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Intervertebral discs from spinal non-deformity and deformity
patients have different mechanical and matrix properties

Kevin K. Cheng, Sigurd H. Berven, Serena S. Hu, and Jeffrey C. Lotz
Department of Orthopaedic Surgery, University of California, San Francisco, CA 94143 USA

Introduction
Discogenic back pain is a challenging clinical problem to both diagnose and treat. While the
etiology is uncertain in most patients, it has sometimes been linked to deficits in tissue
structure [1]. The healthy intervertebral disc consists of an outer annulus fibrosus that
surrounds the inner nucleus pulposus. The annulus consists of concentric lamellar
collagenous rings. The nucleus comprises a proteoglycan-rich matrix that osmotically swells
to generate hydrostatic pressure that resists spinal compression. Disc degeneration includes
changes in matrix composition leading to deterioration of tissue mechanical properties, such
as nuclear depressurization, which can degrade overall spinal biomechanical behavior.
Mechanical insufficiency, along with infiltration and sensitization of pain transmitting
neurons (nociceptors), may be responsible for discogenic pain [2]. Thus, recent biologic
therapies aim to stimulate matrix synthesis in attempt to re-establish mechanical properties
[3].

Differences in mechanical properties of degenerated compared to normal intervertebral discs
may therefore provide clues to help direct therapies for symptomatic disc degeneration. We
know that degeneration decreases nuclear energy dissipation [4], swelling pressure, and
compressive modulus relative to normal nucleus [5]. Additionally, the degenerated annulus
has a higher compressive stiffness that correlates with tissue dehydration [6]. Consequently,
degenerated discs have a breakdown in matrix function, resulting in compromised
biomechanical behavior.

However, not all degenerated discs are painful, as many asymptomatic individuals have
MRI evidence of disc degeneration [7,8]. This suggests subtle features may be related to
pain that are not reliably quantified with standard diagnostic tests. Clinically, patients with
back pain may present with disc degeneration and a painful motion segment. While the
precise source of the pain is difficult to identify, the intervertebral disc may be contributory.
Histologic data indicate that painful degenerated discs have disordered annulus lamellar
structure, innervation, and vascular granulation tissue [1,9,10]. These qualitative
observations have not been supported by quantitative analyses to assess their biomechancial
significance. One overarching research goal is to quantify and understand these features that
may be responsible for disc pain. However, the current study lacks the clinical diagnostics
necessary to investigate the painful disc. Instead, this study focuses on degenerated discs
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from chronic back pain patients without deformity compared to a deformity control group.
Using in vitro testing, we hypothesized that discs from non-deformity and deformity patients
have differing mechanical and biochemical properties.

Materials and Methods
Patient and Group Selection

Patients in the study were placed into one of two groups: “non-deformity” and “deformity.”
The non-deformity cohort consisted of back pain patients with radiographic evidence of disc
degeneration and clinically assessed chronic back pain. Back pain is multifactorial, and
identification of a source of pain is complex, and often non-specific. Thus, the source of
their pain remains undefined in this study; however, in the surgeon`s assessment the affected
motion segment was contributing to the patient`s pain. Our second cohort, deformity,
consisted of patients with olisthesis, rotational subluxation, obliquity, or scoliosis. Patients
were categorized according to the surgeon`s assessment based on: a) clinical presentation; b)
radiographic findings; and c) discography.

a. Clinical presentation included pain evaluation using VAS (included in 19 out of 20
patients), and assessment of pain patterns associated with sitting, bending over, and
morning hours. These data were collected by standard patient intake questionnaires
at initial visit and preoperatively, just before or during the clinic visit.

VAS was determined using a 10cm line with 0 on the left indicating “no pain” and 10 on the
right indicating “worst possible pain.” Patients were instructed to mark the level of back
pain/discomfort, with 0 being none and 10 being unbearable. No further instructions were
provided regarding the timing of pain. They were asked to specify the duration of symptoms
(including pain) in a separate question. For all patients except two, VAS scores were taken
within one month of surgery.

b Radiographic findings were used to evaluate degeneration and included the
following: 1) plain films with qualitatively reduced height compared to adjacent
discs; 2) T2-weighted MRI image demonstrating reduced nucleus signal and
degeneration grade >3 using the Pfirrmann scale; and 3) endplate Modic
changes. All patients were evaluated with plain films. MRI images were
obtained for all non-deformity patients and six of the nine deformity patients,
and disc height and Pfirrmann grade [11] were recorded when MRI was
available. Disc height was measured from the center of the inferior endplate to
center of the superior endplate.

c Discography was conducted in eight out of eleven non-deformity discs, using a
low-pressure injection technique (≤50 psi above opening pressure) for pain
provocation [12]. Provocative discograms are rated by the quality and severity
of pain provoked by injection of contrast medium into the intradiscal space. A
positive disc was defined when: 1) concordant pain was provoked (≥ 7/10 VAS)
before achieving the pressure limit; 2) a grade 3 annular tear was present; and 3)
there was a negative control disc (≤6/10 VAS). Patients with a positive disc and
degeneration were placed in the non-deformity cohort.

Patient diagnosis and resulting categorization was conducted by the treating clinician and
entered into tissue storage. During a one year period, we collected samples from 80 patients
(32 non-deformity and 48 deformity), and selected patients on a consecutive basis, after
meeting tissue size limits for mechanical testing and extracellular matrix assays (≥3mm
thick, ≥7mm width and length for indentation, ≥800mg for equilibrium dialysis,
proteoglycan, collagen, and histology). The resulting study population was reduced to 20
patients (11 non-deformity and 9 deformity) after considering tissue size requirements. We
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analyzed 37 disc samples (approximately one nucleus pulposus (NP) and one annulus
fibrosus (AF) sample per disc) from two patient groups: deformity (n=8 AF, n=9 NP), and
non-deformity (n=11 AF, n=9 NP). Surgical extractions were partial by nature and some
samples did not include annulus or nucleus tissue. Discs were primarily harvested between
levels L4-S1, and one disc was harvested from L3-4.

Tissue Preparation
Tissues were frozen on dry ice within ten minutes of removal and subsequently stored at
−80°C. Annulus and nucleus tissue were isolated by visual inspection: annulus tissue was
apparent given its organized lamellar structure. The connective tissue surrounding the outer
annulus was discarded. Nucleus samples were harvested from the central region of the disc
consisting of unstructured collagen and proteoglycan. Tissue regions that were difficult to
identify as annulus or nucleus were not analyzed.

Mechanical Indentation
Because the samples were irregularly shaped, mechanical properties were tested using
mechanical indentation. Dynamic indentation tests were performed with the samples
submerged in 0.15 M PBS at 20°C (BioDent1000, Active Life Technologies, CA [13,14]).
Using a reference probe to determine surface contact, a 1.47 mm diameter cylindrical probe
continuously indented the tissue in a sinusoidal fashion with an amplitude of 300 μm and
frequency of 2 Hz (Figs. 1a and 2b). Each sample was preconditioned for greater than 20
cycles to create a standard reference configuration with consistent local tissue hydration at
the measurement site. During continuous indentation, two consecutive indentations were
recorded and averaged to create a force-displacement curve. For each sample, five separate
force-displacement curves were recorded in one location and output parameters extracted
from each force-displacement curve were averaged. Annulus tissue was indented in the
anatomic axial direction (i.e. perpendicular to the annular lamella) and nucleus tissue was
indented without directional specification, due to the lack of definitive architectural features.
The force-displacement curve exhibited hysteresis (Fig. 1c). The slope of the loading curve
was used to quantify the indentation modulus. The area in the hysteresis loop was used to
quantify the energy dissipated. As typical for viscoelastic materials, the displacement curve
lagged the force curve (Fig. 1d). This lag in displacement is called phase shift, δ. The
tangent of δ is the ratio of the loss to storage modulus, thus a large tangent of δ indicates a
viscous material whereas a small tangent of δ indicates an elastic material.

Equilibrium Dialysis
The disc hydration at physiologic pressure was assessed using equilibrium dialysis – a
technique that applies osmotic pressure on samples. Swelling pressure was measured by
equilibrium dialysis as described previously [15]. Briefly, tissue samples were equilibrated
in polyethylene glycol 20000 (PEG) solutions with 0.15 M sodium chloride, which
generated an osmotic pressure. A 30-60 mg tissue slice was placed into dialysis tubing of
3500 MW cutoff, and subsequently submerged into the PEG solution. This was repeated
such that each specimen was divided into six slices and placed in six different PEG
concentrations (5, 10, 15, 20, 25, and 30 g PEG/100 ml sodium chloride). After 48 hours at
4°C with gentle agitation, the post-dialysis tissue mass was measured. The tissue slices were
lyophilized and the resulting dry masses measured. Dry mass was subtracted from the post-
dialysis tissue mass to obtain water content. The water content was normalized to dry mass
to obtain tissue hydration. After each experiment, a sample of each PEG solution was
lyophilized and weighed to obtain the final PEG concentration. The osmotic pressures of the
PEG solutions were calculated using the following equation:
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Equation 1

where π is the osmotic pressure, R is 8.31 J/K*mol, T is temperature, c is concentration in g
PEG/ml solution (specific volume of PEG is 0.837 ml/g).

Osmotic pressure versus tissue hydration curves were generated and the data were fit to an
equation of the form π = A × hB, where h is tissue hydration, and A and B are constants. The
hydration at 0.2 MPa (a physiologic disc pressure [16]) was compared between non-
deformity and deformity samples. In addition, the dependence of hydration on proteoglycan
and collagen content in the combined set of tested tissues was evaluated by performing a
multiple linear regression with the following equation:

Equation 2

where h is tissue hydration, p is proteoglycan normalized to dry mass, c is collagen content
normalized to dry mass, and A1, A2, and A3 are constants. The individual dependence of
tissue hydration on proteoglycan and collagen was evaluated with two linear regression
analyses.

Protein Quantification
Proteoglycan, collagen, and collagen crosslinking were quantified to determine if matrix
quantity correlated with mechanical properties.

Proteoglycan—Samples were digested with papain (21 units/ml) at 65°C for 48 hours.
Chondroitin sulfate content was assessed by adding 40 ul of the papain digest to 250 ul
dimethylmethylene blue dye (DMMB) solution [17]. Absorbance at 525 nm was measured
and converted using a chondroitin sulfate standard.

Collagen—Samples were digested with 6 N HCl at 110°C for 16 hours. Collagen content
was assessed by hydroxyproline, as described by others [18]. Absorbance at 570 nm was
measured and converted using a hydroxyproline standard. Collagen was assumed to consist
of 14% hydroxyproline [19].

Collagen crosslinking was assessed by quantifying fluorescent advanced glycation
endproducts (AGEs) [20]. Supernatant from the collagen digest was measured by
fluorescence at 370 nm excitation and 440 nm emission and converted with a quinine sulfate
standard.

Histology
Disc samples were embedded in paraffin, sectioned, and stained with Picrosirius Red.
Sections were imaged at 4X under polarized light to visualize collagen birefringence.

Statistical Analysis
All statistical analyses were performed using the JMP statistical software system (JMP V
8.0.1). Student's t-test and analysis of covariance (ANCOVA) procedures were used to
compare specimen group means and to estimate the effect of the specimen variables (tissue
type, non-deformity/deformity status entered as categorical predictors; and age entered as a
continuous predictor) on the measured parameters of interest (energy dissipated; indentation
modulus; tan(δ); hydration; proteoglycan, collagen, and collagen crosslinking content).
Correlation coefficients (coefficient of determination, R2), standard deviations, and linear
regressions were also determined along with standard p-values for assessing statistical
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significance. Probabilities between 0.05<p<0.1 were defined as ‘trends’ with near statistical
significance [21].

The current study investigates differences in mechanical properties and matrix quality,
which are confounded with degeneration and, therefore, age. We have accounted for age
effects by performing ANCOVA with age as the corrected variable. Our analysis outputs
include p values for age and deformity group, such that significance can be assessed for
each.

Results
Patient Selection

VAS scoring (available for 35 out of 37 samples) was significantly higher in the non-
deformity than deformity group (8±2 vs 5±3 (SD), p<0.05). MRI data was available for 32
out of the 37 tested samples. Disc heights between the non-deformity (11.5±2.5 mm) and
deformity (12.2±1.2 mm) groups were statistically indistinguishable (p>0.4). In addition,
Pfirrmann grades between non-deformity (median=3, range=2) and deformity (median=3,
range=1) groups were statistically equivalent by Pearson's chi-square test (p>0.7). The age
of the non-deformity group was significantly lower than that of the deformity group (49±10
vs. 61±14, p<0.01). Males and females were represented in the non-deformity group (4
female/7 male) and deformity group (6 female/3 male); gender distribution between groups
was statistically indistinguishable by Pearson's chi-square test (p>0.15).

Mechanical Indentation
The non-deformity and deformity groups had subtle differences in mechanical properties
based on indentation testing. In nucleus samples, energy dissipation was significantly higher
in the non-deformity group than in the deformity group after including age effects (1.5±0.7
vs. 0.7±0.4 μJ, R2=0.33, ppain<0.05, page=0.985). For the annulus samples, energy
dissipation was statistically indistinguishable between the non-deformity group and
deformity group after including age effects (Fig. 2a; 1.8±0.9 vs. 3.5±1.7 μJ, R2=0.47,
ppain=0.215, page=0.055). Other indentation outputs (indentation modulus and tangent of δ)
for non-deformity and deformity groups (nucleus and annulus) were statistically
indistinguishable when including age effects.

Within the non-deformity group, energy dissipation between the nucleus and annulus were
statistically indistinguishable (p=0.41). In contrast, in the deformity disc, energy dissipation
of the annulus was significantly higher than the nucleus (p<0.0005). While the indentation
modulus of the annulus was significantly higher than that of the nucleus in both non-
deformity and deformity discs (p<0.05), the mean difference between nucleus and annulus
indentation modulus was larger in the deformity disc. Because the majority if samples
included both annulus and nucleus tissues, comparisons between annulus and nucleus were
largely the same age and not age corrected.

Equilibrium Dialysis
The non-deformity and deformity annulus samples had different equilibrium water content
by equilibrium dialysis. At an osmotic pressure that approximates physiologic pressure in
the disc, the hydration of the annulus was significantly lower in the non-deformity group
than the deformity group after including age effects (Fig. 3; 2.6±0.5 vs. 3.1±0.2 MPa,
R2=0.42, ppain<0.005, page=0.077). In contrast, the hydration of the non-deformity and
deformity nucleus samples were statistically indistinguishable (R2=0.13, ppain=0.17,
page=0.27). In both non-deformity and deformity groups, the nucleus had significantly
higher hydration than the annulus (p<0.01).
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The hydration for the combined set of tested tissues was dependent on proteoglycan and
collagen content according to Equation 2. Multiple linear regression analysis indicated that

constants A1 through A3 in Equation 2 are ,

, and , respectively. The R2 value of
the curve fit was 0.43. In addition, the linear regression analyses indicated that tissue
hydration had individual correlations with proteoglycan (R=0.45, p<0.01) and collagen
(R=-0.55, p<0.0005).

Protein Quantification
The non-deformity and deformity groups had similar amounts of proteoglycan and collagen
(Table 1). Including age as a covariate, however, revealed differences in matrix content
between the non-deformity and deformity annulus (Fig. 4). Specifically, the non-deformity
annulus had lower proteoglycan and higher collagen than the deformity annulus after
correcting for age effects (proteoglycan: R2=0.47, ppain <0.05, page <0.005; collagen:
R2=0.31, ppain<0.05, page<0.05). As expected, total collagen was higher in the annulus than
the nucleus in both groups (p<0.05). Collagen crosslinking was statistically
indistinguishable between non-deformity and deformity groups (annulus and nucleus)

Histology
The matrix organization of the non-deformity annulus was compromised compared to that of
the deformity annulus. This has been reported in the literature, and confirmed with histology
in the current study (Fig. 5) [1]. Representative sections indicate that the non-deformity
annulus had disorganized collagen lamellae. In contrast, the organization of the deformity
annulus was evident from the clear structure of the lamellae. Although these data were not
age adjusted, trends in matrix organization are opposite to expected age effects. In
particular, disorganized collagen lamellae was observed in the younger non-deformity
annulus, rather than the older deformity annulus.

Discussion
The current study used non-deformity discs with deformity controls to open the door for
future research regarding back pain and the intervertebral disc. Our data demonstrate that
non-deformity discs have subtle differences in mechanical properties and annular matrix
quantity, while maintaining similar levels of nuclear matrix quantity, as deformity discs.
Surprisingly, this is despite having similar levels of degeneration—assessed by MRI
Pfirrmann grade, disc height, nucleus viscoelasticity, nucleus hydration, and nucleus
proteoglycan quantity. We observed that the non-deformity annulus had a diminished ability
to imbibe water, which coincided with decreased proteoglycan and increased collagen. The
non-deformity nucleus had higher energy dissipation than the deformity nucleus. Taken
together, these results suggest that subtle mechanical and biochemical changes are present in
the discs of patients undergoing segmental fusion or disc replacement for disc degeneration
and chronic back pain.

Due to limitations involving clinical diagnostics, the current study cannot compare painful
and non-painful discs. Prior research has characterized the degenerated disc using a
combination of clinical data and animal models. In contrast, characteristics of painful discs
remain poorly defined. Investigations of the painful disc pose challenges stemming from the
subjectivity of pain. Without a representative animal model, disc pain research is conducted
using human surgical waste tissue where pain classification remains controversial. Self-
reported pain scales (VAS) are subjective and do not identify whether the pain source is the
disc or surrounding tissue. On the other hand, discogram identifies the specific pain level,
but remains controversial due to false-positives and an invasive procedure. The design of the
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current study was such that discogram was not applied to deformity patients as an ethical
limitation. Future research will investigate discogenic pain using a universal standard for
disc pain that can be applied to all patients. The current study, instead, investigates discs of
patients undergoing segmental fusion or disc replacement for disc degeneration and chronic
back pain using the non-deformity group.

Our results suggest unique matrix properties in the non-deformity annulus that have been
observed previously in painful discs. In particular, our results indicate that the non-
deformity annulus have quantifiable changes including decreased proteoglycan and
increased collagen compared to deformity controls. Changes in collagen structure and
distribution have been observed in prior studies focused on painful discs. Previous reports
demonstrate that the annulus of painful discs has distinct histological features, including
disordered annulus lamellar structure and infiltration of vascular granulation tissue [1].
These findings were accompanied by observations of increased connective tissue growth
factor in the painful disc, which suggests fibrosis in the disc matrix. While the current study
does not assess vascular granulation tissue or connective tissue growth factor, our histologic
data of the non-deformity disc also demonstrate disorganized annulus lamellar structure.

Altered matrix in the non-deformity disc leads to diminished hydration characteristics.
When exposed to an osmotic pressure of 0.2 MPa during equilibrium dialysis tests, the non-
deformity annulus was less hydrated than the deformity annulus. These results suggest that
the non-deformity annulus had inferior mechanical properties. As expected, tissue hydration
correlated with proteoglycan and collagen quantity (Equation 2), confirming that matrix
quantity approximately predicts matrix function. In addition, altered collagen structure,
which is found in the non-deformity disc, can affect collagen intrafibrillar water content and
disc hydration [22]. These subtle changes in annulus properties were not detected by
indentation testing.

In the nucleus of the non-deformity disc, we noted increased energy dissipation without
associated changes in proteoglycan or collagen quantity. By measuring the structural
properties of proteoglycan and collagen, our indentation tests detected altered matrix in the
non-deformity nucleus. Mechanical indentation, like other compressive testing protocols,
measures compressive properties of the nucleus which are dominated by proteoglycans and
surface tensile properties of collagen fibrils located at the superficial tissue region [23,24].
While differences in mechanical indentation were not explained by proteoglycan and
collagen quantification, DMMB and hydroxyproline do not fully define the matrix
properties of the nucleus. In painful discs, the presence of fibrosis and infiltration of
vascular granulation tissue extends into the nucleus [1], which could cause elevated energy
dissipation without altered proteoglycan or collagen quantity. In addition, several less
abundant extracellular matrix molecules in the nucleus affect matrix integrity and
mechanical properties. For example, collagen IX covalently binds collagen II and its role in
matrix function has been demonstrated in studies of genetic polymorphisms [25]. These
studies have identified links between collagen IX polymorphisms and disc degeneration or
compromised mechanical properties in the nucleus [26,27].

Mechanical indentation data indicate that the annulus and nucleus have similar mechanical
properties in the non-deformity disc, but different properties in the deformity disc.
Specifically, in the deformity disc, the nucleus had lower energy absorption and indentation
modulus than the annulus. These properties are consistent with the existing knowledge of
disc biomechanics, where the hydrated nucleus is surrounded by the organized annulus,
evenly distributing load along the neighboring vertebral bodies. As the disc degenerates, the
nucleus dehydrates and the annular collagen infiltrates the nucleus, resulting in loss of
distinction between the annulus and nucleus [11,28]. These degenerative changes were
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evident in the non-deformity disc group from our mechanical indentation results. The similar
mechanical properties of the nucleus and annulus in non-deformity discs are a departure
from typical nucleus and annulus function, where the structured annulus contains the
gelatinous nucleus. While the non-deformity and deformity discs had similar degeneration
grades (indicated by Pfirrmann grade, disc height, nucleus viscoelasticity, nucleus hydration,
and nucleus proteoglycan quantity), these mechanical properties indicating a change in
nucleus and annulus function were specific to non-deformity discs. Thus, our data suggest
subtle degenerative changes in non-deformity discs that are independent of the standard
indicators of disc degeneration. Interestingly, these degenerative effects are observed in the
younger non-deformity group.

This study included limitations that arose from the challenges associated with surgical
patient selection and group designation. The first was that we used clinical assessment with
discogram to test discogenic pain in our hypothesis. Although discogram is used in clinics to
confirm discogenic pain, it remains a controversial technique with reports of false-positives
ranging from 6% to 83% [12,29,30]. Variation in false positives is attributable to study
factors, such as inclusion of subjects with preexisting chronic pain or somatization disorder.
Nevertheless, the combination of clinical parameters, including discogram, is currently the
best assessment of discogenic pain. As a practical limitation, the deformity group did not
include discography. Because discogram is invasive and clinically unnecessary in deformity
patients, we instead relied on clinical assessment and radiographs for the deformity group. A
second limitation was that the control deformity group consisted primarily of adult scoliotic
discs, which may have had tissue asymmetries or altered matrix. The use of scoliotic discs is
a practical limitation since degenerated asymptomatic discs are infrequently removed from
patients other than those with deformity. These scoliotic discs have a history of asymmetric
loading and the potential for regional variation in tissue properties. However, prior studies
that compare matrix from the convex and concave sides of the scoliotic curve have poor
agreement. Some studies have indicated heterogeneity in collagen content and crosslinking
between the convex and concave scoliotic disc [31,32]. Other studies, however, have
indicated no differences between the convex and concave matrix by histology, collagen
content, or proteoglycan content [33–35]. We did not control for tissue asymmetry, which
possibly contributed to variability in our mechanical measures. Nonetheless our results were
statistically significant when compared to the non-deformity disc group. Aside from tissue
asymmetry, scoliotic discs may also have altered matrix. Others have shown that scoliotic
discs have reduced annular elastin and collagen organization [33]; however, this would
suggest mechanical trends opposite to those reported here. Consequently, we do not believe
the presence of scoliosis biases our mechanical data. Another limitation was the age
difference between groups. Previous studies have shown that older age results in increased
AGEs and degeneration [32,36]. Despite the age differences between groups, AGEs were
statistically indistinguishable between non-deformity and deformity groups for both nucleus
and annulus tissue. The degeneration level between groups was similar, as demonstrated by
Pfirrmann grade, disc height, nucleus viscoelasticity, nucleus hydration, and nucleus
proteoglycan quantity. Furthermore, the deformity annulus group (higher mean age) had
higher tissue hydration than the non-deformity annulus group. This is contrary to an
expected degenerative-age effect in the annulus, which has been shown by others to result in
increased compressive modulus from tissue dehydration [6].

While the source of disc pain remains under investigation, the current study enhances the
existing knowledge of compromised mechanical and matrix properties specific to discs of
patients undergoing segmental fusion or disc replacement for disc degeneration and chronic
back pain. Panjabi has previously described the spinal column as part of the stabilizing
system of the spine [37]. Instability in the spinal column can be induced in cadaveric spinal
units by introducing annular or nuclear defects to the disc [38]. While prior experiments
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have demonstrated the relationship between intervertebral disc injury and clinical instability,
the association between instability and low back pain has remained an assumption [37].

Interestingly, this assumption is the basis for spine stabilization treatment, including fusion
and muscle strengthening [37]. Results from the current study support this assumption by
suggesting an association between compromised tissue mechanical properties and disc
degeneration with chronic back pain. Although we were unable to directly test spinal
instability, our results open the door for further investigation in the mechanics of painful
discs. We are unaware of any previous study that has assessed the mechanical properties of
discs from patients undergoing segmental fusion or disc replacement for disc degeneration
and chronic back pain using deformity controls.
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Figure 1.
Mechanical indentation test. The outer reference probe contacted the sample (a) and the
inner indentation probe indented the sample (b) while recording force-displacement data.
Energy dissipation and indentation modulus were extracted from the resulting force-
displacement curve (c). The phase shift, δ, was recorded from the lag between force and
distance (d).
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Figure 2.
Mechanical indentation test output parameters of non-deformity and deformity discs for
nucleus and annulus. (a) Energy dissipation. (b) Indentation modulus. (c) tan(δ). Values are
means ± SD. *ppain<0.05 by ANCOVA.
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Figure 3.
Hydration at 0.2 MPa of non-deformity and deformity discs for nucleus and annulus. Values
are means ± SD. * ppain<0.05 by ANCOVA.
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Figure 4.
The effect of age and pain on matrix quantity in the annulus. The non-deformity annulus had
less proteoglycan (a) and more collagen (b) than the deformity annulus.

Cheng et al. Page 18

Spine J. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Annulus samples stained with Picrosirius Red under polarized light. The non-deformity
annulus (a) had disorganized lamellar structure compared to the deformity annulus (b).
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Table 1

Matrix quantification of non-deformity and deformity discs for nucleus and annulus.

Nucleus Pulposus Annulus Fibrosus

Non-deformity Deformity Non-deformity Deformity

Proteoglycan/Dry Mass (μg/mg) 160±77 138±102 134±66 150±70

Collagen/Dry Mass (μg/mg) 228±45 187±70
344±154

*
285±46

*

Collagen Crosslinking (ng Quinine/μg Collagen) 5.21±1.52 9.15±6.39 3.67±2.85 4.16±0.43

Values are means ± SD.

*
Indicates significant difference between annulus and nucleus. p<0.05.
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