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Introduction

Although rabbit spinal fusions have been attempted since 
the 1970s, the modern posterolateral rabbit spinal fusion 
model was first designed by Boden et al. (1-3). Within the 
Boden et al. study, fusions were assessed using both tensile 

strength measurements with an Instron electromechanical 
testing system as well as a manual palpation exam. The 
manual palpation results, were found to be equivalent to 
the formal tensile strength testing. Subsequent studies have 
also confirmed the equivalency of the manual palpation test 
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to biomechanical testing (4-6). As a result, the standard for 
assessment of posterolateral fusion has become the manual 
palpation exam.

Given the subjective nature of this exam, however, there 
have been attempts to better quantify how a fused spine 
behaves compared to a non-fused spine. Imaging has been 
used to validate whether or not a vertebral segment has been 
fused, but radiographic assessment can be very subjective (5). 
Another biomechanical study observed stiffness at a fused 
segment using four point bending and determined that there 
were differences in bending based on whether or not a fusion 
did occur (7). In a similar study looking at the rat fusion 
model, fusion was assessed using in vivo and in vitro bending 
imaging of the spine in order to quantify fusion status (8). All 
of these studies utilized significant resources (radiographs, 
Instron machine, etc.) in order to measure fusion status.

Within our experiment we attempted to quantify 
movement between rabbit vertebrae in fused and non-
fused rabbit spines by measuring the angles formed between 
vertebrae. Our goal was to create a test in which a picture 
of a rabbit spine could be taken at various angles of flexion/
extension. Fusion would be assessed by the change in angle 
between spinous processes at the level of interest compared 
to adjacent levels. This could represent a low-cost, reliable 
objective test for determining fusion status within the 
rabbit spine. By quantifying the palpation test it would 
also be easier for future researchers to perform more in-
depth statistical analysis to determine differences in fusion 
techniques in rabbits. 

Methods

All experiments were conducted following approval by our 

Institutional Animal Care and Use Committee (IACUC). 
Ten 1-year old New Zealand White Rabbits were included. 
Our surgical technique to achieve posterolateral fusion was 
based upon a validated and established model previously 
reported (1). The area in and around the right and left 
transverse processes were exposed using a standard 
posterolateral approach between the longissimus and 
multifidus muscles on both the right and left side. The 
rabbits were then divided into three groups. Four rabbits 
were placed in the bilaterally fused group, four rabbits 
were placed in the unilaterally fused group, and two rabbits 
were used as a sham or control surgery for the experiment. 
For the bilateral group, both the right side and left side 
transverse processes were decorticated and bone graft 
from the iliac crest was placed at the fusion bed. For the 
unilateral group, only the left sided transverse processes 
were decorticated and bone graft from the iliac crest was 
only placed on the left side. For the sham surgery group, 
both the right and left side transverse processes were 
exposed. No decortication or bone graft would be placed 
between the transverse processes for the sham surgery 
rabbits. 

The fusion mass was assessed using radiographic 
imaging, and the manual palpation exam. The radiographs 
were assessed using a 1–3 scale as previously described in 
the literature (9). Bridging trabeculae and absence of any 
areas of lucency between transverse processes were used as 
criteria for grading X-rays as fused. The manual palpation 
exam was used to grade fusions as either fused or not fused. 
The radiographs and the manual palpation of the spine 
allowed us to determine the level of fusion (i.e., either L4/
L5 vs. L5/L6). For the manual palpation of the spine, we 
first euthanized our rabbits using standard techniques. We 
then stripped a significant amount of soft tissue from the 
rabbit spine. Soft tissue was removed between vertebrae 
for all specimens. A thin cuff of soft tissue (approximately 
2 mm) was left around the level of interest (i.e., the fusion 
level) in order to leave the fusion mass undisturbed. 

In order to measure the degree and amount of motion 
at the level of interest, a special device was designed to 
quantify movement. Figure 1 demonstrates the experimental 
setup. The yellow plastic straps attach the rabbit spine on to 
two platforms. The rabbit spine is attached at L1 and S1 as 
shown in Figure 1. There are silver wires wrapped around 
the spinous processes and facet joints at the level of interest 
as well as wires at one and two levels cephalad/caudal to 
the level of interest. Next silver markers were attached to 
the silver wires. The setup in Figure 1 is neutral. The flexed 

Figure 1 The experimental setup for testing the manual palpation 
exam is shown. Within this figure, L1 and S1 vertebrae are 
strapped to the plastic apparatus. Wires are wrapped around 
posterior elements and gray markers are placed along these 
markers in order to better quantify motion at each spinal level.
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position of the spine is shown in Figure 2. Note the yellow 
protractor resting on the black apparatus. This yellow 
protractor allowed us to measure the overall angle which 
we hoped would equal the ideal overall angle. Figure 3  
demonstrates the position of the apparatus and spine in 
extension. Angle measurements were found by triangulating 
the position of the gray markers during a range of motion 
using a motion-capture camera. 

The performance of the apparatus was first measured by 
determining the percent error associated with each spine as 
it went through its range of motion. The overall measured 
joint angle was formed by the L1 and S1 vertebrae. This 
was directly compared to the ideal angle. The ideal angle 
was either 10, 20 or 30 degrees of flexion or extension. This 
percent error was the (overall angle—ideal overall angle)/
ideal overall angle. These performance measurements are 
provided with enhanced detail in Figure 4. 

The outcomes measurement was calculated in a similar 
manner to the performance measurement. The joint angle 
was measured at the level of fusion (either L5/L6 or L4–

L5). This joint angle was compared to the measured 
overall angle or the angle formed between L1/S1. This 
percent of overall measured angle equation and the overall 
experimental setup is further explained in Figure 5. 

Statistical analysis

A one-way ANOVA test was used to compare mean percent 
of overall measured angle between treatment groups. If any 
results were statistically significant, we performed a post-
hoc student’s t-test to determine if there was a statistically 
significant difference between groups. These P values 
were adjusted using a Bonferroni correction factor. We 
used a student’s t-test in order to determine if there was a 
statistically significant difference between fused and non-
fused groups based on palpation exam.

Results

All 10 rabbits completed the experiment. Radiographs 
for the 5- and 10-week rabbits indicated fusion (3/3 on 
radiographic fusion scale) in both the unilateral and bilateral 
fusion groups. Demonstrative radiographs are shown in 
Figure 6. Manual palpation exam was performed at the 
attempted level of fusion for the 5- and 10-week cohorts 
of rabbits. For sham rabbits, a manual palpation exam was 
performed and indicated no fusion, as expected. For all of 
the other 8 rabbits, the manual palpation exam indicated a 
satisfactory fusion. 

For every rabbit, an attempted fusion was performed at 
the L5–L6 level. For two rabbits (one in the 5-week group 
and one in the 10-week group) the fusion occurred at L4–
L5. Therefore, given the setup of our design, we could not 
utilize these rabbits within our study. A summary of the 
rabbits utilized within this study is included in Table 1. 

Performance

The performance or accuracy of our measuring device was 
measured for each rabbit during the examination. The 
results are plotted within two graphs in Figure 7. The graph 
in Figure 7A shows the ideal overall angle plotted against 
measured overall angle as measured between L1 and S1. 
Ideally, there would be a one-to-one ratio, but this was 
not always the case. The percent error is plotted within  
Figure 7B. There is a large range in percent error, varying 
from approximately 2–3% to as much 30%. The majority of 

Figure 2 The rabbit spine is placed in flexion within this picture. 
This is approximately 10 degrees of flexion. The protractor is 
labeled and allows for measurement of the ideal angle between L1 
and S1 vertebrae. 

Figure 3 The spine is placed in 20 degrees of extension. Note the 
secure fixation of the spine at the L1 and S1 levels. 
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Measurements: 
Performance 

Ideal overall angle: 
φL1S1 

Joint angle: 
θL5L6 

Error = abs (θL1S1 − φL1S1 )

L1

Apparatus

L2
L3 L4 L5

Fusion

Apparatus

L6
L7

S1

Measured overall angle: 
θL1S1 

Percent error = abs (            )×100%Error
φL1S1

Figure 4 Performance measurements of the apparatus. This graphic illustrates the manner in which we calculated the percent error at each 
flexion/extension angle. Note the ideal overall angle within our experimental setup was either 10, 20 or 30 degrees of flexion/extension.

Measurements: 
Outcome 

Ideal overall angle: 
φL1S1 

Joint angle: 
θL5L6 

L1
L2

L3 L4 L5 L6
L7

S1Fusion

Apparatus

Measured overall angle: 
θL1S1 

Percent of measured overall angle =            ×100%θL5L6

θL1S1

Apparatus

Figure 5 Outcome measurements of the apparatus. Note the measured overall angle is the denominator of our percent of measured 
overall angle. The stiffer a fusion site was than the lower the percent of measured overall angle (i.e., smaller joint angle reducing the above 
equation). 

data points, however, had error values less than 15%. 

Motion measurements

The motion measurement was obtained at each flexion/
extension degree mark for each rabbit. At the joint of 
interest for fusion (i.e., L5–L6) measurements were taken of 
the angle between vertebrae. This measurement is plotted 

against the overall ideal angle and the overall measured 
angle. These results are shown in Figure 8A,B. These results 
were combined into an average of measured overall angle. 
The results are shown in Table 2. When rabbits graded as 
fused were compared to sham rabbits, there was a trend 
toward reduction in percent of overall measured angle 
within the fused group as compared to the sham group 
(8.77% vs. 13.84%, P=0.14). There was no statistically 
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A B

Figure 6 Radiographs (A,B) from 10-week rabbits. There are bridging trabeculae between transverse processes and there is no evidence of 
lucency within the bridging bone. The left side of the unilateral fusion mass appears similar to either side of the bilateral fusion mass.

Table 1 A breakdown of rabbits used within our study

Fusion 2-week 5-week 10-week

Sham 2 L5/L6 – –

Standard – 1 L5/L6, 1 L4/L5 2 L5/L6

Non-Standard – 2 L5/L6 1 L5/L6, 1 L4/L5

Of note, the L4/L5 fusion rabbits were excluded from our study given the design of our equipment.

significant difference in percent of overall measured angle 
between unilaterally and bilaterally fused groups (8.69% vs. 
8.85%, P=0.71). 

Discussion

Our experiment attempted to quantify the motion between 
vertebral segments within a rabbit spinal fusion model 
during flexion and extension. By using an ideal overall angle, 
we were able to flex/extend each spine a defined amount 
in order to measure the amount of motion at a particular 
vertebral level of interest (i.e., fusion level). Within our 
pilot study, we found that there was a trend toward less 
overall motion at the fused segment as compared to non-
fused segments (8.77% vs. 13.84%, P=0.14). There was 
no statistically significant difference in motion when 
comparing unilateral and bilaterally fused spines (8.69% vs. 
8.85%, P=0.71). These results suggest that measurement 
of the angle of displacement between vertebrae at various 
flexion/extension angles may allow researchers to quantify 
the degree of fusion of a rabbit spine. 

The manual palpation exam is a well-established 
and validated means by which to judge rabbit spine 
fusion, but obtaining quantitative proof of fusion can be 
difficult and expensive (3,7,9,10). Unfortunately, what 
defines motion for non-fusion and fusion definitions is 
difficult to quantify without the use of a structural testing 
machine. This equipment may not be easy to access. With 
future experiments, our model will allow for objective 
measurement of motion at a level of interest within the 
rabbit spine. Using only a camera phone, graphical paper, 
wire and a pencil, an investigator may be able to measure 
an angle between the L1 and S1 vertebrae at various angles 
of flexion/extension. During this movement, one might 
also measure the angle between vertebrae at the level of 
interest or level of potential fusion. Our hope with future 
experiments is to better quantify the ratio between the 
angle involving a potentially fused L5/L6 and the overall 
measured angle between L1 and S1 that is indicative of a 
complete fusion. This may reduce the costs associated with 
an animal experiment (i.e., avoid use of a structural testing 
machine).
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Within our model we did not note any difference in 
flexion/extension measurements based on whether rabbit 
spine fusions were unilateral or bilateral. The similar 
motion in flexion between cohorts is consistent with 
previous work by Cottrell et al. (7) Furthermore, for those 
rabbits that were unilaterally fused, there was a fully formed 
radiographic fusion mass by 5 and 10 weeks on the fused 
side, these findings suggest that a unilaterally fused rabbit 
spine is biomechanically equivalent to bilaterally fused 
rabbit spines. 

There are significant limitations to our study. The 
number of animals was small, and therefore we were not 
able to reach statistical significance in terms of difference 
between fused and non-fused segmental motion. Give that 
this is a pilot study, the authors hope that future studies 
with larger animal groups might validate this method of 
measurement of rabbit spinal fusions. We were encouraged 
that even with this small number of animals we were able to 
see a trend in terms of difference of motion between rabbit 
cohorts. During our experimental model we attached wires 
around the spinous process/facet joints. This may limit 
motion, and we did not quantify this method of attachment 

during our experiment. We also did not standardize the 
amount of soft tissue removed. We attempted to remove 
as much as possible, including all intertransverse and 
interspinous ligaments, as well as all volar musculature 
along the lumbar spine. This, process, however was not 
strictly controlled. We also did not control for the amount 
of time between euthanasia of the animal and mechanical 
testing. This process varied from 30 minutes to 2 hours.

Conclusions

In summary, this is a novel pilot study on defining motion 
at a potential fusion level in the rabbit spine fusion model. 
We found a trend toward a smaller ratio of motion at a 
level of potential fusion (i.e., L5–L6) as compared to a 
standard overall measured angle (L1–S1). Furthermore, 
unilateral and bilateral fusions had similar motion at a 
potential fusion level. Our pilot study offers a potential 
manner in which to quantify the manual palpation exam for 
rabbit spinal fusions without the use of a structural testing 
machine. Future studies will be required to further validate 
this model.

Figure 7 Apparatus performance. (A) The ideal overall angle and the actual measured angle at L1 and S1. This should be exactly equal, but 
as can be seen there are deviations in measurements. (B) These deviations are quantified. The percent deviation from the ideal overall angle 
is plotted for each collected data point. The majority of data points have less than 15% of percent error. 
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Figure 8 Overall angle at joint of interest. (A) The results of the angle of interest measurement against the overall ideal angle. (B) The 
measured overall angle vs. the percent of measured overall angle. This contrasts the movement of L1 and S1 vertebral segments and the 
motion at the level of fusion (L5–L6). If a spinal segment is fused, there would be less motion and a decrease in the percent of measured 
overall angle. Of note, specimen A2 and E2 are the sham rabbits, specimens 54, F5, 52, C5 are from the 5-week cohort of rabbits and 
specimens 73, 75, 72 and 76 are from the 10-week cohort of rabbits.

Table 2 The level fused and the average percent of overall motion for each rabbit within the study

Rabbit No. Type of surgery Level fused
Average percent of 
overall motion, %

Results of  
palpation exam

Radiographic 
assessment of fusion

Excluded vs. 
included

1 Sham L5/L6 14.89 Not fused 0/3 Included

2 Sham L5/L6 12.78 Not fused 0/3 Included

3 Unilateral L5/L6 11.26 Fused 3/3 Included

4 Unilateral L5/L6 8.12 Fused 3/3 Included

5 Bilateral L4/L5 3.3 Fused 3/3 Excluded

6 Bilateral L5/L6 13.36 Fused 3/3 Included

7 Unilateral L4/L5 2.88 Fused 3/3 Excluded

8 Unilateral L5/L6 6.7 Fused 3/3 Included

9 Bilateral L5/L6 8.73 Fused 3/3 Included

10 Bilateral L5/L6 4.45 Fused 3/3 Included

Of note, rabbit 5 and rabbit 7 were excluded because their fusion was performed at the L4/L5 level. The radiographic assessment was 
based upon a 3-point scale with 0/3 meaning not fused and 3/3 meaning fused.
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