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Abstract

A need exists for pre-clinical large animal models of the spine to translate biomaterials capable of 

repairing intervertebral disc defects. This study characterized the effects of cervical spinal level, 

loading rate as well as injury and repair with genipin-crosslinked fibrin (FibGen) on axial and 

torsional mechanics in an ovine cervical spine model. Cervical intervertebral discs C2-C7) from 9 

animals were tested with cyclic tension-compression (−240 – 100 N) and cyclic torsion (±2° & 

±4°) tests at three rates (0.1, 1 & 2 Hz) in intact, injured and repaired conditions. Intact IVDs from 

upper cervical levels (C2-C4) had significantly higher torque range and torsional stiffness and 

significantly lower axial range of motion and tensile compliance than IVDs from lower cervical 

levels (C5-C7). A 10× increase in loading rate significantly increased torque range and torsional 

stiffness 4–8% (depending on amplitude) (p < 0.001). When normalized to intact, FibGen 

significantly restored torque range (FibGen: 0.96±0.14, Injury: 0.88±0.14, p = 0.03) and axial 

range of motion (FibGen: 1.00±0.05, Injury: 1.04±0.15, p = 0.02) compared to Injury, with a 

values of 1 indicating full repair. Cervical spinal level must be considered for controlling 

biomechanical evaluations, and FibGen restored some torsional and axial biomechanical properties 

to intact levels.
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Introduction

Intervertebral disc (IVD) disorders, such as defects of the annulus fibrosus (AF), are 

strongly associated with back and neck pain (1), a leading cause of global disability (2). 

Animal models of IVD disorders provide insights into disease pathology and progression 
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which are difficult to obtain with human clinical models due to large variability, limited 

availability and ethical barriers. Validation and safety testing are necessary before translating 

biomaterials and regenerative medicine technologies to clinical usage.

Sheep are commonly used as a model to study biochemical (3–6), structural (7,8) and 

biomechanical (9–11) changes to the IVD following injury. Trabecular structure and force 

balance analyses indicated that axial compression is the dominant loading direction in sheep, 

similar to the human spine (12). Intradiscal pressures in Merino sheep have been reported to 

be 0.5 MPa while lying and standing (13), which are very similar to those measured in 

human IVDs (14). Sheep IVDs have similar non-linear biomechanical responses to torsion 

(15) and axial loading (15,16) as human IVDs (17). The cellularity of the human IVD 

decreases sharply 1.5 mm into the IVD (18) due to diffusion limited nutrient and oxygen 

transport (19), so it is important to select an animal model with a comparable size in order to 

replicate its cellular, metabolic and transport environment. Ovine IVDs have a cross-

sectional area of 676 mm2 which is approximately 1/3 the size of human IVDs (20) and 

more comparable than most small animals which have IVD areas much smaller than 

humans. Additionally, ovine IVDs do not retain notochordal cells into adulthood (21), 

mirroring the human condition (22).

IVD herniation is a direct cause of back and neck pain that occurs when IVD tissue extrudes 

through AF defects (23). Discectomy procedures to remove this herniated tissue do not 

attempt to close or repair AF defects (24). Annulus repair is an unmet clinical need since 3–

18% of patients require same level surgery for reherniation (25–29). Annular competence 

plays a role in reherniation, as patients with large annular defects (>6 mm) experience a 

higher reherniation risk with a rate of 27% (28). Besides contributing to reherniation risk, 

defects in the annulus result in altered biomechanical response (30–32), decreased cellularity 

(33), accelerated degeneration (34) and decreased IVD height (25). The Barricaid (Intrinsic 

Therapeutics, Inc., Woburn, Massachusetts), a shield within the annulus fibrosus secured to 

the inferior vertebral body (35) prevents reherniation (36) and protects the facet joint (37), 

but does not seal AF defects. Developing biomaterials that can seal AF defects is an area of 

active research (38). Fibrin crosslinked with genipin (FibGen) is an injectable, adhesive 

hydrogel that is able to seal AF defects, reduce disc height loss, and partially restore bovine 

IVD biomechanical function with compressive stiffness close to the intact state (39). 

Following these promising in vitro results, cross validation of biomechanical restoration in 

an alternate animal model is necessary for further translation to large animal in vivo studies.

The aim of this study was to characterize the response of intact ovine cervical IVDs to cyclic 

axial tension and compression in order to determine if there is an effect of cervical spinal 

level and loading rate. We also determined if an AF sealant could restore biomechanical 

properties of injured IVDs to their intact condition.

Materials and Methods

Study Design

Forty-five motion segments from five cervical levels (C2 through C7) of nine Swiss Alpine 

sheep (age range: 2–5 years, median: 3 years old) were distributed randomly in relation to 
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spinal level to two groups: Injured and FibGen (Figure 1). The level distribution to each 

group was generally balanced across level (Figure 1B). Cervical discs were used because 

IVD heights (6.7– 7.2 mm) are larger than thoracic (2.6–4.5 mm) and lumbar IVDs (4.2–4.5 

mm) (40), and are comparable to human IVD sizes. All motion segments (hemivertebrae-

disc-hemivertebrae) were first tested in the intact condition. After testing, all motion 

segments were injured in the dorsolateral AF region with 2 mm diameter biopsy punch that 

corresponded to ~30% of IVD height. The puncture depth was controlled and repeatable to a 

depth of 6.7mm using a plastic collar around the metal blad to control the depth. No 

additional nuclear material was removed. The motion segments in the Injured group were 

not repaired, whereas the ones in the FibGen group were repaired as follows: Genipin (Wako 

Chemicals USA Inc., Richmond, VA, USA) was dissolved in dimethyl sulfoxide at 6 mg/mL 

and 20.25 μL was added to 40 μL of 1000 U/mL thrombin (Sigma Aldrich, Buchs, 

Switzerland) and 226.8 μL of Phosphate Buffered Saline (PBS). The thrombin/genipin/PBS 

mixture was combined with 140 mg/mL fibrin (Sigma Aldrich, Buchs, Switzerland) at a 

volumetric ratio of 1:4 using a dual barrel syringe with mixing tip (Pearson Dental, Sylmar, 

CA, USA). All motion segments in both groups were then tested a second time.

Specimen Preparation

Nine fresh-frozen ovine cervical (C1 to T1) spines were dissected of muscle and soft tissue. 

Using the first ribbed vertebrae as a landmark, the five cervical motion segments (C2- C7) 

were isolated with a transverse cut through the adjacent cranial and caudal vertebra. The 

posterior elements including the facet joints were removed. The motion segments were 

sealed and frozen individually. Individual segments were thawed at 20° C for 8 hours before 

testing. The proximal and distal 10 mm of each specimen were embedded in 

polymethylmethacrylate (PMMA, Suter Kunststoffe AG, Fraubrunnen, Switzerland).

Biomechanical Testing and Loading Protocol

Biomechanical testing was performed on a servo-hydraulic material testing system 

(MiniBionix II 858, MTS Systems Corp., Eden Prairie, MN) equipped with a 25 kN/200 Nm 

load cell. The proximal and distal pots were firmly fixed to the machine transducer and the 

machine base using custom-made holders. Distally, an X-Y-table was connected between the 

holder and the load cell to eliminate shear forces. Each specimen was first cyclically tested 

under sinusoidal loading in the axial direction within a load range of 100 N tension and 240 

N compression. The 240 N peak compression force generated intradiscal pressures in 

Merino sheep of 1.1 MPa (13). This corresponds to the pressure measured in human lumbar 

IVD during sitting and is higher than the pressure measured during standing and lying (14). 

Subsequently, the loading platen was returned to 0 N and cyclic sinusoidal torsional loading 

was applied to each specimen up to ± 2°, and then up to ± 4°, to mimic the limited motion of 

the human lumbar spine, with rotations less than 4° (41). The axial load and torsion rotations 

were applied at three frequencies: 0.1 Hz, 1 Hz and 2 Hz (Figure 2a). Hence, the torsional 

loading rates were 0.4, 4, and 8 °/s for ± 2°, and were 0.8, 8, and 16 °/s for ± 4°. Test 

duration was 20 cycles for all loading at 0.1 Hz, 30 cycles for 1 Hz and 100 cycles for 2 Hz 

(Figure 2a). At 1 and 2 Hz, the control system imposed tensile loads less than 100 N (as low 

as 7 N) and compressive loads greater than 250N (up to 371N), so 1 and 2 Hz data were not 
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analyzed. Machine data of axial load (N), axial displacement (mm), torque (Nmm) and 

torsional angle (°) were continuously recorded from the machine transducer at 128 Hz.

Parameters of Interest

All parameters of interest were calculated with custom Matlab (Mathworks, Natick, MA) 

script using the 20th loading cycle. Torque range was defined as the peak to peak torque 

between ± 2° and ± 4° angle rotation. The torsional stiffness was calculated as the average 

slope of the maximum 20% of rotation of the torque-angular deformation curve in both 

directions (Figure 2B). No statistically significant differences in torsional stiffness were 

detected between clockwise and counter clockwise directions (p>0.49) so these parameters 

were averaged for a single torsional stiffness value. All axial parameters were derived from 

the tests performed at 0.1 Hz. The axial range of motion (ROM) was defined as the 

difference in axial displacement between 94 N (tension) and −227 N (compression), since 

this loading range was reached for all specimens. The axial compliance was calculated as the 

slope of the displacement-load curve at the maximum 20% of tension and compression 

loading (Figure 2). The compressive compliance was calculated from −196 N to −227 N and 

the tensile compliance from 62 N to 94 N.

Statistics

Statistical analyses were performed using Prism version 7 for Windows (GraphPad 

Software, La Jolla California). The difference between FibGen and Injured was assessed 

with Mann-Whitney U test. The effect of level and loading rate on the biomechanical 

response of intact specimens was assessed with Friedman test and Dunn’s test (42) for 

multiple comparisons. All data were presented median ± interquartile range. Significant 

differences were determined with p < 0.05 and statistical trends were reported with 0.05 ≤ p 

< 0.10.

Results

Effect of Level

The two cranial (C2-C3 and C3-C4) IVD levels (n = 9 per level) had a distinct torsional and 

axial biomechanical response compared to the caudal levels (C5-C6 and C6-C7). The axial 

ROM of C2-C3 (median: 0.99 mm, interquartile range: 0.83– 1.0 mm) was significantly 

lower compared to the three caudal levels C4-C5 (1.5 mm, 1.2– 1.7 mm), C5-C6 (1.4 mm, 

1.3 – 1.7 mm) and C6-C7 (1.7 mm, 1.5 – 2.0 mm). In addition, C3-C4 (1.1 mm, 0.89 – 1.2 

mm) revealed significantly lower axial ROM than C5-C6 and C6-C7 (Figure 3A-B). The 

tensile compliance of C2-C3 (4.6 μm/N, 4.3 – 5.7 μm/N) was significantly less than C5-C6 

(6.3 μm/N, 5.5 – 7.1 μm/N) and C6-C7 levels (7.4 μm/N, 5.8 – 7.9 μm/N) (p<0.05), and the 

tensile compliance between C3- C4 (4.6 μm/N, 4.3 – 5.7 μm/N) and C5-C6 showed a trend 

to difference (p = 0.07) (Figure 3C). There were no significant differences in compressive 

compliance between levels (Figure 3D).

The ± 2° and ± 4° torque range of C2-C3 and C3-C4 were significantly larger than C5-C6 

and C6-C7 (p< 0.05) (Figure 4A-F). The ± 2° and ± 4° torsional stiffness of C2-C3 and C3-
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C4 were significantly larger than the C5-C6 and C6-C7 (p< 0.05) (Figure 4A-F). The ± 4° 

torsional stiffness of C3-C4 was significantly higher than C4-C5 (p<0.05).

Effect of Loading Rate

The torque range and torsional stiffness for both rotations, ± 2° and ± 4°, increased as 

loading rate increased (n = 45) (Figure 5A-D). The torque range for ± 2° increased 

significantly from 0.4 °/s to 4 °/s and to 8 °/s (p< 0.05) (Figure 5A). The torsional stiffness 

increased significantly the loading rate increased from 0.4 °/s to 4 °/s, and for 8 °/s (p< 0.05) 

(Figure 5B).

The torque range of ± 4° increased significantly by 4% as loading rate increased from 0.8 °/s 

to 8 °/s and by 5% as it increased to 16 °/s (p< 0.05) (Figure 5C). The torsional stiffness for 

± 4° increased significantly by 8% as the loading rate increased from 0.8 °/s to 8 °/s, and 

12% for 16 °/s (p< 0.05) (Figure 5D).

Effect of Injury and Repair

The relative effects of injury (Injured group, n = 22) and FibGen repair (FibGen group, n = 

23) on intact biomechanics were assessed by normalizing the value of the second test to the 

value of the first test (intact condition). The axial range of motion ratio was significantly 

lower for the FibGen group (1.00, 0.95–1.04) than for the Injured group (1.06, 1.00 – 1.10) 

(p< 0.05) (Figure 6A). However, there was no significant difference in tensile and 

compressive compliance ratios between FibGen and Injured groups (p = 0.12 and p = 0.11, 

respectively) (Figures 6B-C).

The ± 2° torque range ratio was significantly higher for the FibGen group (0.85, 0.66–0.95) 

compared to the Injured group (0.81, 0.62 – 0.86) (p<0.05) (Figure 7). The average torsional 

stiffness ± 2° trended to higher values for the FibGen group (0.93, 0.88–1.01) compared to 

Injured (0.88, 0.82 – 0.94) (p = 0.09) (Figure 7A-B).

The torque range ratio for ± 4° for the FibGen group (0.95, 0.84 – 0.99) revealed a trend to 

difference compared to the Injured group (0.91, 0.67 – 0.94) (p=0.09) (Figure 7C). Under 

± 4° loading, the torsional stiffness ratio did not significantly differ between the FibGen and 

Injured groups (p = 0.51).

Discussion

This ex-vivo study characterized the biomechanical response of ovine cervical IVDs to 

assess the effects of spinal level, loading rate, injury and repair. Of these three variables, 

spinal level had the greatest effect followed by injury and loading rate. The two most cranial 

cervical levels (C2-C3 and C3-C4) of the Swiss Alpine sheep had higher torque range, 

higher torsional stiffness, lower axial range of motion and lower compressive compliance 

than the two most caudal levels (C5-C6 and C6-C7). The faster loading rates were associated 

with increased torque range and increased torsional stiffness. The 2mm biopsy punch 

increased mobility as seen with decreased torque range, decreased torsional stiffness, 

increased range of motion and increased axial compliance compared to the intact condition. 

The FibGen repair reduced these changes for ± 2° torque range and axial range of motion.
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The biomechanical parameters found in this study are comparable to other ovine studies 

although direct comparison can be difficult due to differences in testing protocols, specimen 

preparation, parameter definitions and normalizations. A comparison of female Rambouillet- 

Columbia sheep lumbar IVDs and human lumbar IVDs found a compressive compliance of 

0.6 μm/N (1432 N/mm) for sheep (16), which is approximately half of what our study found 

(1.4–1.7 μm/N). A multiple regression model between the independent variables axial 

preload and rotation angle, and dependent torsion mechanics parameters (i.e. torsional 

stiffness, hysteresis height and apparent torsional modulus) highlights that torsional stiffness 

is increased with axial preload, and can facilitate comparisons of torsion mechanical 

parameters across studies with different loading protocols (43). A separate study of torsional 

mechanics of the lumbar IVDs from sheep measured torsional stiffness of 3000 Nmm/°, 

defined as the slope of the torque rotation curve in the rotation angle range of 4.5–5.5° with 

0.48 MPa preload (15). We found a lower torsional stiffness of 673 ± 324 Nmm/°, but this 

may be because it was calculated at lower range of 3.6°– 4° and with no preload. In the same 

study, the average torque range measured up to 6° was 15,000 Nmm (15), which is 

approximately five times higher than this study, where torque range from ±4° was 3,300 

Nmm. Differences between lumbar and cervical levels may also contribute since lumbar 

ovine IVDs have less IVD height and larger area than the cervical IVDs (40).

IVD biomechanical behaviors are known to depend on spinal level in the literature, although 

the bimodal distribution seen in this study has not been reported and is likely associated with 

different mechanical roles of upper and lower cervical spine levels. In flexibility testing of 

whole Merino sheep cervical spines, the respective resultant rotation of each cervical level, 

starting with C2-C3, was 2.75°, 5.56°, 6.51°, 8.4° and 11.1° with axial rotation moment of 

± 2500 Nmm, suggesting linearly increasing range of motion with C3-C4 and C4-C5 most 

similar (44).Similarly, we found decreased torque range with increased level, but we found 

the torque range of two most cranial (C2-C3 and C3-C4) were similar to each other and 

were 100% greater than the two most caudal levels (C5-C6 and C6-C7). Anatomical data of 

vertebral bodies of Merino sheep suggest cross sectional area does not explain this 

variability, since the inferior endplate width of C3-C4 (25.8 ± 1.0 mm) is 10% larger than 

C5-C6 (23.4 ± 1.1 mm) and18% larger than to C6-C7 (21.8 ± 1.6 mm) (40). The large spinal 

level effect and small geometry variation suggests geometry does do not fully account for 

the pattern observed in this study, and indicates there may be variation in material properties 

due to spine level dependent mechanical demands. Reitmaier et al. found that sheep lumbar 

spines had comparable intradiscal pressures across spinal level (L2-L3 and L4-L5) for lying, 

sleeping, standing, lying down and walking activities, although L2-L3 had approximately 

20% less intradiscal pressure when standing up from sitting than the L4-L5 (13). One study 

using MRI to estimate GAG content found lower GAG in more cranial cervical discs (45), 

so there may be a biochemical basis for our findings. The significant and large differences in 

mechanical behaviors between cervical spinal levels highlights the importance of using level 

matched controls for preclinical evaluation of injury and treatment effects, particularly when 

including upper cervical IVD levels.

Annular injury significantly decreased torque range and increased axial ROM in this study, 

suggesting destabilization, and builds upon similar changes observed in different injury 

models (46). We used a 2mm diameter defect measuring approximately 30% of IVD height. 

Long et al. Page 6

Ann Biomed Eng. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This relative defect size roughly represents the majority of patients; fifty percent of patients 

have defect with diameter less than 50% of disc height while the remaining patients had 

larger defects (17%) or no observable defect (32%) (28,47). In this study, the effect size 

from a 2-mm biopsy punch injury on torsional and axial parameters ranged from 1–15%, 

depending on the parameter measured. The biomechanical changes from annulus injury 

support previously reported reduced torsional stiffness and IVD height after vertical and rim 

annular incision (30). In a separate study, the reduction in compressive stiffness and torsion 

stiffness compared to pre- injury scaled with needle size (31). A needle puncture in the 

annulus causes a reduction of compressive stiffness, tensile stiffness, neutral zone stiffness 

and neutral zone length that was dependent on needle gauge size (48). FibGen repair 

reduced the change in torque range and axial ROM induced by puncture injury in this study. 

Previous biomechanical studies showed that FibGen reduced disc height loss from injury in 

a bovine organ culture model, restored compressive stiffness, (49) and restored multiple 

rotational flexibility measurements (50). The restoration of multiple aspects of 

biomechanical response to intact levels supports future in vivo evaluation of FibGen using 

live animal testing with the ovine model presented here.

There are some limitations of this study. Injured and FibGen groups are distributed relatively 

evenly across level (Figure 1 B), although the effect of injury and FibGen repair did fully 

control for the effect of level, so if C2-C3 responds very differently to injury than C5-C6, the 

results may be confounded. A biopsy punch was used to create a uniform size, shape and 

depth of injury across all specimens, although this injury was done by hand and could be a 

source of some variation. We used an axial compressive load of 250N which corresponds to 

1.1 MPa axial stress measured in the ovine lumbar spine. This load magnitude corresponds 

to physiological loading in the human lumbar spine where the biomaterials are anticipated 

for application, but in vivo loads in the ovine cervical spine are not well known. Torsional 

mechanics were measured without an axial preload, which is always present in vivo, and is 

known to increase motion segment stiffness (51). As a result, torsional stiffness values 

presented here may be lower than expected under pre-load conditions. There was one sample 

that exhibited an irregular axial response during the intact axial testing. While slipping 

between the machine clamps and plastic embedding could explain this finding, the data 

traces did not exhibit obvious slipping effects. The data was included because it was not 

considered a statistical outlier, and because its removal would require removal of a whole 

animal. All axial parameters were derived from 0.1 Hz tests because the test system did not 

adequately control to the target waveform with at higher rates of loading with lower tension 

loads (as low as 7N) and higher compressive loads (up to - 371N) at 1 and 2 Hz. The 

recovery time for samples in both groups was comparable, but we did not measure the effect 

of recovery with a control no injury group, so there may be unmeasured recovery effects. 

This study focused on the capacity of FibGen to restore biomechanical behaviors of ovine 

cervical motion segments, and future studies are required to determine risk of implant 

expulsion with in vivo studies and/or in vitro studies, for example using the rigorous cyclic 

complex loading conditions previously described(52).

In conclusion, this biomechanical study showed that spinal level, disc injury and loading 

frequency had significant effects on ovine cervical IVD biomechanical behavior. Spinal level 

had the largest effect, highlighting the importance of accounting for level effects in study 
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design. The increase in loading rate by a factor of 10 and 20 resulted in only a small increase 

in torque range and torsional stiffness, indicating that viscous effects in the ovine IVD are 

modest in this range of loading rates. The 2-mm biopsy punch reduced ±2° torque range by 

15% and increased axial range of motion by 5%, and these changes were reversed with 

FibGen repair, highlighting the promise of this injectable adhesive for AF repair. Together, 

these results characterize the Swiss Alpine sheep as a model of annulus injury and repair and 

help inform future therapeutic and study design decisions.
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Figure 1. Repeated measures study design for assessing biomechanical response of intact, injured 
and repaired ovine intervertebral discs (IVDs)
(A) IVDs from five cervical levels (C2:C7) from nine animals were distributed to two groups 

in a repeated measures study design. (B) The cervical IVDs were distributed to two groups 

independent of level. (C) IVDs distributed to Injured and FibGen groups were tested in the 

Intact condition and injured with 2- mm biopsy punch. IVDs in the Injured group were 

tested after injury. IVDs in FibGen group were repaired with injection of FibGen and tested.
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Figure 2. Biomechanical testing procedures and parameter definitions for torsional and axial 
biomechanical testing
(A) The torque range was calculated as the peak to peak torque between ± 2° and ± 4°; the 

stiffness was slope of top 20% of the torque rotation curve at ± 2° and ± 4° which was 

averaged for clockwise and counter-clockwise stiffness values. (B) The range of motion was 

the total displacement between the common applied load for that frequency (for 0.1 Hz, 94 

N and -227 N); the axial compliance was the slope of 20% of the displacement force curve.
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Figure 3. The two cranial (C2-C3 & C3-C4) motion segments (n = 9/level) have different axial 
response than the two most caudal levels (C5-C6 & C6-C7)
(A) The force displacement curve of a C3-C4 motion segment has lower range of motion 

(ROM) and lower tensile compliance than the C5-C6 motion segment from the same animal. 

(B) The axial ROM of C2-C3 & C3-C4 were significantly lower than C5-C6 & C6-C7, and 

the ROM of C2-C3 was significantly lower than C4-C5. (C) The tensile compliance for C2-

C3 was significantly lower than C5-C5 and C6-C7, and C3-C4 was significantly lower than 

C6-C7 but was only a trend lower than C5-C6 (p = 0.09). There were no differences in 

compressive compliance between levels. Lines are median, error bars are interquartile range 

and bars indicate significant difference (p < 0.05).
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Figure 4. The two cranial (C2-C3 & C3-C4) IVDs (n = 9/level) have different torsional response 
than the two most caudal levels (C5-C6 & C6-C7)
(A) The torque-rotation curve for ± 2° rotation at 0.1 Hz of a C3-C4 motion segment has 

higher torque range and torsional stiffness than the C5-C6 motion segment from the same 

animal. (B) The torque range between ± 2° of the two most cranial levels (C2-C3 & C3-C4) 

were significantly higher than two most caudal levels (C5-C6 & C6-C7) at 0.1 Hz. (C) The 

torsional stiffness at ± 2° of C2-C3 and C3-C4 was significantly greater than C5-C6 & C6-

C7. (D) The torque rotation curve for ± 4° rotation at 0.1 Hz of a C3-C4 motion segment has 

higher torque and torsional stiffness than the C5-C6 motion segment from the same animal. 

(E) The torque range between ± 4° of the two most cranial levels (C2-C3 & C3-C4) were 

significantly higher than two most caudal levels (C5-C6 & C6-C7) at 0.1 Hz. (F) The 

torsional stiffness at ± 4° of the C2-C3 and C3-C4 levels were significantly greater than C5-

C6 and C6-C7, and C3-C4 had significantly greater torsional stiffness than C4-C5. Lines are 

median, error bars are interquartile range and bars indicate significant difference (p < 0.05).
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Figure 5. Torsional loading rate (n = 45) increased torque range and torsional stiffness
(A) For rotation of ± 2°, the torque range of 0.4 °/s loading was significantly lower than for 

4 °/s and 8 °/s. (B) The torsional stiffness at ± 2° was significantly higher for each increasing 

loading rate from 0.4 °/s to 4 °/s and 8 °/s. (C) Representative torque rotation curves at 0.4, 4 

and 8 °/s shows the median change in torque range and torsional stiffness. (D) For rotation 

of ± 4°, the torque range was significantly higher for each increasing loading rate from 

0.8 °/s to 8 °/s and 16 °/s. (E) The torsional stiffness at ± 4° was significantly higher for each 

increasing loading rate from 0.8 °/s to 8 °/s and 16 °/s. (F) Representative torque rotation 

curves at 0.8, 8 and 16 °/s shows the median change in torque range and torsional stiffness. 

Lines are median, error bars are interquartile range and bars indicate significant difference (p 

< 0.05).
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Figure 6. Annulus injury altered some parameters of axial biomechanical response relative to 
intact more than the FibGen repair
(A) The range of motion (ROM) (ratio to intact) of the Injured group was higher than the 

FibGen group. (B) The tensile compliance ratio and (C) compressive compliance ratio did 

not differ between groups. (D) Representative force displacement curves of an Injured 

sample in intact (black) and injured (red) condition shows median effect of injury on axial 

ROM. (E) Representative force displacement curves of a FibGend sample in intact (black) 

and repaired (green) condition shows median effect of repair on axial ROM. Lines are 

median, error bars are interquartile range and bars indicate significant difference (p < 0.05).
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Figure 7. Annulus injury altered torsional biomechanical properties relative to intact and 
FibGen repair restored some of these changes
(A) The ± 2° torque range (ratio to intact) of the Injured group was higher than the FibGen 

group. (B) The torsional stiffness of the Injured group had a trend of increase compared to 

the FibGen group (p < 0.1). (C) Representative ± 2° torque rotation curves of an Injured 

sample in intact (black) and injured (red) condition shows median effect of injury on torque 

range. (D) The ± 4° torque range ratio of the Injured group had a trend of increase compared 

to the FibGen group (p < 0.1). (E) The ± 4° torsional stiffness ratio did not differ between 

groups. (F) Representative ± 4° torque rotation curves of a FibGen sample in intact (black) 

and repaired (green) condition shows median effect of injury on torque range. Lines are 

median, error bars are interquartile range, bars indicate significant difference (p < 0.05) and 

dashed line bars indicate trends (p < 0.10).
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