in

groups under a 12 h dark/light cycle and fed with hay and mineral

supplements. They were acclimatized for at least 2 weeks to adapt to

the local conditions and the animal caretakers. Preoperatively, the

sheep were required to be in good health based on a complete physi-

cal assessment performed by a veterinarian and a complete blood cell

count and free of signs of degenerative lumbar disease based on pre-

operative lumbar spine radiographs. Postoperatively, the sheep were

housed in groups of three under the same conditions as listed above.

Animal welfare assessment was performed by clinical physical exami-

nation using a score sheet twice daily for the first 3 days postopera-

tively followed by daily evaluation for 4 additional days, and then

once weekly in conjunction with complete physical examinations per-

formed regularly by an experienced veterinarian. The sheep's weight

was also monitored weekly.

2.3 | Surgical intervention

Prior to general anesthesia, the sheep were maintained off-feed for

48 h. The sheep were sedated with Detomidine (0.04 mg/kg intra-

muscular [IM]) before general anesthesia induction using an intrave-

nous mixture of midazolam (0.2 mg/kg intravenous [IV]) and ketamine

(4 mg/ kg IV). Afterward, the sheep were endotracheally intubated

and maintained under general anesthesia using sevoflurane volatile

liquid anesthetic (2%–4% V/V in 0.5 L/min oxygen and air). Analgesia

was provided preoperatively by nonsteroidal anti-inflammatory drug

(Carprofen, 1.4 mg/kg IV) and lumbosacral epidural analgesia with

buprenorphine (0.005 mg/kg added to 0.9% saline for a total 10 mL

volume). Postoperative analgesia consisted of repeated nonsteroidal

anti-inflammatory treatments for 5 additional days (carprofen, 4 mg/kg

subcutaneous every 48 h), buprenorphine (0.05 mg/kg IM at the end of

the surgical procedure, and every 6–8 h for 12–18 h) and transdermal

fentanyl (2 μg/kg/h transdermal patch for 72 h, applied at the time of

surgery). Antibiotic prophylaxis regimen included perioperative sodium-

ceftiofur (2.2 mg/kg IV preoperatively and repeated every 90 min)

followed by long-acting ceftiofur administered at the end of surgery

(6.6 mg/kg IM).

For the surgical procedure, the sheep were placed in right lat-

eral recumbency with the body slightly tilted ventrally and sand-

bags placed under the right side of the spine to assure straight

alignment of the dorsal lumbar vertebral processes. After surgical

aseptic skin preparation, the lumbar levels were exposed through a

lateral retroperitoneal surgical approach. A longitudinal skin inci-

sion was made along a line from the dorsal spinous process of T12

to the ventral aspect of the L4 and continued through the subcuta-

neous fat, lumbar fascia, and the second layer of fat overlying the

longissimus dorsi and iliocostalis muscles. After identification of L1

transverse process (located medial to the dorsal curvature of the

thirteenth rib) using manual palpation and fluoroscopic guidance, a

1.25-mm Steinmann Pin was inserted into the lateral cortex of L2

vertebral body and used as a marker for intraoperative fluoroscopic

guidance and postoperative medical imaging examinations. The

lateroventral aspect of the lumbar IVD was exposed after separa-

tion and retraction of the musculature attaching to the dorsal

aspect of each transverse process and ventral retraction of the

psoas muscle using a SynFrame self-holding retractor (SynFrame

RL, DePuy Synthes). Once the relevant IVD was identified and posi-

tion confirmed by fluoroscopy, the loose fascia covering the ven-

trolateral AF was elevated and reflected cranially, preserving the

blood vessels and nerves in the immediate area.

An AF defect (slit, cruciate, or box-cut, see below) was created

prior to NP removal in the ventrolateral AF, not extending above the

transverse process-vertebral body junction to avoid invasion of the

spinal canal and damage to the spinal cord. Each AF defect was cre-

ated in the predetermined lumbar level that was systematically

rotated between the sheep. During AF defect creation, the depth of

the scalpel stab was controlled at exactly 8 mm by using the end of

the scalpel blade attachment to the scalpel blade holder as a stopper,

resulting in uniform 8 mm depth and 0.4 mm thickness full-thickness

annulotomy. The slit AF defect (full-thickness annulotomy) was cre-

ated by a longitudinal cut in the lateral AF using a scalpel blade

No. 11 and extended ventrally for a total length of 16-mm and 8-mm

depth (Figure 2B). The cruciate AF defect (full-thickness annulotomy)

was created by two cuts at 45� from the longitudinal IVD axis in the

ventrolateral AF using a scalpel blade a No. 11 to span 8-mm width

and 8-mm depth (Figure 2C). The box-cut AF defect (full-thickness

annulectomy) resulted from the creation of 4 cuts of 8-mm depth to

form a 5-mm length and 3-mm wide rectangular window in the
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ventrolateral AF using a scalpel blade No. 11. The excised portion of

the AF was removed prior to NP removal (Figure 2D).

After the creation of each AF defect, the nucleus was fenestrated,

and 0.1 g of NP material was removed using Beck rongeurs (2-mm

wide, 5-mm length). To ensure uniform partial discectomy, the NP

was removed progressively and weighted with a high precision scale

(+/� 0.001 g) until 0.1 g of NP was retrieved. Afterward, the NP

was kept for histological analysis to determine if the vertebral

endplates sustained iatrogenic trauma during the surgical procedure

(see Histological Analysis). The AF defects were not sutured.

The surgical incision was closed with multiple continuous sutures

using USP 0 polyglactin 910 through the lumbar fascial layer to recon-

struct the muscle layers. The subcutaneous tissue was closed with a

simple continuous suture using USP 2–0 poliglecaprone 25 and the

skin with an intradermal suture using USP 3–0 poliglecaprone 25. An

abdominal bandage was applied to cover the wound for the first week

postoperatively with regular bandage changes.

2.4 | In vivo clinical CT

In vivo CT scans (Revolution EVO, GE Medical Systems, Switzerland)

of the lumbar spine (L1 to L5) were acquired for all sheep pre- and

post-IVD injury creation surgery, at 2 weeks postoperatively and at

euthanasia (at 1 or 3 months according to the observation period) to

determine disc height loss and degenerative changes over time. The

scans were performed under general anesthesia with a standardized

sheep position in dorsal recumbency with the hind limbs extended.

The CT images were obtained with a slice thickness and spacing of

0.625 and 0.312 mm, respectively, using a tube voltage of 120kVp

and tube current of 300 mA. The surgically placed Steinmann Pin

through the lateral cortex of L2 served as an anatomical landmark to

confirm the location of the studied IVD. CT images were evaluated by

a blinded experienced board-certified veterinary surgeon (CC) for

degenerative changes and a blinded observer (DG) for disc height cal-

culation. Degenerative changes were assessed for each IVD based on

the appearance of vertebral bones with particular attention to rough-

ening of bone edges, presence, and severity of osteophytes or new

bone formation bridging the IVD space. Disc height was measured

using Amira software (Amira 6.5, FEI SAS a part of Thermo Fisher Sci-

entific). To obtain the total disc height without the influence of varia-

tion in vertebral posture from sheep positioning, the lumbar vertebrae

from the preoperative CT were semiautomatically segmented, sepa-

rated, and the surface triangulated. From the obtained surfaces, the

adjacent cranial and caudal IVD extremities (corresponding to the cra-

nial and caudal vertebral endplates) were manually cut out. The dis-

tance between the resulting disc extremities (consisting of a surface

mapped with approximately 4000 to 5000 points, depending on their

sizes) was used to determine total disc height as follows. The distance

from each point obtained at the cranial IVD extremity to the nearest

point at the caudal IVD extremity was measured, and the arithmetic

mean over all distances (corresponding to the height of the IVD at

every single point) was calculated. The separated lumbar vertebrae

and corresponding surfaces of IVD extremities obtained during the

preoperative CT were rigidly registered and applied to their respective

IVD extremities to determine the total disc height measurements

postoperatively. The postoperative total disc height was then

expressed in disc height variation as a percentage of respective preop-

erative disc height for each time point. Therefore, a disc height of less

than 100% postoperatively would represent a disc height loss when

compared to preoperative values.

2.5 | Euthanasia and sample harvest

The sheep were euthanized 1 month (n = 3 sheep) or 3 months (n = 3

sheep) after surgery according to their respective observation period

by an overdose of pentobarbital (7.5 g IV), and the lumbar spine

harvested. MRI images were acquired immediately after harvesting

(see Ex vivo MRI). Subsequently, the individual IVD and adjacent ver-

tebral endplates were bisected transversely using a butcher saw and

fixed in 70% ethanol before further processing (see Histopathological

analysis).

2.6 | Ex vivo MRI

MR images were acquired directly after lumbar spine harvesting with

a 1.5 MRI scanner (Philips Medical Systems, Intera) using a sense-

body imaging coil. The sequencing protocol used for IVD examination

consisted of unenhanced axial, coronal, and sagittal T1- and

T2-weighted sequences along with short tau inversion recovery

(STIR). All MR images were reviewed by a blinded experienced board-

certified veterinary radiologist (ENC) for comprehensive evaluation of

lumbar disc degeneration according to predefined criteria (Table 1)

with particular attention to presence or absence of annular fissure,

end plate changes in signal intensity or morphology, in addition to

presence and severity of changes in IVD height, IVD bulging, and IVD

herniation.

Afterward, Pfirrmann disc degeneration grading scheme using

axial and sagittal T2-weighted MR-images according to previously

published work38 (Figure 3) was performed by the same experi-

enced observer (ENC) as well as 3 spine surgeons of different levels

of experience who were trained before evaluating MR-images for

this study: the observers were asked to strictly follow the

Pfirrmann grading system provided as a handout along with a set of

sample MRIs available to the observers during the image review.

The observers were blinded to the sheep information, IVD status

and observation period, and graded each of the 24 lumbar IVD

(3 injured IVD and 1 intact control IVD per sheep; n = 6 sheep)

independently and in random order. All IVD were analyzed twice by

each observer on a separate occasion. To obtain a reference-grade

for each IVD for further analysis, the mode Pfirrmann grade was

used after all the data was collected.
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2.7 | Histopathological analysis

Harvested lumbar segments were fixed in 70% ethanol, dehydrated,

and embedded in methylmethacrylate. Afterward, dorsal sections

(approximatively 300 μm wide) from the injured and control IVD were

stained with Safranin-O/Fast Green for semiquantitative assessment

of the degree of disc degeneration. The stained sections were graded

by one blinded certified veterinary pathologist (DN) using a five-

category grading scheme (grade 0–4) across six evaluated categories

adapted from Shu et al. (Table 2).39 The total histological score was

calculated by summing grades across all categories: proteoglycan

depletion, IVD structure and lesion morphology, cellular morphology,

blood vessel ingrowth, cellular influx into the lesion, and cleft forma-

tion. In addition, the samples were visualized by illumination with

polarized light to qualitatively further investigate collagen fibril orien-

tation. The NP specimens removed and collected during the surgery

after AF defect creation, and nucleus fenestration were stained with

von Kossa staining to determine the amount of mineralization pres-

ented and interpreted as bone tissue deriving from surgical iatrogenic

vertebral endplate trauma.

2.8 | Statistical analysis

Statistical analysis among the parameters of interest was performed

with Prism version 8 for Windows (GraphPad Software, La Jolla, Cali-

fornia). Descriptive data (mean ± SD, incidence or median and range)

were provided. Differences in the percentage of disc height variation

(in vivo CT), Pfirrmann grade (ex vivo MRI, grades obtained after consen-

sus), and histological grading (for each parameter and total score) were

assessed with nonparametric Friedman two-way analysis of variance for

paired samples for IVD status (AF defect types: slit, cruciate, box-cut;

intact control) with fixed effect of the sheep and respective observation

periods. For all analyses, statistical significance was set at p < 0.05.

The reliability of the MRI Pfirrmann grading scheme was estimated

using agreement percentage and kappa statistics within observers

(intraobserver reliability) and between observers (interobserver reliabil-

ity).40 According to Landis and Koch,41 the agreement was rated as fol-

lows: kappa 0–0.2 indicated slight agreement, 0.21–0.4 fair agreement,

0.41–0.60 moderate agreement, 0.61–0.8 substantial agreement, and

0.81 upward excellent agreement. With this rating, an absolute agree-

ment would be 1. The 2 observers with less experience were removed

from the interobserver reliability evaluation since they showed consider-

ably poorer intraobserver reliability (Kappa of 0.072 and 0.385).

3 | RESULTS

3.1 | Animals and surgical intervention

The surgical intervention was successful in all sheep. Based on the his-

topathological analysis of the removed NP tissue, 60% of IVD

(n = 11/18; similar distribution between the AF defect types) experi-

enced some degree of iatrogenic endplate trauma judged minimal in

TABLE 1 Parameters for magnetic resonance (MR) images evaluation

Parameters Definition Qualifications

IVD height Qualitative assessment of the IVD height in comparison to control IVD (L4-L5) Normal

Decreased

Collapsed

Annular fissure Loss of the morphology of the AF characterized by separation between the annular fibers on T2 images

representing fluid or granulation tissue.

Absent

Present

End plate changes Signs of degenerative or inflammatory changes involving the vertebral endplates characterized by change

in signal intensity and/or morphology.

Classified based on the location of the changes in regard to the endplates of the IVD being evaluated.

Absent

Upper

Lower

Both

IVD bulging Presence of disc tissue extending beyond the edges of the ring apophyses, throughout the circumference

of the disc (not considered a form of herniation).

When present, the bulging can be further classified as diffuse, if all the disc tissues are involved, or

asymmetric when the disc tissue greater bulging is ≤50% of the disc circumference.

Absent

Diffuse

Asymmetric

IVD herniation Defined as a focal displacement of disc material (≤ 25% of the disc circumference) beyond the limits of the

intervertebral disc space.

When present, the herniated disc can be further classified as contained, if the displaced portion is covered

by outer annulus fibers and/or the posterior longitudinal ligament; or uncontained when there is no such

covering.

Absent

Contained

Uncontained

IVD protrusion With IVD herniation, Presence of herniation of nucleus material through the original defect or through

another location in the annulus resulting in a focal “out-pouching” of the disc contour beyond the

normal outer limits of the disc37

Absent

Present

IVD extrusion With IVD herniation, Presence of herniation of disc material through the original defect or through another

location in the annulus such that disc material breaks through the confines of the annulus fibrosus37
Absent

Present

Note: Parameters used for comprehensive MR-images evaluation of control and injured IVD.
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all cases according to the histological analysis. Misalignment of the

Steinmann Pin during its insertion into the lateral cortex of L2 led to

contact with the spinal canal in one sheep from the 1-month observa-

tion group. This sheep was recovered from general anesthesia in a

sling suspension system. The sheep was kept in the sling for 3 days

postoperatively and hand an uneventful convalescence. No other

complications were reported. No clinical signs of back pain were

observed during the entire duration of the study based on clinical

physical examination and welfare scoring results, and all sheep gained

weight postoperatively.

3.2 | In vivo clinical CT

No to minimal degenerative changes with no to minimal new bone

formation were observed at the lumbar spine for all sheep

independently of the study group and AF defect (Figure 4A). The con-

trol IVD had a mean postoperative height variation of 102% ± 3%.

The injured IVD had a mean postoperative disc height variation of

91% ± 5%, 89% ± 5%, and 89% ± 5% for the slit, cruciate, and box-cut

AF defect, respectively. The postoperative disc height variation of

injured IVD was significantly decreased (disc height loss) compared to

control IVD immediately after the surgery and at 2 and 4 weeks post-

operatively (p = 0.0011, 0.0086, 0.0056 postoperatively; p = 0.0011,

0.0007, <0.0001 at 2 weeks; p = 0.0011, 0.0011, <0.0001 at 4 weeks,

for the slit, cruciate, and box-cut AF defect, respectively; Figure 4B).

Twelve weeks postoperatively, the height variation of injured IVD

was significantly decreased (disc height loss) compared to control IVD

only for the cruciate and box-cut AF defect (p = 0.00419, 0.0295, for

cruciate and box-cut AF defect, respectively). Furthermore, the only

significant difference between the AF defect types was detected

between the cruciate and box-cut defect (p = 0.0304) at 12 weeks

F IGURE 3 Pfirrmann grading system used to assess lumbar intervertebral disc (IVD) degeneration in a sheep annulus fibrosus (AF) defect and
partial nucleus pulposus (NP) removal model. Grading using T2-weighted midsagittal MR images from a sheep model of injured lumbar
intervertebral discs using 3 different annulus fibrosus status (control; slit, cruciate, box-cut AF defect) followed by a 0.1 g nucleus pulposus
removal, performed according to the described grading used for human intervertebral discs from Pfirrmann et al.38 (A) Grade I: The structure of
the disc is homogeneous, with a bright hyperintense white signal intensity and a normal disc height. (B) Grade II: The structure of the disc is
inhomogeneous, with a hyperintense white signal. The distinction between nucleus and annulus is clear, and the disc height is normal, with or
without horizontal gray bands. (C) Grade III: The structure of the disc is inhomogeneous, with an intermediate gray signal intensity. The distinction
between nucleus and annulus is unclear, and the disc height is normal or slightly decreased. (D) Grade IV: The structure of the disc is
inhomogeneous, with an hypointense dark gray signal intensity. The distinction between nucleus and annulus is lost, and the disc height is normal
or moderately decreased
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TABLE 2 Histopathological evaluation

Grade Definition

Proteoglycan depletion based on Safranin O-Fast Green-staining

0 Fast green staining only of outer AF, intermediate Safranin O staining of inner AF, intense Safranin O staining in NP, well defined

cartilaginous endplate staining. Alternate AF lamellae discernable due to differing Fast Green staining intensities of adjacent lamellae

1 Fast green staining only of outer AF, intermediate Safranin O staining of inner AF, intense Safranin O staining in NP, well defined

cartilaginous endplate staining. Alternate AF lamellae discernable due to differing Fast Green staining intensities of adjacent lamellae

2 Moderately reduced Safranin O staining of mid and inner AF in vicinity of lesion, fast green staining of outer AF only, normal Safranin O

staining of NP and cartilaginous endplate

3 Reduced patchy Safranin O staining around lesion, fast green staining in outer AF

4 Reduced Safranin O staining in NP compared to control IVD, very faint or no Safranin O staining in mid and outer AF, fast green staining

only in outer AF

IVD structure and lesion morphology

0 Normal IVD structure with well-defined annular lamellae, central NP and cartilaginous endplate

1 Lesion evident in mid AF, normal NP morphology

2 Lesion evident in mid and inner AF, but may not be apparent in outer AF due to spontaneous repair, inner AF lamellae may be inverted and

have anomalous distortions in normal lamellar architecture

3 Bifurcation/propagation of lesion from mid to inner AF into NP margins, mild delamination, when more extensive may lead to concentric

tears between lamellae in mid and inner AF

4 Propagation of lesion into NP, with disruption in normal NP structure, distortion of annular lamellae into atypical arrangements-severe

delamination, separation of translamellar cross bridges

Cellular morphology

0 Normal, sparse distribution of typical single AF and NP fibrochondrocytes

1 Small groups of rounded chondrocytic cells (2–4 cells/group) in vicinity of annular lesion in inner AF, occasional cell division in resident inner

AF and NP cells

2 Moderate increase in well-defined groups of rounded chondrocytic cells (4–8 cells/group) in vicinity of lesion and with penetrating blood

vessels associated with the lesion site, well defined chondroid cell colonies in NP contained within a dense basophilic matrix with little

fibrillar material evident around the cells contrasting with NP cells

3 Marked increase in less defined groups of rounded chondrocytic cells (>8 cells/group) in vicinity of lesion and with penetrating blood vessels

associated with the lesion site, well defined chondroid cell colonies in NP (<50 cells/colony) contained within a dense basophilic matrix

with little fibrillar material evident around the cells contrasting with NP cells

4 Numerous cell clones around inner and mid AF lesion, chondroid cell nests in NP containing >50 cells

Blood vessel ingrowth

0 Very occasional vessels in outermost annular lamellae, occasional capillaries in cartilaginous endplate

1 Slight influx of cells mainly in outer AF

2 Moderate influx of cells throughout AF

3 Large influx of cells throughout AF

4 Extensive influx of cells throughout AF particularly in inner AF and around lesion

Cellular influx into lesion

0 Normal cell distribution in mid, inner and outer AF, and NP

1 Slight influx of cells mainly in outer AF

2 Moderate influx of cells throughout AF

3 Large influx of cells throughout AF

4 Extensive influx of cells throughout AF particularly in inner AF and around lesion

Cleft formation in vicinity to lesion

0 No clefts in AF

1 Small cleft area in AF

2 Moderate cleft area in AF

3 Large cleft area in AF

4 Vast cleft area in AF and also in NP

Note: Histopathological features for histopathological semiquantitative grading for the evaluation of IVD degeneration performed on sections of control

and injured IVD. Adapted from Shu et al.39
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postoperatively, with the box-cut defect showing a more pronounced

disc height loss (Figure 4B).

3.3 | Ex vivo MRI

The comprehensive evaluation of lumbar IVD revealed no abnormali-

ties of the control IVD among the evaluated parameters. The injured

IVD showed qualitatively decreased disc height with no signs of herni-

ation, protrusion, or extrusion (Figure 5A). Disc bulging, seen as disc

tissue extending beyond the edges of the ring apophyses throughout

the circumference of the disc, qualified as asymmetric was detected in

83% of injured IVD and appeared equally distributed among the AF

defects (n = 5/6 per AF defect). Diffuse bulging was detected in

1 injured IVD that belonged to the box-cut AF defect. Loss of AF mor-

phology or annular fissure (Figure 6) was visible in 83% of IVD injured

with the cruciate and box-cut AF defects (n = 5/6 per AF defect) and

67% of IVD injured with slit AF defect (n = 4/6). Changes in signal

intensity involving at least one of the vertebral endplates of the evalu-

ated IVD, associated with signs of degenerative or inflammatory

changes, were detected in all injured IVD but 1 from the slit AF

defect.

Even in the absence of injury creation, mild disc degeneration

according to Pfirrmann grading was noted for all control IVD (median

grade 1; Figure 5B). More pronounced degenerative changes were

observed in the injured IVD indicated by the significantly higher

Pfirrmann grade of the injured IVD (median grade of 3 for all AF

defects, range 1–4) compared to control IVD (p = 0.0022, 0.004,

0.0256 for the slit, cruciate, box-cut AF defect respectively;

Figure 5B). No difference was detected between the different types

of AF defects (p = 0.2327, 0.7567, 0.4630).

The intraobserver agreement percentage of the Pfirrmann grading

varied from 42% to 83% among the observers. The experienced board-

certified veterinary radiologist showed the greatest intraobserver reliabil-

ity with the highest agreement percentage (83%) and substantial kappa

agreement (kappa 0.745, 95%IC 0.530–0.961). The most experienced

surgeon showed the second greatest intraobserver reliability with a 71%

agreement percentage and moderate kappa agreement (kappa 0.473,

95%CI 0.204–0.743). The 2 least experienced surgeons (removed from

the interobserver analysis) showed the lowest intraobserver reliability

with low agreement percentages (42 and 62%) and slight to fair kappa

agreement (kappa 0.072, 95%IC -0.235-0.379, and 0.385, 95%IC

0–065-0.705). The interobserver agreement (2 observers) was 75% with

a moderate kappa agreement (kappa 0.546, 95%CI 0.279–0.812).

3.4 | Histological analysis

All injured IVD showed a combination of defects involving the AF and

NP without signs of herniation, along with degenerative and inflam-

matory alterations and limited reparative changes (Figure 7A). Com-

mon changes characterizing the injured IVD were depletion of

proteoglycan content, severe morphological changes in AF and NP,

blood vessel ingrowth, influx of inflammatory cells, and cleft formation

F IGURE 4 Computed tomography (CT) imaging shows IVD height loss in all 3 defect types. (A) CT image and results from a sheep model of
injured lumbar intervertebral discs using 3 different annulus fibrosus (AF) status (control; slit, cruciate, box-cut AF defect) followed by a 0.1 g

nucleus pulposus (NP) removal. Representative coronal CT image of a sheep lumbar spine 3 months after AF defect and partial NP removal
showing no to minimal degenerative changes of injured disc with mild periosteal proliferation (arrow). (B) Histogram demonstrating the variation
in postoperative total disc height expressed in percentage of height variation (%) compared to respective preoperative disc height according to
the AF status (intact control; slit, cruciate, box-cut AF defect injury) at each observation period (postoperative, 2 weeks, 4 weeks, and 12 weeks
postoperatively). Within the same observation period, asterisks indicate a significant difference in height variation of the injured AF (slit, cruciate,
box-cut AF defect) compared to control (p < 0.05). Additionally, double asterisks indicate a significant difference between the AF status at
12 weeks postoperatively. The analysis is based on 6 IVD per AF status (pooling the 3 different IVD levels) for all observation periods except the
12 weeks postoperatively, which was based on 3 IVD per AF status
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(Figure 8). The structural changes of the AF and the NP of injured IVD

were recorded at high severity (median 3 for slit and box-cut AF

defect and 3.5 for cruciate AF defect) and were characterized by dis-

tortions of the AF lamellar structure (Figure 8A,B), concentric tears

between lamellae propagating into NP margins, and delamination and

separation of trans-lamellar cross-bridges in 4 IVD. Blood vessel

ingrowth was observed within the AF and into the NP to a lower

extent (Figure 8E). Changes in cell morphology were observed in both

intact control and injured IVD and were characterized by the forma-

tion of nests of rounded chondrocytic cells with denser matrix and

decreased amount of fibrillar material surrounding them (Figure 8F).

The injured IVD had a statistically significant increase in total histolog-

ical score compared to control IVD (Figure 7B; p = 0.0004, 0.006,

0.0009 for the slit, cruciate, and box-cut AF defect, respectively).

However, no significant difference was detected between the types

of AF defect created (p = 0.1456, 0.2970, 0.9725).

4 | DISCUSSION

The present study characterized a preclinical sheep IVD injury model

capable of mimicking degenerative human spinal pathology. The eval-

uation of 3 frequently used sheep IVD injury models showed that all

surgical techniques combining AF defect creation (slit, cruciate, or

box-cut AF defect) followed by partial NP removal reproducibly pro-

duced short-term disc height loss (up to 1 month postoperatively),

MRI signs of disc degeneration (Pfirrmann grading), and

semiquantitative histopathological assessment of disc degeneration

degree. However, the long-term disc height loss differed between the

AF defect types at 3 months postoperatively, where disc height was

restored to preoperative values in the slit AF defect, and disc height

loss became more pronounced in the box-cut compared to the cruci-

ate AF defect. All surgical techniques were able to produce bulging of

disc tissue beyond the edges of the ring apophyses; however, none

was capable of producing disc herniation.

4.1 | Overview and study period

The complexity of human disc degeneration does not allow any animal

model to perfectly mimic the clinical pathophysiological process. Even

though spontaneous disc degeneration has been described in animal

models using rodents and chondrodystrophic dogs,42 IVD injury is

usually initiated by compromising IVD structural integrity using vari-

ous chemical solutions such as chondroitinase,43 inducing abnormal

mechanical loading to the spine44 or surgically creating mechanical

injury.14 The IVD injury models evaluated in this study are defined as

structural models in which direct physical methods were used to

induce disc degeneration by precisely compromising the AF and NP

structural integrities of the IVD. Such large animal models of disc

degeneration are considered to reproduce many important character-

istics of the pathobiology of disc degeneration in humans.14,16 The

chosen methodology involving full-thickness AF injury is known to

produce nuclear avulsion with relatively rapid IVD degeneration.45 In

F IGURE 5 Magnetic resonance (MR) imaging shows increased degeneration grade for all defect types. MR image and results from a sheep
model of injured lumbar intervertebral discs using 3 different AF status (control; slit, cruciate, box-cut AF defect) followed by a 0.1 g NP removal.
(A) Representative T2-weighted midsagittal MR image from the same sheep lumbar spine as from Figure 4 taken 3 months after annulus fibrosus
(AF) defect and partial nucleus pulposus (NP) removal. (B) Scatter plot demonstrating the Pfirrmann grading according to the AF status (intact
control; slit, cruciate, box-cut AF defect injury) after 1-month (red) and 3-month (black) observation period. The line of each AF status represents
the grand median. Asterisks indicate a significant difference between the AF status (p < 0.05). The analysis is based on 6 IVD per AF status
(pooling the 3 different IVD levels and both observation periods)
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contrast, a partial-thickness injury would likely have produced a

slower degenerative process over several months from the initiation

of progressive failure of the inner annulus to progressive IVD degen-

eration.14 The ability of IVD injury models to produce a short and pre-

dictable time course of disc degeneration has several advantages.

Predictable and fast models increase the models' reliability in the

investigation of potential therapies, allow targeting a specified time

point of treatment, and reduce the cost concerns of regenerative ther-

apy studies. An important consideration in any prospective treatment

study is whether it will be useful and effective during early acute and

later acute stages of IVD degeneration or in more established chronic

stages of the disease.

To address the usefulness of each injury model, two observation

periods were studied to simulate the early (1 month) and late acute

F IGURE 6 Magnetic resonance (MR)
imaging identified AF fissures in all defect
types. Representative MR T2-weighted
transverse (left) and Short-Tau Inversion
Recovery turbo spin echo coronal (right)
MR images changes observed from a
sheep model of injured lumbar
intervertebral discs (IVD) using 3 different
annulus fibrosus (AF) status (control; slit,

cruciate, box-cut AF defect) followed by a
0.1 g nucleus pulposus (NP) removal
taken 3 months after surgery. The images
are illustrating annular fissure
characterized by loss of the morphology
of the AF characterized by separation
between the annular fibers (arrow and
arrowhead) in the injured IVD; scale
bar: 1 cm
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(3 months) stages of the IVD degeneration process. The sheep from

the 3 months observation period showed no clinical difference and

similar increases in Pfirrmann grading and histopathological score in

relation to the sheep from the 1 month observation period, possibly

reflecting the acute onset of IVD degeneration postoperatively with-

out significant evolution of the condition after the first month. There

were no added benefits in a longer induction period of 3 months with

the cruciate and box-cut defects and a loss of significance in postop-

erative disc height variation with the slit AF defect compared to the

preoperative control. Thus, early observation periods, particularly

when using slit AF defect, may be more beneficial.

4.2 | IVD injury model: AF defect and NP removal

The AF defects used in this study are commonly used during routine

discectomy procedures in humans. Box-cut AF excision is the most

common annular entry used during postlumbar discectomy, followed

by slit type and cruciate incisions.46 The severity (width and depth) of

the AF defects evaluated in this study was based on previously publi-

shed models capable of inducing some level of degenerative changes

in sheep.

The first sheep AF lesion model was developed by Osti et al.14

and employed a 5 mm width and 5 mm depth slit AF defect.34–36 This

model provided valuable understandings of temporal extracellular

matrix changes that occur following induction of AF lesions, yet is lim-

ited by the slow development of pathological changes, which occur

across a 12- to 18- month period. The severity of this slit model was

later increased by adding NP removal or modifying the defect dimen-

sions. The addition of NP removal to the slit model can accelerate the

development of pathological changes as early as 6 weeks postopera-

tively, as showed by Reitmaier et al.22 More severe slit AF defect

done by a longer incision (20 mm width) was also shown to accelerate

the development of pathological changes detectable 12 weeks post-

operatively.16–18,47 In order to standardize the NP removal procedure

across the surgical techniques tested to create injured IVD, a slit AF

defect with moderate severity (width 16 mm) combined with NP

removal was chosen for our study.

In the past decades, new sheep IVD injury models were devel-

oped using box-cut AF defects. Even though all models portrayed

degenerative changes, the severity of the described box-cut AF

defects fluctuates greatly.12,13,19–21 The described severities vary

from the removal of a 3.5 mm � 3.5 mm AF box-cut without NP

removal21 to a 3.0 mm � 10 mm AF box-cut with NP removal.13

Because of the large variation between the models, an AF box-cut

defect frequently used in IVD injury models with moderate severity

(5 mm � 3 mm)19–21 was chosen. Similarly to the slit AF defect, this

injury was combined with NP removal, also frequently performed con-

currently with the box-cut AF defect.20,21,48 On the contrary to the

slit and box-cut AF defect, the cruciate AF defect has been less inves-

tigated in sheep IVD injury models.48 Despite its lesser popularity in

sheep, the cruciate AF defect was included in this study because of its

common usage as annular entry during postlumbar discectomy.46

NP removal in sheep IVD injury models is not always necessary

to produce degenerative changes within the operated IVD.11–18 Fol-

lowing AF injury, the damaged outermost AF will undergo active rem-

odeling, while the inner AF remains unhealed leading to matrix

metalloproteinases driven degenerative changes ultimately resulting

in IVD degeneration.49 While this series of events closely resemble

events that occur in humans' IVD degeneration, NP removal was per-

formed in this study in conjunction with all AF defects to better mimic

human spinal pathologies with routine discectomy.46 When per-

formed, the reported quantity of NP removed in sheep IVD injury

models generally vary between 0.1 g13,19 and 0.2 g.20–22 In this study,

the weight of NP removed was standardized to 0.1 g to increase the

chance of postoperative herniation. In fact, radical removal of disc

material is known to decrease the possibility of reherniation after a

discectomy procedure by minimizing the chance that the remaining

NP material might become the source of another disc protrusion.9,50

However, preserving too much NP material could decrease the likeli-

hood of detecting disc height changes.50,51

4.3 | Disc material herniation

None of the defects created in this study successfully produced disc

herniation, defined as a focal displacement of disc material (≤25% of

the disc circumference) beyond the limits of the IVD space. In most

injured IVD, NP material was visible within the AF defect (Figure 6B),

which meant that it was displaced beyond its normal anatomical loca-

tion. However, according to the herniation definitions used in this

study (Table 1) and based on the human MRI reherniation classifica-

tion scheme,52 this finding would not be classified as herniation since

the disc material did not break through the confines of the AF (only

found within) or was found beyond the normal outer limits of the disc.

The lack of disc material herniation is in concordance with most sheep

F IGURE 7 Histopathological grading shows increased IVD degeneration grades in all defect types. Histology results from a sheep model of
injured lumbar intervertebral discs (IVD) using 3 different annulus fibrosus (AF) status (control; slit, cruciate, box-cut AF defect) followed by a

0.1 g nucleus pulposus removal. (A) Control sample showing highly aligned AF lamellae compared to injured samples (intact control; slit, cruciate,
box-cut AF defect injury) showing reduction of staining (region of white asterisk) and discontinuous AF tissue (black arrowhead) (nondecalcified,
resin-embedded, Safranin O-Fast Green-stained material; scale bar: 2 mm; images taken in dorsal plane. Orientation: left is left ventrolateral and
bottom is caudal). (B–H) Scatter plots demonstrating the semiquantified histological findings according to the AF status (intact control; slit,
cruciate, box-cut AF defect injury) after 1-month (red) and 3-month (black) observation period. The line of each AF status represents the grand
median. Asterisks indicate a significant difference between the AF status (p < 0.05). The analysis is based on 6 IVD per AF status (pooling the
3 different IVD levels and both observation periods)
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IVD injury models that did not report nucleus herniation after AF

defect creation.11,15–22,47

In human discectomy patients, unrepaired larger annulus defect

sizes are associated with a higher rate of disc reherniation.50,53

Furthermore, large AF tissue defects are associated with the highest

reoperation with a rate of up to 21% because of reherniation.9 It was

hypothesized that sheep IVD following discectomy would act in a sim-

ilar fashion as human IVD since the sheep is of a roughly similar size

to humans and, despite its quadrupedal posture, is exposed to very

similar mechanical stresses to the human IVD.54 The fibrosity of the

NP could play a role in the different rates of disc herniation between

species. While there are no studies directly comparing the fluidity or

fibrosity of human and sheep NP to the best of the authors' knowl-

edge, needle puncture has been reported to induce NP leakage in

pigs,55,56 rats,24,57 and rabbits58 while mechanical tools are required

to remove NP in sheep.13,19–22 This could suggest that the fibrous NP

of sheep may be less prone to herniation compared to more fluid

NP. Another possible explanation of the different rate of disc hernia-

tion following discectomy procedure between humans and sheep is

the discrepancy in the preoperative status between human patients,

frequently presented with disc herniation prior to the surgical proce-

dure, and laboratory sheep found to be free of degenerative diseases

prior to inclusion in the study. Study cohorts of human patients proba-

bly possessed more risk factors such as age50 and body mass index59

known to increase the risk of postoperative disc herniation compared

to healthy laboratory sheep. The relatively short observation period

(up to 3 months) could also have reduced the chances to detect disc

herniation considering the mean time to the first reoperation of 7.8

± 6.7 months after primary discectomy in human patients.46

The surgical technique used is another possible explanation of

the different rate of disc herniation following discectomy procedure

between humans and sheep60 It was previously observed that human

discectomy patients whose defects were wider than 6 mm had a 27%

rate of documented reherniation compared to 5% in the remaining

patients of the same cohort.9 Similarly, discectomy patients with AF

defect greater than 54 mm2 had a 15% rate of reherniation compared

to 5% for patients with defect sizes less than 36 mm2.50 Despite the

fact that the slit and cruciate AF defects created in this study were

wider than 6 mm, none of the defects produced an AF defect greater

than 36 mm2. A sheep IVD injury model that created a box-cut defect

with twice of the area of AF removed compared to the defect created

in this study (10 mm � 3 mm; 30 mm2 vs. 5 mm � 3 mm; 15 mm2)

was capable of producing disc herniation and in some cases disc

sequestration.13 Despite better mimicking human discectomy proce-

dures, the removal of NP material (0.1 g) could have decreased the

likelihood of disc herniation. Radical human discectomy procedures

have been shown to reduce the risk of postoperative herniation com-

pared to limited discectomy by decreasing the amount of disc material

left in situ capable of reherniate.9,50 However, sheep IVD injury

models with similar AF defects and without NP removal also failed to

produce detectable disc herniation postoperatively.11,16,18,47

4.4 | Disc height loss and CT changes

In human patients, degenerating IVD are observed to lose disc height

over time because of NP dehydration and tissue loss, resulting in a

F IGURE 8 Microscopical evaluation showed intervertebral discs
(IVD) degeneration changes in all defect types. Representative
microscopical changes observed during histopathological grading from
a sheep model of injured lumbar IVD using 3 different annulus
fibrosus (AF) status (slit, cruciate, box-cut AF defect) followed by a
0.1 g nucleus pulposus (NP) removal. (A-B) Severe morphological
changes in the AF and NP visualized by illumination with polarized
light characterized by a disruption and de organization of the
structured annular lamellae (delamination; arrowheads). Depletion of
proteoglycan content of the AF and part of the NP regions
demonstrated by markedly reduced Safranin O staining (asterisk)
compared to a normal intensely stained region is also observed; scale
bar: 1 mm. (C) Cleft formation visualized by illumination with
polarized light characterized by complete discontinuation of fibrils
leading to the formation of voids (open arrows); scale bar: 200 μm.
(D) Changes in cell morphology characterized by the formation of
differently sized clusters of rounded chondrocytic cells; scale bar:
100 μm. (E) Blood vessel ingrowth characterized by small capillaries in
close vicinity of an IVD defect (not shown in the picture); scale bar:
50 μm. (F) Influx of inflammatory cells characterized by aggregation of
round to oval lymphocytic cells in close vicinity of an IVD defect (not
shown in the picture); scale bar: 50 μm. (nondecalcified, resin-
embedded, Safranin O-Fast Green-stained thick-sections)
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reduced capacity to resist the compressive loads applied to the

spine.18 The postoperative loss of total disc height was a consistent

finding across all AF defect types in the shorter term (up to 1 month

postoperatively). The 10% average loss of disc height is slightly lower

compared to other sheep IVD injury models that reported an average

loss from 20% to 30%.11,17,20,21,47 The methodology used in this study

to measure disc height loss, which was different from the methodol-

ogy used in other sheep studies, was chosen to minimize the influence

of minor variation in vertebral position from sheep positioning during

CT scan examination but could have caused the differences in relative

measurements in this study. The difference in disc height loss across

the studies could also reflect the impact of different amounts of NP

removed.50,51 The recovery of disc height similar to uninjured control

IVD 3 months postoperatively in the slit AF defect is an interesting

result. This finding showed that not all AF defects are equal and are

an important consideration in research protocol creation for any pro-

spective treatment intended to be effective during early acute, later

acute, or established chronic stages of degeneration.

The difference observed with the slit AF defect could result from

a less invasive disruption of the AF compared to the cruciate and box-

cut AF defects. It has been previously shown that a slit AF incision,

judged as a less-invasive AF disruption, retained a better ability to

withstand internal pressurization and to resist changes in

corresponding multidirectional vertebral motion than a full-thickness

box-cut AF excision.61 The stronger AF healing after transverse slit AF

incision compared to more invasive AF defects was hypothesized to

be a consequence of better preservation of local blood supply found

in the outer annulus and of more intact AF fibers.61 These factors

would also result in faster AF repair in slit AF defects compared to

cruciate and box-cut defects, which could be reflected by restoration

of disc height similar to uninjured control IVD at earlier time points.

Pressure–volume studies used to assess the healing strength of IVD,

comparing slit, cruciate, and box-cut AF defects in a sheep IVD injury

model support this hypothesis. The slit-incised discs showed a signifi-

cant increase in strength from 2 weeks (740 kPa) to 6 weeks

(1410 kPa) and were shown to withstand up to twice the amount of

internal pressurization without fluid leakage through the AF defect

compared to box-incised disc.48 Transverse slit AF incision reproduc-

ibly introduces small defects, which could mimic early AF lesions and

be more supportive of tissue healing compared to more severe AF

defects.

4.5 | MRI Pfirrmann grading

MRI is a common clinical imaging modality used to investigate cases

of back pain and evaluate IVD status in human patients. The

T2-weighted sequence allows investigation of the anatomical struc-

tures and IVD hydration.55 In this study, T2-weighted and

T2-weighted short-tau inversion recovery (STIR) MR images allowed

visualization of similar AF and NP morphology changes and annular

fissure between the different AF defect types. Quantitative image

analysis using Pfirrmann grading, a ranked-based approach to evaluate

the severity of IVD degeneration using axial and sagittal T2-weighted

MR-images,38 further supported the qualitative MRI findings. The abil-

ity of the different AF defects to precipitate IVD degeneration is a

critical aspect to be considered for preclinical IVD degeneration stud-

ies. For this reason, Pfirrmann grading is frequently used as a primary

outcome in sheep IVD injury studies.17–19,21,33,47 All AF defects com-

bined with NP removal reliably induced T2 signal changes and gener-

ated MR-images compatible with IVD degeneration resulting in an

increased Pfirrmann grading. However, the similarity of the results

between 1 and 3 months postoperatively is limiting our ability to

clearly differentiate between induction and progression of IVD degen-

eration mimicking human pathology and initiation of MRI signal

changes due to structural damage inflicted. The Pfirrmann grading

score of 1 noted in all control IVD in all sheep suggests mild signs of

IVD degeneration despite the lack of IVD injury. Although it is impos-

sible to draw a conclusion from the analyzes carried out in this study,

the mild degeneration observed in the control IVD was believed to be

most likely to be part of the natural aging process in the sheep than

resulting from IVD injury in the adjacent level effects.

In this study, only the experienced board-certified veterinary radi-

ologist had an intraobserver agreement using the Pfirrmann grading

system (83%), similar to what is reported in human reliability studies

(average of 85%).56 The substantial intraobserver agreement differ-

ence between one of the human surgeons and veterinary radiologist

(42 vs. 85%) could reflect the increased difficulty for the trained

human surgeons to differentiate between degenerative changes and

normal sheep IVD geometry and morphology. In fact, the geometry of

sheep IVD was analyzed for similarities with human IVD with regard

to 3 normalized parameters (disc height scaled by lateral width, the AF

width scaled by lateral width, and the NP area scaled by disc area) and

showed an overall 31% discrepancy between sheep and human

IVD.62

The low interobserver agrees for the Pfirrmann grading in this

study can be considered a potential limitation of this outcome mea-

surement and highlights the importance of involving veterinary spe-

cialists in preclinical studies. The evaluation of MR images more than

once by all observers and by at least 2 observers to assess Pfirrmann

grading should be highly considered for all sheep IVD injury models

and intra- and interobserver agreement reported and enhanced train-

ing on Pfirrmann grading for animal model analysis is an important

consideration.

4.6 | Histopathological changes

Histological results demonstrated relative equivalency between 1-

and 3-month observation periods. In this study, a scoring scheme sen-

sitive to injured IVD and created for sheep control and treated AF

defect was used.39 Since the structural damage inflicted to the IVD

structures in this study was more severe, the total histological score

could be underestimated compared to simple AF defect models. There

were no semiquantitative differences between the different AF defect

types except for the cleft formation score, which was higher in
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cruciate and box-cut AF defect compared to the slit, suggesting similar

degenerative and natural repair processes. The lack of significant dif-

ference in cleft formation scores between control and injured IVD

with the slit AF defect is also supporting the repair hypothesis

explaining the earlier restoration of normal disc height observed on

CT scan 3-month postoperatively with the slit AF defect. Interestingly,

the cellular morphology score characterized by the formation of dif-

ferently sized groups/nests of rounded chondrocytic cells was the

only parameter similar for all AF statuses, including intact control IVD.

It was therefore believed that this parameter was not a pathological

change but an incidental background finding in adult sheep lumbar

IVD. The increase in blood vessel ingrowth and the influx of inflamma-

tory cells observed likely is a consequence of the AF injury with lim-

ited repair reaction and a sign for the ongoing degenerative

process.63,64

The lack of significant differences in total histological score

between the AF defects showed that they act similarly in terms of his-

tological degeneration and repair process over a 1- to 3-month obser-

vation period. However, it is important to note that individual

parameters such as cleft formation may be different between AF

defects.

4.7 | Welfare assessment and pain

An important aspect of any preclinical animal study is the assessment

and control of generated pain. European Union directive for the pro-

tection of animals used for scientific purposes requires an exact sever-

ity assessment of all procedures undertaken on laboratory animals. A

study-specific scoring sheet based on clinical investigation performed

by experienced veterinary personnel was used in the present study

and included the evaluation of the feeding habits, animal behavior,

posture, and ambulation. The individual score sheets did not demon-

strate any clinical sign of postoperative pain in any of the sheep. In

humans, lower back pain is a very common phenomenon and can

result from nociceptive stimulation of the richly innervated paradiscal

tissues, facet joints, and vertebral bodies.65 Because of the similar

nerve ingrowth during disc degenerative process and comparable IVD

innervation between sheep and humans,66–68 it would appear reason-

able to expect that the painful stimuli from the procedure would be

similar in sheep and in humans. The current inability to discern pain or

changes in gait and ambulation in sheep in which IVD degeneration

has been induced must be considered a limitation of this model and

preclinical IVD research in general. The development of more tai-

lored/specific methods and parameters to assess pain in IVD degener-

ation models would improve their scientific value.

4.8 | Limitations

The relatively low sample size is a potential limitation of this study.

Nevertheless, this was sufficient to identify a significant effect on var-

iables measured and reduced the need to sacrifice more animals, but a

larger sample size may be needed to assess additional variables and

provide broader generalizability across the studies.

The use of Swiss White Alpine sheep may limit direct compari-

sons with some of the earlier preclinical studies using different sheep

breeds such as Merino sheep. While the macroscopical evaluation of

the IVD included gross morphological and imaging outcomes, the

mechanical functional effect of the different AF statuses was not eval-

uated. The lack of biomechanical evaluation may have limited the abil-

ity to detect differences between the AF status and decreased the

translational applicability to human injured IVD. Similarly, the micro-

scopical evaluation of the IVD was limited to histological analysis of

tissue sections to assess the microstructure and degenerative

changes. The inclusion of immunohistochemical evaluation would

have provided a more objective assessment compared to the histolog-

ical grading schemes used that may depend on the individual

observer.

5 | CONCLUSION

This study clearly showed that all AF defects, when combined with

NP removal, led to significant degenerative changes detectable using

medical imaging techniques and histopathological analysis as early as

1 month postoperatively and for up to 3 months postoperatively. The

tested AF defects (slit, cruciate, and box-cut AF defects) were not

equal in terms of disc height loss at 3 months postoperatively, with

the slit AF defect showing restoration of normal disc height and box-

cut defect creating the greatest disc height loss, which is an important

factor to take into consideration in research protocol creation for any

prospective treatment. While all surgical techniques were able to pro-

duce bulging of disc tissue beyond the edges of the ring apophyses,

none was capable of producing disc herniation, a pathology commonly

reported in humans after a discectomy procedure.
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