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Abstract
The ventral slot technique is used to relieve neural compression secondary to intervertebral 

disc degeneration or disease. In the present study, the biomechanical properties of three different 
ventral surgical procedures in the rabbit C6–C7 vertebral motion unit (VMU) were assessed 
and compared with the intact C6–C7 VMU. The ventral slot procedure (slanted, full, or mini; 
n = 8/group) was performed on these cervical vertebrae. Normal spine torsion and flexion values 
were compared to those of spines subjected to slanted, full, and mini slot surgery. The slanted 
slot spines were the most stable, maintaining 70% of normal cervical spine strength, compared to 
26% with the full slot and 30% with the mini slot. Regarding torsion, slanted slot spines showed 
74% stability compared to the normal cervical spine, while the full slot and mini slot spines 
showed 58% and 62% stability, respectively. Flexion values were lower after all versions of the 
ventral slot procedure than in the normal spine, with the greatest flexion difference occurring 
after the full slot procedure (21% of the normal flexion value). The flexion values also differed 
significantly between the slanted and full spine groups, and all operated spines showing roughly 
60% torsion rates compared with normal spines. The slanted slot maintains more stability in rabbit 
cervical spine than the other procedures. To our knowledge, this was the first study to examine 
biomechanical failure differences between the distinct versions of this ventral slot procedure.

Biomechanical analysis, flexion, extension, torsion

Cervical intervertebral disc (IVD) disease is a common condition in veterinary medicine 
that causes compression of the spinal cord or nerve roots (Merbl et al. 2017). It is the 
most important cause of neurological deficits in dogs (Canis familiaris Linnaeus; Bray 
and Burbidge 1998; Sharp and Wheeler 2005), where it develops as a result of IVD 
degeneration following loss of functionality of the discs (Brisson 2010; Meij and 
Bergknut 2010; da Costa 2010). Embedded between the vertebrae, IVDs provide 
flexibility to the spine. They consist of the nucleus pulposus, which is the core of the 
IVD, surrounded by the lamellae of the annulus fibrosus and the cartilaginous endplates. 
Intradiscal pressure is essential for maintaining the biomechanical behaviour of the IVD. 
In humans, a reduction in intradiscal pressure reduces disc height, raises stress concentrations 
within the disc, and increases shear forces in the nucleus pulposus and annulus fibrosus 
upon axial compression of the spine (Hwang et al. 2012), thus enlarging the neutral zone 
through shear, bending, and torsion (Inoue and Espinoza 2011; Zirbel et al. 2013; 
Galbusera et al. 2014). The changes in bending and torsion may further increase shear 
stress in the nucleus. Disc degeneration is associated with changes in all these anatomical 
structures (Adams and Roughley 2006; Hsieh and Yoon 2010; Inoue and Espinoza 
2011; Kepler et al. 2013), although the nucleus endures the most alteration (Weiler 
et al. 2012; Iatridis et al. 2013). Therefore, IVD degeneration or disease leads to extrusion 
or protrusion of disc material into the vertebral canal, resulting in neural tissue compression 
or concussion that then manifests clinical signs. 
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The IVD plays a key role in the posture and movement of the spine; it facilitates load 
transfer and guides vertebral movement (Jaumard et al. 2011). IVD failure causes 
disorders such as cervical and thoracolumbar IVD herniation (Hansen 1952). Other 
diseases caused by IVD degeneration, such as cervical spondylomyelopathy (da Costa 
et al. 2006a) manifest the clinical signs of spinal cord or nerve root compression, including 
neurological deficits and cervical hyperesthesia (da Costa et al. 2006b). Numerous 
changes in disc morphology and physiology have been described. In the development 
of IVD, a significant role is played by the order and causal relationships of the biological 
and biomechanical alterations (Hsieh and Yoon 2010; Chan et al. 2011), which can be 
caused by biomechanical wear and tear (Adams et al. 2015), mechanical disturbances to 
cellular physiology (Boubriak et al. 2013), or pathogens (Alpantaki et al. 2011).

Cervical IVD herniation with associated spinal cord injury is a common condition in dogs 
(Brisson 2010; Bergknut et al. 2013). Large-breed dogs such as Labrador Retrievers, 
Dalmatians, Weimaraners, German Shepherds, Rottweilers, and Doberman Pinschers can 
be particularly affected by cervical disc extrusions, accounting for up to 24% of all cases 
(Cherrone et al. 2004; Forterre et al. 2008; Ryan et al. 2008), although a disc extrusion 
can occur in any breed (Gough et al. 2018). When large-breed dogs are affected by acute 
or chronic cervical disc disease, an underlying malformation or instability might be present, 
such as cervical spondylomyelopathy disorder (da Costa 2010; Platt and da Costa, 
2011; De Decker et al. 2012). In large breed dogs, disc extrusions are more common 
in the lower cervical vertebral column, specifically C5–C6 and C6–C7 (Longshore 2009).

Surgical exploration of cervical disc extrusions and spinal decompression has been 
accomplished using various procedures, including disc fenestration, ventral slot, 
dorsal laminectomy, hemilaminectomy, and slanted slot (Wheeler and Sharp 2005; 
McCartney 2007). The ventral approach has several advantages in that it requires minimal 
muscle dissection and allows prophylactic fenestration of adjacent cervical discs. The 
conventional ventral slot procedure is the most commonly performed surgical treatment 
for decompression of the spinal cord following cervical intervertebral disc herniation 
(Chambers et al. 1982; Fauber et al. 2006). Variations of this procedure include the 
inverted cone technique, which is a modification of the traditional ventral slot method aimed at 
minimizing bone removal and thus reducing the risk of vertebral subluxation. Meanwhile, the 
slanted slot technique removes only the caudal aspect of the cranial vertebral body to access 
the extruded disc material (da Costa 2017). Ventral slots alter the vertebral range of motion 
at the surgical site, which can lead to instability and subluxation (da Costa 2017). Indeed, 
the procedure involves removing the dorsal and ventral portions of the annulus fibrosus 
of the disc, the nucleus pulposus, and the longitudinal vertebral ligaments, and it creates 
a bone defect in the adjoining vertebral bodies. As such, it can lead to postsurgical instability, 
vertebral collapse, and subluxation (Macy et al. 1999; Fitch et al. 2000; Lemarie et al. 
2000). The slanted ventral slot procedure allows access to the dorsal anulus fibrosus, vertebral 
end plate, and ventral spinal canal for decompression of the spinal cord after herniated IVD, 
while maintaining the integrity of the ventral anulus fibrosus (McCartney 2007). It provides 
access to the vertebral canal at the site of IVD herniation without removing a large portion 
of the annulus fibrosus, thereby potentially preserving more stability at the surgical site than 
the standard ventral slot technique (McCartney 2007).

Mechanical models of disc degeneration can be broadly divided into compression and 
instability models (Lotz 2004; Daly et al. 2016). In the present study, a laboratory analysis 
was carried out using the cervical vertebrae of the rabbit (Oryctulagus cuniculus Linnaeus) 
to compare normal spines with the three ventral slot approaches: slanted, mini, and full. To 
our knowledge, this was the first study to examine the differences in biomechanical failure 
between the distinct versions of the ventral slot procedure. These three techniques must be 
evaluated further to provide information that is relevant to clinical cases. 
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Materials and Methods
Ethics 

The animals were sourced from an authorized breeder and were humanely euthanized at slaughter for human 
consumption. All procedures performed in the present study followed the guidelines of Directive 2010/63/EU, 
as well as the national legislation (Law No. 43/2014). The project was carried out in the Faculty of Veterinary 
Medicine and was approved by the Committee for Bioethics and Research Ethics (Accord No. 77/2017)

Animals
The cervical and thoracic spines of forty Lionhead rabbits of similar age (3 months) and size (median weight: 

2 lbs), destinated for human consumption, were removed up to the level of T5. Before use in the experiment, the 
spines were radiographed to ensure they were intact. Any spine that was damaged during removal was excluded 
from the study. The undamaged cervical spines were then split into four groups: untreated control, full ventral 
slot procedure, mini ventral slot procedure, and slanted ventral slot procedure (Plate V, Fig. 1). The samples were 
frozen until the testing conditions were prepared. After defrosting, the full ventral slot, slanted ventral slot, or 
mini ventral slot procedures were performed at the C6–C7 vertebrae. During these procedures, the spines were 
maintained at 4 °C. The slot size was calculated in accordance with guidelines and recommended limits in the 
literature (Chambers et al. 1982). A mini slot was defined as 50% of a full slot. This procedure was chosen 
for testing purposes to represent grading of bone removal. That is, mini slot surgery is never carried out in 
practice; instead, this category was used to chart the differences between the slanted and full slots by creating an 
intermediary class.

Immediately after surgery, all samples underwent biomechanical analysis. For this purpose, the samples were 
embedded in a custom holder and inserted into grips (Plate V, Fig. 2). They were then positioned in the testing 
jig and minimally preloaded to ensure the correct loading and spine position was used—that is, to ensure that the 
spines were loaded in flexion rather than extension. For biomechanical testing, the crosshead speed was set at 
1.5 mm/s, and failure was noted as a fracture of the vertebrae. Five specimens from each group were evaluated for 
failure in flexion and torsion in the testing equipment. 

Statistical analysis
The two variable outcomes—flexion and torsion—were measured multiple times in one spine sample. To 

account for the impact of displacement upon outcomes, the comparison of spines was paired. That is, for each spine, 
a measurement at a specific displacement was paired with another measurement at the same distance in another spine.

The experimental spines to undergo slanted slot, full slot, and mini slot surgery were compared with control spines 
using the Wilcoxon matched-pairs test. Additional comparisons were performed between slanted and full slot spines.

Mixed-effects models were implemented using commercially available software (IBM SPSS Statistics Version 23; 
International Business Machines Corp., Armonk, NY, USA). Results were considered significant at P values < 0.05.

Results

Ultimately, forty spines were used for testing. The average length of these spines was 6.5 cm, 
while the average width was 1 cm, with little variation in size between the samples. Four 
rabbit spines collected and radiographed were rejected due to damage during the collection 
process, while another six were rejected following thawing due to damage detected upon 
removal for thawing. Two further spines were discarded due to damage incurred during the 
initial set-up of the testing apparatus. 

Failure point in flexion and torsion
In the case of torsion, the average failure points at 35 Nmm2 in the four experimental 

groups were as follows: 1.059° in normal control spines, 0.792° in the slanted slot group, 
0.659° in the mini slot group, and 0.615° in the full slot group, as represented in the graph 
in Fig. 3 (Plate VI). The torsion tests were stopped at sample failure, as determined by 
audible fracture. The graph in Fig. 4 (Plate VI) shows that the average failure points of the 
spines in flexion were: 30 Nmm in normal control spines, 21.6 Nmm in the slanted slot 
group, 9 Nmm in the mini slot group, and 8 Nmm in the full slot group, as determined when 
obvious fractures occurred. 

Statistical results of the flexion point analysis
The comparisons between normal control spines and each of the other groups of spines 

are summarized in Table 1. In each experimental group, the flexion values were significantly 
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lower than in the normal spines, with the lowest value occurring in the full slot group 
(13.3 vs. 2.0), followed by the mini slot group (5.3). In contrast, the slanted slot spines 
displayed a relatively elevated plateau near the failure point (9.0). The largest difference 
in flexion point from the normal control group occurred in the full slot group, in which 
the median flexion point was roughly five times lower than that of the control spines: only 
21%. All experimental groups—full, mini, and slanted slot—showed significantly lower 
flexion points than the control spines (P < 0.001 in all cases). An additional comparison 
revealed that the flexion points of the slanted slot spines were significantly higher than 
those of the full slot spines (Plate VI, Fig. 4). 

Statistical results of the torsion test
A similar set of analyses was performed to compare the torsion values among the four 

groups of spines (Table 2). Firstly, the control group was compared with each experimental 
spine group. Torsion values were significantly lower in the full slot and mini slot spine 
groups than in normal spines (controls: 0.54, full slot: 0.34, mini slot: 0.38; P < 0.05 in 
both cases; Plate VI, Fig. 3). In both groups, the values were roughly 60% of those in the 
normal control spines. The torsion of the slanted slot spines was also lower than that of the 
control spines, but not significantly so. 

A further comparison between the slanted slot and full slot groups showed significantly 
lower torsion values in the full slot group than in the slanted slot group (P = 0.02). 

Discussion

The present study sought to compare the biomechanical behaviour at the C6–C7 cervical 
vertebrae in normal rabbit spines with that in spines subjected to the slanted slot, full 
ventral slot, and mini ventral slot procedures. The cervical spines in the slanted slot group 
maintained significantly more strength than those in either the full or mini ventral slots. 

The slanted ventral slot procedure was first used in the literature by Slocum and 
Devine-Slocum (1998) to treat cervical disc disease and avoid undue weakening of the 
cervical vertebral motion unit (VMU). Vertebral collapse is a recognized complication 
of the standard ventral slot procedure.

Table 1. Flexion points in normal spines and in spines that have underwent full, slanted, or mini ventral slot 
surgery. The first column represents the median and inter-quartile range (IQR) flexion values of each group. For 
each individual measurement, the relative difference in flexion between each spine and the equivalent point in the 
normal spine was calculated. A significant difference was found between each group and the control spine group 
(P < 0.001 in each case). 

Spine	 Flexion median (IQR)	 Relative difference to normal median (IQR)	 P value  (vs. normal)
Normal	 13.3 (6.0, 22.7)	 -	 -
Full	 2.0 (1.3, 4.6)	 0.21 (0.18, 0.25)	 < 0.001*
Slanted	   9.0 (3.0, 14.0)	 0.90 (0.64, 0.95)	 < 0.001*
Mini	 5.3 (2.7, 7.3)	 0.42 (0.36, 0.46)	 < 0.001*

Table 2. Torsion values in normal spines and in spines that have undergone full, slanted, or mini ventral slot 
surgery. Data expressed as median and range, with the data range representing the spread of values. Both the full 
slot and mini slot groups showed significant difference from the control spine group (P < 0.05 in both cases), 
whereas the slanted slot group did not.

Spine	 Torsion median (range)	 Relative difference to normal median (range)	 P value (vs. normal)
Normal	 0.54 (0.17, 1.06)	 -	 -
Full	 0.34 (0.06, 0.62)	 0.58 (0.39, 0.64)	   0.02*
Slanted	 0.49 (0.19, 0.79)	 0.84 (0.70, 1.13)	   0.06
Mini	 0.38 (0.07, 0.66)	 0.62 (0.37, 0.73)	   0.02*
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In clinical cases, full slot procedures have a higher complication rate than modified 
slanted slot procedures. McCartney (2007) showed that ventral decompression using the 
modified slanted slot instead of the standard ventral slot allowed for spinal decompression 
with potentially less destabilization, and that the rate of complications was higher in the 
full slot group. Dogs with IVD protrusions between C2 and C4 responded favourably 
to ventral slot decompression, while those with protrusions between C4 and C7 showed 
poorer response to this technique, displaying more severe clinical effects on motor function, 
recovery, and long-term outcome after surgery (Fitch et al. 2000). Other studies involving 
disc fenestration and ventral slots in the C5–C6 VMU in dogs (Lemarie et al. 2000; 
Fauber 2006) have found that this procedure affects the biomechanics of the vertebrae by 
causing vertebral subluxation, suggesting that wide ventral slots may contribute to post-
operative instability of the vertebrae. Recently, Merbl et al. (2017) reported that triple 
ventral slot decompression surgery can be applied in small-breed dogs with multiple disc 
herniations from C3 to C6.

In the present study, laboratory analysis of rabbit cervical vertebrae revealed that the 
slanted slot conferred greater flexion stability than the full slot, showing 26% lower 
stability than normal spines, compared to the 42% lower stability conferred by the full 
slot. In the torsion test, the full slot and the slanted slot spines were 44% and 34% less stiff 
than the normal spines, respectively. Although the experiment was performed on rabbit 
spines, this result is particularly relevant given that the caudal canine cervical spine shows 
greater torsion. However, no data are available regarding rabbit spine biomechanics to 
draw concrete comparisons between dog and rabbit.

Yang et al. (2016) found no significant difference in biomechanical response between 
the slanted and full-size slots in the C5–C6 space of dog spinal specimens, probably 
because both methods disrupt the nucleus pulposus and dorsal annulus fibrosus of the disc. 
However, we cannot compare our results to these previous studies because we investigated 
a different slot (C6-C7), used a spinal column of different length, and applied different 
mechanical analysis. Furthermore, in the present study, we used rabbit spines, which have 
different properties from dog spines.

The rabbit model of IVD degeneration has been utilized by several authors to investigate 
disc degeneration and potential therapeutic agents (Masuda et al. 2005; Miyamoto et al. 
2010). Masuda et al. (2005) found that using rabbit spines to investigate disc disease was 
acceptable and reproducible. Grauer et al. (2000) found that rabbit spines had similarities 
to human spine, but that they showed greater laxity.

The biomechanical testing in the present study showed that the slanted slot procedure 
preserves some mechanical aspects of the cervical vertebrae in rabbits better than the full 
ventral slot procedure. However, this model may not accurately reflect dynamic behaviours 
that occur in living patients, wherein soft tissues are preserved and multiplanar motion 
takes place. In this regard, the model is similar to other relevant ex vivo biomechanical 
models of the cervical vertebral column (Koehler et al. 2005; Fauber 2006; Adamo 
et al. 2007; Yang et al. 2016). For this reason, the findings of the present study may not 
translate directly into the clinical situation. 

The samples in the present study were more uniform than those of previous studies. 
Furthermore, we tested the samples until the point of failure. For these reasons, further 
research should be conducted to corroborate the current results. Testing to failure is 
unconventional in spinal biomechanics studies. However, we deemed it most appropriate 
in the present study because only a small number of samples were used, and because we 
wished to examine the vertebral collapse scenario specifically. Nonetheless, this decision 
to apply testing to failure was a significant limiting factor in the present study. Interestingly, 
as depicted in the force deformation curve, all tested samples in the present study shared 
a short period during which the gradient of their respective curves was similar, followed 
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by divergence as greater force was applied. This may partly explain why other studies 
have found similar results for various methods of ventral decompression. However, 
as we were examining the vertebral collapse scenario, it was necessary to extend the 
loading to failure.

This was the first study to confirm in a laboratory analysis that the slanted slot is more 
stable than a standard ventral slot, albeit in a failure setting. Hermann et al. (2018) 
evaluated four different ventral surgical procedures of the cervical vertebrae in dogs’ 
spines, with results that contradicted the present study. Similar biomechanical effects 
of the slot techniques were detected, but the slanted slot did not provide any biomechanical 
benefit. However, that study only applied load within a short range, not to failure, so it may 
not have shown the full biomechanical behaviour of the spines.

The major limitation of this study was the extrapolation of data from rabbit spines to 
dogs. Although rabbits are commonly used as an animal model to study biological and 
biochemical processes related to spinal cord injury and recovery, they have different 
anatomical structures and morphology and do not naturally suffer from cervical instability 
or IVD degeneration. Unsuccessful outcomes, such as subluxations, collapsed disc space, 
and long-term degenerative changes in adjacent disc spaces (known as domino effect) were 
not the focus of this ex vivo biomechanical study, especially because the two species have 
such different anatomical structures and morphology.

Additionally, the small size of rabbit cervical spines created difficulties in handling 
and testing. Only flexion and torsion were chosen for testing because we needed enough 
samples to perform statistical analysis and these parameters are the most significant when 
examining the different ventral slot techniques. Failure of the procedure was considered 
when the vertebrae fractured, which hardly ever occurs under clinical conditions in dogs. 
However, we defined vertebral fracture as the failure point to test the model to the extreme 
and elucidate the full behaviour of the model.

Overall, the present study revealed that the slanted slot maintains significantly more 
stability in the cervical spine than either the full or mini ventral slot when tested to failure, 
suggesting that this modality is superior to the conventional ventral slot procedure. Thus, 
the present study buttresses the notion that the slanted slot confers a decreased incidence 
of vertebral collapse in a clinical setting. Further clinical studies are needed to evaluate 
the use of slanted slot in dogs and to assess its effect in the most common and challenging 
post-operative complications of ventral slots in dogs.
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Fig. 1. Simple diagrams outlining the salient differences between the three procedures

Fig. 2. Photograph of the testing set-up



Plate VI

Fig. 3. Graph shows rabbit cervical spine failure under torsional loads. The blue line represents normal spines, 
the orange line the slanted slot group, the grey line the full slot group, and the yellow line the mini slot group. 
The Y axis represents degrees; torsional force in the X axis is shown in Nmm2.

Fig. 4. Graph showing the flexion to failure results comparing the different methods. The grey line represents 
normal spines, the orange line the full slot group, the yellow line the slanted slot group, and blue line the mini slot 
group. The Y axis represents momentum, expressed in Nmm; length in the X axis is given in mm.


