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low-intensity activities such as sitting upright without support or relaxed 

standing.40; 96; 153 The tensile load of 375 N was applied to all samples instead of a 

uniform stress to prevent sample pull out from the PMMA for discs with large cross-

sectional areas while ensuring sufficient load to describe the mechanical parameters 

of interest. The third step was to apply 10,000 cycles of compressive loads at 2 Hz 

between 0.12 and 0.96 MPa (1467±244N) which are loads similar to moderate 

physical activities such as jogging or lifting a 10 kg weight.96; 153 The number of 

cycles and cycle frequency were selected for comparison with earlier studies and 

because these loads are representative of moderate physical labor.22; 64 Fourth, 

mechanics were measured immediately after cyclic loading in the same manner as 

the second step. For the fifth and six steps, discs were rehydrated overnight 

followed by measurement of mechanical parameters.  

 

Figure 3:The mechanical testing procedure altered disc hydration. Discs are fully 
hydrated in a PBS bath containing protease inhibitors (Steps 1 and 5), 
and have reduced hydration after cyclic loading (Step 3). Mechanical 
parameters are measured after each change in hydration level (Steps 2, 4, 
and 6). 

 

Samples were tested on an ElectroPuls E3000 test system (Instron, Norwood, 

MA). All tests were run using trimodal control, in which the system reaches the 

target peak load while running sine waves in position control. If cycle peak loads do 

not match the target loads, the peak positions of the sine wave are adjusted on the 
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next cycle. During testing, target loads were reached between the 30th and 40th 

cycles. While this is more preconditioning than applied in many studies, previous 

work showed 20 cycles were needed to sufficiently precondition the disc for 

measuring mechanical parameters and preliminary studies for this work showed no 

difference in mechanical properties measured between the 20th and 50th cycles.19 

3.2.3 Nucleotomy 

To evaluate the effect of nucleotomy, samples were tested using the 6-step 

method described above while intact and again following nucleotomy. Nucleotomy 

was performed by first hydrating the discs in PBS for eight hours. Next, a cruciate 

incision was created in the posterolateral annulus using a #11 scalpel blade. 

Afterwards, either 2 or 4 mm pituitary rongeurs were used to remove as much 

nuclear material as possible through the single incision, which was 1.71±0.38 g of 

nuclear material. This is approximately 1.7 mL and 50% of nucleus pulposus volume 

and is slightly less than the 2.1±0.9 g removed during a clinical discectomy.10; 27; 39; 41 

Amount of NP removed was not correlated with sample degeneration (r = 0.19, p = 

0.5). Following nucleotomy, samples were frozen until further testing.  

3.2.4 Data Analysis 

Disc area was measured from MR images by outlining the disc in a midaxial 

slice using the DICOM viewer OsiriX (Pixmeo, Switzerland). Disc height was 

calculated from a lateral fluoroscopic image of the disc by dividing disc area by the 

anteroposterior width using Matlab (MathWorks, Natick, MA).103  
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The maximum position of a single loading cycle decreases over the 10,000 

cycles of compressive loading (Figure 4). Creep was defined as the decrease in 

maximum cycle position from cycle 50 to 10,000 of the cyclic loading and creep 

strain was calculated by dividing creep by initial disc height.  

 
Figure 4: The maximum position of single cycle decreases throughout the 10,000 

cycles of compressive loading. Creep is defined as the drop in maximum 
cycle displacement over 10,000 cycles, after which creep strain is 
calculated by dividing creep by initial disc height.  

 

Mechanical parameters were measured on the 50th cycle of the mechanical 

measurement steps of the testing procedure (steps 2, 4, and 6) to ensure sufficient 

preconditioning and eliminate super hydration.3; 63 Parameters were measured 

using a previously described custom Matlab program that performs a trilinear fit to 

the data (Figure 5A).15 This program first determines the minimum slope location 

of a 5th order polynomial fit to the data (Figure 5B). Neutral zone stiffness was 

defined as the slope of the loading data at this location (Figure 5C). Next, the data 

was separated into tension and compression loading curves and compressive range 
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of motion was defined as the displacement between 0 MPa and 0.48 MPa of applied 

stress (Figure 5D). Compressive stiffness was defined as the slope of the line fit 

through the data points above 80% of the maximum compressive load (Figure 5E). 

Neutral zone length was defined as the displacement between the intersection of the 

neutral zone line fit with the compression and tension curves (Figure 5F). 

Compression and neutral zone apparent modulus were calculated from stiffness by 

multiplying by disc height and then dividing by disc area. Similarly, compression 

and neutral zone strain were calculated by dividing the compression range of 

motion or neutral zone length by disc height. Intact disc height and area were used 

for this normalization.  
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Figure 5: Mechanical parameters are found using a trilinear fit of force-

displacement curve from 50th cycle of the mechanical measurement 
steps (steps 2, 4, and 6 of the testing procedure). A. Original data B. The 
minimum slope of a 5th order polynomial fit is located. C. Neutral zone is 
fit through data at the point of minimum slope. Neutral zone stiffness is 
the slope of this line. D. Tension (red circles) and compression (blue 
diamonds) loading curves are separated from the data. Compression 
range of motion is the displacement between 0 and 0.48 MPa on the 
compression loading curve. E. Tension and compression line fits through 
the maximum 80% of the respective loading curves. Compression 
stiffness is the slope of the compression line. F. Lines are fit in the neutral 
zone regions of the tension and compression loading curves. Neutral zone 
length is the displacement between the intersection of these lines with 
either the tension and compression lines. All mechanical parameters are 
then normalized by initial disc area and height.  

 

3.2.5 Statistics 

The effects of loading history (Initial, Cyclic, and Recovery) and treatment 

(Intact and Nucleotomy) on the mechanical parameters were analyzed using a 2-
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Way Repeated Measures ANOVA. Significant loading histories and treatments were 

examined with a Tukey’s or Sidak’s Multiple Comparison Test, respectively. 

Degeneration effects on cyclic loading were examined using linear correlations 

between T2 relaxation time and the percent change of parameters between loading 

history states. Similarly, degeneration effects on the changes caused by nucleotomy 

were analyzed by performing linear correlations between T2 relaxation time and the 

percent change between intact and nucleotomy parameter values at respective 

loading history state. To include the sample with no measured T2 relaxation time in 

the degeneration analysis, its T2 relaxation time was estimated based on its 

Pfirrmann grade and the regression line calculated from the other 14 samples. The 

effects of nucleotomy on disc height and creep strain were analyzed using paired 

Student’s t-test. Significance was set at p < 0.05.  

3.3 Results 

No visible tissue degradation was observed throughout the test. Intact disc 

area was 1528±254 mm2 and disc height was 8.6±2.3 mm. Qualitatively, both 

nucleotomy and cyclic loading affected the load-displacement response of the disc 

(Figure 6). All mechanical data, with the exception of disc height, was normalized 

by disc geometry. 
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Figure 6: Force displacement curves for a single sample over the course of the 

experiment. Cyclic loading increased range of motion and decreased 
neutral zone modulus, which recovered following hydration. Nucleotomy 
increased range of motion while decreasing stiffness and the amount of 
change in mechanical parameters caused by cyclic loading. 

 

3.3.1 Effects of Cyclic Loading Followed by Hydrated Recovery 

For intact samples, 10,000 cycles of compressive loading increased 

compressive modulus by 3% and increased compressive strain by 33% (Figure 

7A&B). Neutral zone properties were also affected by compressive cyclic loading, 

which decreased neutral zone modulus by 52% and increased neutral zone strain by 

31% (Figure 7C&D). Unloaded hydrated recovery caused neutral zone modulus and 

neutral zone strain to return to initial values (Figure 7C&D). However, 

unexpectedly, compressive modulus decreased 9% from initial and compressive 

strain remained elevated by 16% after unloaded recovery compared to initial values 

(Figure 7A&B).  
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Figure 7: Disc mechanical properties are altered by cyclic loading (cyclic) and 
generally recover after unloaded hydration (recovery). These changes 
mimic naturally occurring diurnal changes. Nucleotomy reduced the 
hydration effects on mechanical properties. In particular, nucleotomy 
reduced the percent change between the Initial and Cyclic hydration 
states for compressive strain (B), neutral zone modulus (C), and neutral 
zone strain (D). *p < 0.05 vs. initial, +p<0.05 vs. cyclic, # p<0.05 vs. intact. 
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Degeneration did not significantly affect cyclic loading in intact samples (p > 

0.05). However, following nucleotomy, degeneration influenced cyclic loading 

effects in compressive strain, neutral zone modulus, and neutral zone stiffness 

(Figure 8). Specifically, samples with lower T2 relaxation times (more degenerate 

samples) had greater increases in compressive strain between the initial and cyclic 

time points (r = -0.53, p = 0.04) and similarly had larger decreases in compressive 

strain between the cyclic and recovery time points (r = 0.54, p = 0.04) (Figure 8B). 

More degenerate samples also experienced greater changes in neutral zone 

mechanics. Low T2 relaxation times corresponded to greater decreases in percent 

change of neutral zone modulus (r = 0.72, p = 0.002) and increases in percent 

change of neutral zone strain (r = -0.70, p = 0.004) between the initial and cyclic 

time points (Figure 8C&D). These greater changes between the initial and cyclic 

time points were matched by similar greater magnitudes of restoration towards 

initial values between the cyclic and recovery time points.  
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Figure 8: Impact of degeneration on the percent change of mechanical parameters 
caused by cyclic loading in nucleotomy samples. More degenerate samples 
(Lower T2 Relaxation Time) experienced non-significant increases in 
compression modulus (A) and significant increases in both compression and 
neutral zone strain (B&D) as a result of 10,000 cycles of compressive 
loading, and proportional decreases following unloaded recovery. More 
degenerate samples also experienced greater decreases in neutral zone 
modulus (C) following cyclic compressive loading and corresponding greater 
recoveries following unloaded recovery. 

Figure 9: Nucleotomy decreased disc height and increased creep strain. 
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3.3.2 Effects of Nucleotomy 

Nucleotomy reduced disc height by 9% and caused a 29% increase in creep 

strain (Figure 9). Compression apparent modulus decreased 19, 15, and 9% at the 

initial, cyclic, and recovery time points, respectively ( Figure 10A) and was 

accompanied by corresponding increases in compressive strain of 38, 19, and 19% ( 

Figure 10B). Nucleotomy decreased neutral zone modulus by 16 and 13% ( Figure 

10C) at the initial and recovery time points, but increased it by 31% at the cyclic 

loading condition. The procedure also caused increases in neutral zone strain of 18, 

11, and 15% at the three loading conditions ( Figure 10D). These findings indicate 

that nucleotomy induces hypermobility regardless of the disc’s hydration state. 

Sample degeneration did not affect the changes caused by nucleotomy (p > 0.28).  

Following nucleotomy, cyclic loading affected the compressive and neutral 

zone mechanical properties in the same direction as the intact samples (e.g. 

compressive modulus increased for both intact and nucleotomy samples), but 

change in magnitudes were different. Specifically, after nucleotomy, cyclic loading 

increased compressive modulus by 7% and compressive strain by 15%. Neutral 

zone modulus decreased by 25% and neutral zone strain increased by 23%. For 

nucleotomy samples, all mechanical parameters returned to initial values following 

a period of unloaded hydrated recovery (Figure 7A-D). 
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 Figure 10: Nucleotomy decreased compression modulus (A), increased 

compressive strain (B), decreased neutral zone modulus at the initial and 
recovery hydration states and increased neutral zone modulus at the 
cyclic hydration state (C), and increased neutral zone strain (D). These 
findings indicate that nucleotomy induces hypermobility regardless of the 
disc’s hydration state. Solid = Intact, Checkered = Nucleotomy. *p < 0.05, 
#p < 0.1  

3.3.3 Interaction of Nucleotomy and Cyclic Loading 

There was a significant interaction between nucleotomy and loading history 

for compression modulus, compression strain, and neutral zone modulus. 

Nucleotomy increased the magnitude of the percent increase in compression 

modulus caused by cyclic loading (Figure 3, step 3) from 3% for intact samples to 

7% following nucleotomy (Figure 7A). However, the procedure also reduced the 
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percent change caused by cyclic loading in compression strain from 33% for intact 

samples to 15% (Figure 7B) and percent change in neutral zone modulus decreased 

from 52% for intact samples to 25% following nucleotomy (Figure 7C). Nucleotomy 

also affected the trends caused by unloaded recovery (Figure 3, step 5). 

Compressive modulus decreased by 12% following unloaded recovery for intact 

samples, but was only 5% lower for nucleotomy samples. For intact samples, 

compressive strain decreased by 12% following unloaded recovery, which 

increased to 13% for nucleotomy samples. Unloaded recovery increased neutral 

zone modulus by 94% for intact samples, but only 29% for nucleotomy samples.  

3.4 Discussion  

The first study objective was to determine the effects of physiological cyclic 

loading followed by unloaded recovery on the mechanical response of human 

intervertebral discs. We determined that human discs were less affected by cyclic 

loading than animal models in previous studies and that cyclic loading affected 

neutral zone properties more than compressive properties. The second objective 

was to examine how nucleotomy alters the disc’s mechanical response to cyclic 

loading. We found that partial removal of the nucleus pulposus decreases 

intervertebral disc modulus while increasing strain (range of motion), which 

corresponds to hypermobility. Nucleotomy also mitigated cyclic loading effects on 

mechanical properties, indicating altered fluid flow. This altered fluid flow may in 

turn affect cellular mechanotransduction and transport of disc nutrients and waste.  
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In human discs, cyclic loading and hydrated recovery affected both 

compressive and neutral zone properties. For example, cyclic loading increased 

compressive modulus by 3% while recovery decreased it by 12% (Figure 7A). This 

is lower than the 15-33% changes seen in bovine and ovine tests.64; 71 However, the 

lower magnitudes were expected because the mechanical changes are due to 

redistribution of fluid within the disc and human discs have a lower fluid content 

than the animal discs.2; 64  

Cyclic loading caused greater changes in neutral zone properties than 

compressive properties (Figure 7). Cyclic loading effects on neutral zone properties 

have not previously been reported; however, the role of the nucleus is more 

pronounced in the neutral zone than at higher loads.25 Given that cyclic loading 

causes fluid to be either redistributed within or extruded from the disc and that the 

NP has higher water content than the annulus,10; 64 higher fluid flow from the 

nucleus may explain why neutral zone properties were more affected by cyclic 

loading than compressive properties.  

An intriguing result of the study is the limited role degeneration plays in 

affecting the disc’s mechanical response to cyclic loading and hydrated recovery. 

Degeneration was correlated with cyclic loading effects after nucleotomy (Figure 8), 

with more degenerate samples experiencing greater increases in both compressive 

and neutral zone strain following cyclic loading. However, degeneration was not 

correlated with the acute changes of nucleotomy or effect of cyclic loading in intact 

discs. The more disorganized annular structure of the degenerate samples likely 
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permits greater redistribution of fluid than is possible for intact samples, which was 

magnified by the nucleotomy incision.48; 90 This finding has clinical relevance, 

indicating that nucleotomy causes more hypermobility in extended physiological 

loading for degenerate discs than non-degenerate discs.  

The acute effects of nucleotomy were a loss of disc height, decrease in both 

compressive and neutral zone modulus, and increase in compressive and neutral 

zone range of motion (Figure 9 &  Figure 10). Decreased disc height and increased 

range of motion caused by nucleotomy indicate that in order to compensate for the 

disc’s altered mechanical loading following nucleus depressurization (via age-

related proteoglycan loss, herniation, or discectomy) the remaining annulus and 

surrounding spinal elements must resist more motion. This could induce back pain 

by placing additional stresses on these innervated structures and advancing the 

degenerative cascade. In addition, spinal motion of the treated and adjacent levels 

may be altered if facet joints induce flexion moments within the disc. Also, the 

mechanical changes of nucleotomy are similar to the mechanical changes of natural 

degeneration. Thus, nucleotomy is a potential platform for evaluating mechanically 

based spinal treatments, such nucleus pulposus replacement.105; 118; 154  

Our measured acute effects of nucleotomy are comparable to literature 

values. Specifically, our measured disc height loss of 0.8 mm for 1.71 g of NP 

removed is comparable to a reported height loss of 0.5 mm for 1.75 g removed.151 

Our observation that nucleotomy initially causes a 0.35 mm increase in compressive 

range of motion is lower than literature values of 0.6-0.8 mm.42; 104 However, these 
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studies also applied higher compressive loads, which may account for some of this 

difference. In addition, the unique geometry of the L5-S1 disc relative to the other 

lumbar levels used in the existing literature may further explain these differences. 

Our observed 20% decrease in compressive stiffness fits within the literature range 

of 3-50% decrease for trans-annular nucleotomy studies.25; 83 However, trans-

endplate nucleotomy did not affect compressive stiffness,63 which suggests that the 

decreased compressive stiffness caused by nucleotomy may be more the result of 

the annular injury than the removal of the nucleus. This is corroborated by existing 

literature that shows the annulus plays a significant role in supporting compressive 

loads.58; 146  

It’s interesting that the NZ modulus at the cyclic time point is higher for the 

nucleotomy sample than for the intact samples ( Figure 10C). The higher modulus 

after nucleotomy may be attributed to fluid flow through the annular nucleotomy 

incision. In intact samples, the annulus serves as a barrier for fluid flow to and from 

the nucleus. The incision may increase permeability or create a fluid flow channel in 

the injury region.90 As a result, following nucleotomy, PBS from the bath may more 

freely enter and exit the disc. Thus, the neutral zone modulus of nucleotomy 

samples at the cyclic time point may be higher than intact samples because there is 

more PBS within the nuclear region.  

In addition to the acute effects of nucleotomy, we also found that nucleotomy 

reduced cyclic loading effects. This is clearly seen in the reduction of percent change 

between cyclic and recovery values for compressive modulus (12 to 5%) and 


