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1 | INTRODUCTION

Low back pain is a major cause of age-associated disability, affect-
ing approximately 632 million people globally! and 70% to 85% of

US individuals at some point in their lives.2 Low back pain is
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Abstract

Collagen plays a key structural role in both the annulus fibrosus (AF) and nucleus
pulposus (NP) of intervertebral disks (IVDs). Changes in collagen content with degen-
eration suggest a shift from collagen type Il to type | within the NP, and the activa-
tion of pro-inflammatory factors is indicative of fibrosis throughout. While IVD
degeneration is considered a fibrotic process, an increase in collagen content with
degeneration, reflective of fibrosis, has not been demonstrated. Additionally, changes
in collagen content and structure in human IVDs with degeneration have not been
characterized with high spatial resolution. The collagen content of 23 human lumbar
L2/3 or L3/4 IVDs was quantified using second harmonic generation imaging (SHG)
and multiple image processing algorithms, and these parameters were correlated with
the Rutges histological degeneration grade. In the NP, SHG intensity increased with
degeneration grade, suggesting fibrotic collagen deposition. In the AF, the entropy of
SHG intensity was reduced with degeneration indicating increased collagen unifor-
mity and suggesting less-organized lamellar structure. Collagen orientation entropy
decreased throughout most IVD regions with increasing degeneration grade, further
supporting a loss in collagen structural complexity. Overall, SHG imaging enabled
visualization and quantification of IVD collagen content and organization with degen-
eration. There was an observed shift from an initially complex structure to more uni-
form structure with loss of microstructural elements and increased NP collagen

polarity, suggesting fibrotic remodeling.
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responsible for the most years lived with disability of any disease,?
and US prevalence of this condition is increasing.>"> The most com-
mon back pain diagnosis is intervertebral disk (IVD) degeneration®
and specific structural disruptions of the IVD can contribute

directly to pain and disability.” Thus, better characterization
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of human IVD degeneration may improve understanding of the
development of back pain.

The IVD is composed of an outer annulus fibrosus (AF) and an
inner nucleus pulposus (NP). Much of the structural integrity of the
IVD is supplied by the extensive extracellular matrix, of which collagen
is a key component.81° The AF consists mainly of type | collagen, ori-
ented in concentric lamellae around the NP in an angle ply structure.!!
The NP is a gelatinous structure composed of proteoglycans, water,
and a mesh of type Il collagen.®*? Moving from outer AF to the NP,
the relative composition shifts from predominantly type | to type Il
collagen as the water and glycosaminoglycan content increase.®13-1>
Histological characterization of IVD degeneration demonstrated sev-
eral degenerative changes in the IVD, including macroscopic loss of a
clear NP-AF boundary, loss of gel-like properties in the NP, and a
disrupted annular structure.'®” Reported alterations in NP collagen
synthesis and degradation suggest a shift in composition toward
increased type | collagen content.® However, the collagen content
changes in the NP remain unclear. Despite NP degradation commonly
being described as a shift from gelatinous to fibrous composition,'”
NP hydroxyproline levels remain constant!® and NP collagen content
decreases with age.'®

Collagen microstructure in the IVD has been studied extensively
and is described in multiple reviews.'®*? While biochemical studies
have characterized compositional changes in the IVD with

degeneration, 318

changes in collagen structure in human IVD degen-
eration are not as well described across IVD regions and degenerative
grades. Improved spatial and morphological characterization of colla-
gen structure and content in human IVD degeneration is required to
determine whether patterns of increased NP fibrosis can distinguish
certain IVD degeneration phenotypes and may inform future biome-
chanical studies and molecular treatments.?° Further, microscopic
analysis of the collagen structure that is sampled systematically across
the various IVD regions may shed light on the differences between
biochemical studies that suggest a decrease in NP collagen® and his-
tological studies that suggest NP fibrosis.'”

In this study, second harmonic generation (SHG) imaging was
used to analyze IVD collagen structure in human samples. SHG is a
two-photon microscopic technique that has been exploited previously
to image collagen in various tissue types, such as IVD, arterial wall,
and tendon.?? It is a nondestructive imaging method that uses colla-
gen's hyperpolarizability under infrared (IR) light to image its structure
with high resolution without the need for staining. The use of SHG
imaging to measure various parameters of collagen structure and con-
tent has been validated previously by multiple groups by biochemical
and histological means, including in IVD tissue.*>?127 Although an
indirect measure of collagen, SHG can characterize collagen structure
and content in a nondestructive manner, allowing future in vivo appli-
cations.?®> SHG is specific to noncentrosymmetric molecules, which
includes both collagen types | and Il, and largely excludes other com-
ponents of the extracellular matrix.24?3° Thus, SHG signal is
affected by alterations in the collagenous network and largely unaf-
fected by the presence of other matrix components such as proteo-

glycans.3! There is evidence of a strong correlation between SHG

signal intensity and collagen content in hydrogels and IVD tissues>?23;

; however, other parameters such as fibril diameter, fibril disorder, and
molecular integrity have been shown to affect signal strength as
well.222326 Fyrther, in a study by Reiser et al, it was suggested to use
SHG as a means to identify permanent damage in IVDs by characteriz-
ing the collagen structural disorder within the disk tissue.?? However,
previous SHG studies on human IVDs have been limited by either
focusing on endplate structure®? or the use IVDs of a single degenera-
tion grade only.2”*3 Thus, there is a need for whole-IVD SHG analysis
across different grades to validate the robustness of this technology
for IVD degeneration.

The purpose of this study was to use SHG to assess the structure
and spatial distribution of collagen across cadaveric human IVD sagit-
tal sections with varying degenerative grades. SHG images were sam-
pled with predefined imaging regions from the anterior AF (aAF), NP,
posterior AF (pAF), and transition zones (aT and pT in respect to ante-
rior and posterior transition zones) to identify fibrotic changes in colla-
gen structure with IVD degeneration. The imaging regions were
standardized for all samples to allow regions of interest to be selected
in an unbiased manner. SHG imaging was used with multiple compu-
tational analyses to characterize the morphometric changes, collagen
content, and fibrillar organization throughout the human IVD with
degeneration. We correlated these parameters with degeneration
grade across IVD region to quantify changes in collagen content and
structure by IVD region. Lastly, we performed multivariable regression
analyses to evaluate the association between degeneration and SHG
imaging parameters and determine the role of age in this context.
These novel analyses enable determination of refined degenerative
microstructural changes to collagen structure in the IVD, providing
novel information that informs understanding of IVD pathology and
damage.

2 | MATERIALS AND METHODS

2.1 | Human specimens

Human samples were obtained from an institutional biobank of cadav-
eric IVDs. This study included 23 lumbar L2/3 or L3/4 IVDs (11 Male,
12 Female) (Table 1). The morphological degeneration of each sample
was quantified using the Thompson degeneration scale that ranges
from grade 1to 5, with 5 as the most degenerated.®* Each sample's
Thompson grade was determined using the average grade (rounded
to the nearest integer) of 3 trained and independent graders. Thomp-
son grades were used to ensure samples were selected from all

degeneration levels in a balanced manner.

2.2 | Histological analysis
Specimens were fixed in formal in, embedded in resin, and sectioned
in the sagittal plane as previously described.®> Mid-sagittal 5 pm sec-

tions from each sample were stained with picrosirius red/alcian blue
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TABLE 1 Human autopsy study sample demographics. Thompson
morphological degeneration grade, Rutges histological degeneration
grade, age, sex and vertebral level of 23 samples used in this study

Thompson grade Rutges grade Age/Sex Vertebral level
1 1.3 28/M L2/3
3 30/F L2/3
2 23 58/F L2/3
3 22/F L3/4
3 24/M L2/3
6 54/M L2/3
3 7 52/M L3/4
4.7 66/F L3/4
2.7 32/F L2/3
9.7 40/M L2/3
7.3 74/F L2/3
4 8.3 47/F L3/4
6.3 93/M L2/3
7.3 66/F L2/3
57 85/M L3/4
10 79/F L3/4
53 48/M L3/4
5 5 62/F L3/4
12 85/M L3/4
12 85/M L2/3
5 81/F L2/3
12 83/F L2/3
5 72/M L2/3

(PR/AB) or hematoxylin and eosin (H&E). After staining, histological
degeneration grade was quantified using the Rutges degeneration
grading scale to generate a better degeneration resolution for SHG
analysis. The Rutges scale ranges from O to 12, with 12 being the
most degenerated.®® Each sample was graded for Rutges grade by
three trained graders who were blinded to the sample age, sex, and to
the Thompson grade.

2.3 | Second harmonic generation imaging

SHG imaging was performed on unstained, de-plasticized sections
adjacent to those used for histological grading, using an Olympus
FV1000MPE two-photon microscope with 910 nm excitation wave-
length (Olympus Corporation, Tokyo, Japan). SHG signal was collected
in the backward direction at 25X magnification and photomultiplier
tube at 440 + 20 nm. Images were performed with a step size of
1.5 pm through approximately 10 pm. Imaging resolution was
512 x 512 pixels. A 4 x 4 tiled mosaic was collected at each selected
position, with 20% overlap of individual images to minimize artifacts

from the tiling protocol. A grid of tiling artifact is still visible, although
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this tiling protocol was uniform across all images so it would not affect
relative comparisons. A max-intensity z-projection was performed to
account for image thickness variation. All images were background
subtracted using a 50-pixel rolling-ball radius.

Regions for sample imaging were selected to include the anterior
AF, posterior AF, NP, anterior transitional region and posterior transi-
tional region, as follows: midpoints between the superior and inferior
IVD borders at the ends of each IVD were selected. The coordinates
of these points were used to determine their distance, and a “ruler”
was thereby determined, such that the midpoints at the aAF and pAF
were positions 0 and 10, respectively. Ten midline images were taken
across the section from anterior to posterior to assess collagen struc-
ture. Minor vertical translation from midline was permitted only to
avoid large histological defects that took up the majority of the image
view. This vertical translation was also used to ensure imaging of IVD
tissue and not the endplate when analyzing highly degenerated
(Thompson grade 5) IVDs. This standardized imaging protocol was
established after measuring a subset of samples in the study and
choosing positions that would most consistently represent the NP
and AF. The location of the transition zone between the NP and AF
was variable and sometimes nondiscernable in degenerated I1VDs, thus
the degree of NP and AF character in the aT and pT imaging zones
was variable. We thus analyze these transitional zones separately.

2.4 | Image analysis

Image analysis of SHG images was performed in the FlJI distribution
of ImageJ.3” The OrientationJ3® plugin was used for binarization and
image analysis according to a standardized pipeline. SHG intensity
was quantified in FIJI. To determine the degree of collagen content
variation in each image, Shannon entropy of the intensity histogram
(henceforth referred to as intensity entropy) was measured using a
custom written MatLab code (MathWorks, Version R2017a, Massa-
chusetts) (Figure 1A). To analyze the variability of fiber orientations
within the image, masked images were contrast enhanced, fibril ori-
entation was calculated with a two-pixel Gaussian window, and ori-
entation plotted in a histogram. A Shannon entropy analysis of the
orientation histogram was performed, providing information on
whether collagen fibers exhibit a complex distribution of orientations
or if a specific set of orientations predominate. Mean coherency of
masked and contrast enhanced images was also quantified as a proxy
for local organization (Figure 1B,C). Orientation) was used to thresh-
old all analyzed pixels to a minimum of 4% coherency and 2% energy
prior to any parameter quantification, thereby binarizing images to
remove pixels without tissue from analysis in order to eliminate small
histological defects or fissures (Figure 1D). No effect on SHG signals
in areas immediately adjacent to removed defects were apparent. In
total, four parameters were collected per image. Mean intensity pro-
vided information on the net content and integrity of collagen in the
image. Intensity entropy provided a measure of the variability of

intensity (and thus collagen content) within a given image.
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Imaging processing pipeline eliminated defects and allowed for morphometric analysis. A, Background subtracted second harmonic

generation imaging (SHG) images were used to calculate mean SHG intensity and intensity entropy. B, Fibril direction was calculated in contrast
enhanced images, which were coherency mapped, and mean coherency was calculated. C, Fibril direction was calculated in contrast enhanced

images, which were orientation mapped. Orientation histogram was plotted using this orientation map. Entropy of this histogram was calculated
to yield orientation entropy. D, SHG Images were binarized by energy and coherency, and this binary mask was utilized to eliminate histological

defects (indicated with *) from all analyses

Orientation entropy measured the variability in total fiber directions
per image and serves as a proxy for total structural complexity.
Coherency quantified the degree to fiber orientation matched that
of its neighbors and thus quantified orientation complexity at a local
level.

2.5 | Statistical analysis

Two-way ANOVA determined effects of Thompson degeneration
grade and IVD position on the SHG intensity with Tukey post hoc test
and using Graphpad Prism 7. Univariable and multivariable linear
regression determined the association between Rutges degeneration
score and age as independent variables and quantitative SHG parame-
ters as dependent variables, with separate analyses for each parame-
ter and region. Multivariable linear regression analysis was used to
assess if Rutges degeneration score and Age significantly predicted
quantitative SHG variables. An additional multivariable linear regres-
sion analysis was used to test if Rutges degeneration score and sex
independently were associated with quantitative SHG values. All
regression analyses were performed using R studio. Results are pres-
ented as mean = SD. All error bars shown are one SD. Significance
threshold was set at P < .05.

3 | RESULTS

3.1 | Degenerative processes are visible on SHG
Each of the PR/AB stained samples (Figure 2A) was used to determine
imaging locations using the protocol discussed above, and SHG images
were taken at midline (Figure 2B). SHG images were compiled into an
array organized by image position. These positions were grouped into
identifying zones (aAF, aT, NP, pT, and pAF) for both quantitative
and morphological analysis (Figure 2C). Arrays from low Thompson
grade 1VDs (Thompsons grade 1 and 2) tended to show obvious lamel-
lar structure in the aAF and pAF, and AF images were thus more
morphologically distinct from NP images than in grade 4 and 5 IVDs.
Within the healthy NP, areas of uniform SHG intensity were
observed, with structural elements taking on a fibrillar mesh-like
appearance. However, as IVD degeneration progressed, bright struc-
tural elements within the NP were more commonly seen, which were
found to be organized in a more linear fashion (Figure 3). Within the AF
on the other hand, intensity did not grossly change with degeneration,
but lamellar structure and fine structural elements such as interlamellar
cross-bridges were more difficult to discern in degenerated IVDs. Colla-
gen crimping as well as alternating lamellar layers were seen more

prominently in healthy AF than in degenerated samples (Figure 3).
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FIGURE 2 Second harmonic generation imaging (SHG) imaging and binning performed on 23 human IVDs at various degeneration grades. A,
Mid-sagittal sections of lumbar L2/3 or L3/4 IVDs ranging from grade 1 to 5 on the Thompson degeneration scale (grade) were stained with
PR/AB. B, Stained samples were imaged systematically at midline as indicated. C, Image arrays were compiled anterior to posterior. Binning into
anterior AF (aAF), anterior transition zone (aT), NP, posterior transition zone (pT), and posterior AF (pAF) was defined as shown. Scale

bar = 500 pm

Thompson Degeneration Grade
Grade 2 Grade 3 Grade 4 Grade 5

oo

Grade 1

Disc Degeneration

FIGURE 3 Degenerated NP showed more brightness variability on SHG, and both NP and AF demonstrated loss of visible microstructure on
degeneration. Healthy NP (Thompson grades 1 and 2), demonstrated uniform dim signal, with fine collagenous mesh visible. Degenerated NP
(Thompson grades 4 and 5) demonstrated bright linear formations, and loss of the fine collagenous mesh. Healthy anterior AF (aAF) and posterior
AF (pAF) demonstrated discernable fine collagenous structure elements such as collagen crimping (green arrow), and alternating ply directions
(blue arrow). Degenerated AF demonstrated loss of organization into lamella, and loss of all fine structural elements. SHG intensity was grossly
unchanged. Scale bar = 500 pm
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3.2 | SHG intensity increases in degenerated NP

SHG intensity exhibited distinct patterns with Thompson degenera-
tion grade and this varied with region (Figure 4A). The Thompson
grade was useful for the initial sorting of samples as it is based on
gross observation and requires no sample processing. Thompson
grade 1 and 2 samples exhibited SHG intensity that was lowest in the
NP regions while grades 3 to 5 exhibited SHG intensity patterns that
were flatter across regions from aAF to NP and pAF. On analysis, sig-
nificant interaction between Thompson grade and IVD position was
seen on two-way ANOVA when considering imaging positions inde-
pendently (interaction P = .0463, 14.85% of variation; IVD position
P <.0001, 22.2% of variation; Thompson Grade P = .0119, 1.63% of
variation), yet the Thompson effect on intensity did not persist upon
post hoc analysis at individual positions. The Rutges histological grad-
ing scale was used for all further correlation analysis with SHG imag-
ing parameters because it has greater resolution and accounts for
microscopic changes, as specimens are graded based on detailed
observations of histological sections rather than from observations of

Thompson Degeneration Grade

images of gross morphology used for Thompson grading. Confirming
that both scales measure degeneration, Thompson morphological
grading score was strongly correlated with Rutges histological grading
score (Figure 4B). Increasing SHG intensity was significantly corre-
lated with
pT. Intensity changes at the aAF, aT, and pAF were not significantly

increasing Rutges grade within the NP, and the

correlated with degeneration (Figure 4C).

3.3 | Morphometric analysis indicates loss of signal
complexity with degeneration

Both SHG intensity entropy and orientation entropy showed regional
decline with degeneration, indicating loss of variability in collagen
content and organizational complexity with degeneration. SHG inten-
sity entropy significantly decreased with Rutges degeneration grade
in the aAF and pAF (Figure 5A). No significant effect on SHG intensity
entropy was found within the aT, NP, or pT. SHG orientation entropy
decreased significantly in most regions of the IVD: aAF, aT, NP, and
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FIGURE 4 Second harmonic generation imaging (SHG) intensity is affected by Thomson grade and Rutges Grade in the NP and PT. A, SHG
intensity was plotted by IVD position, anterior (a) to posterior (p), and by Thompson grades 1-5. Error bars are one SD. B Rutges and Thompson
degenerative scales significantly correlated with each other. C SHG intensity compared to Rutges score in all regions of the IVD. Analysis shown

anterior to posterior. Correlations per region indicated at bottom
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TABLE 2 Multiple regression results assessing contributions of degeneration and aging. Only areas showing P < .05 for linear regression with
Rutges degeneration grade could be included in multiple regression analysis

aAF aT NP pT pAF
SHG Intensity Linear regression P=.9947 P=.1926 P =.0038 P =.0426 P =.8368
Multiple regression Rutges P =.0357 P=.3
Age P=.5521 P=.164
Overall P =.01108 P =.035
R? 0.2988 0.2133
Intensity Entropy Linear regression P =.0187 P =.4374 P=.7219 P =.7838 P =.0250
Multiple regression Rutges P=.25 P =.0193
Age P=.08 P =.3499
Overall P =.009161 P =.0487
R? 0.312 0.1869
Orientation Entropy Linear regression P =.0291 P =.0395 P =.0005 P =.0019 P =.0582
Multiple regression Rutges P=.214 P=.0714 P =.00085 P =.0061
Age P=.371 P=.7411 P=.298 P=.6128
Overall P =.06509 P=.1196 P =.001665 P =.00809
R? 0.163 0.1104 0.4199 0.3205
Coherency Linear regression P=.1196 P=.6217 P=.8578 P=.1960 P =.4568
Multiple regression Rutges
Age
Overall
R2

Abbreviations: AF, annulus fibrosus; aAF, anterior AF; NP, nucleus pulposus; pAF, posterior AF; SHG, second harmonic generation imaging.

pT (Figure 5B). Orientation entropy of the pAF decreased with Rutges
degeneration score, but this trend was not significant (P = .0582,
R? = 0.1605) (Figure 5B). Coherency was not significantly correlated

with degeneration grade in any region (Figure 5C).

3.4 | Degeneration correlates with age, not sex
Both the Thompson (P < .0001, R? = 0.5722) and Rutges degeneration
(P = .0019, R? = 0.3751) grades correlated with sample age
(Figure 6A,B).

Due to the correlation between age and degeneration, SHG mea-
surements that were identified to be significantly affected by Rutges
grade were also analyzed via multivariable linear regression using age
as a covariate. This was done to determine whether degeneration
effects were age-independent. While adjusting for age as a covariate,
Rutges remained independently associated with (a) SHG intensity in
the NP, (b) intensity entropy in the pAF, and (c) orientation entropy
in the NP and pT (Table 2). Of note, variance inflation factors indi-
cated that multicollinearity was not a concern. An absence of
degeneration-independent effects of age on SHG parameters
suggested that we can interpret our reported alterations in SHG
variables as degeneration-related changes.

An additional multiple regression used sex and Rutges degenera-

tion grade as a covariate. Sex was not significantly associated with

any of the SHG parameters measured (NP intensity, P = .405; pT
intensity, P = .1845; aAF intensity entropy, P = .131; pAF intensity
entropy, P = .0922; aAF orientation entropy, P = .2441; aT orientation
entropy, P = .798; NP orientation entropy, P = .112; pT orientation
entropy, P = .61287).

4 | DISCUSSION

In this study, we analyzed SHG intensity and various morphometric
parameters at various degeneration grades. We observed an increase
in NP signal intensity with degeneration, and a decrease in both inten-
sity entropy and orientation entropy within the AF. Taken together,
these results suggest fibrotic collagen deposition in the NP, and a loss
of structural complexity of collagen in the AF with degeneration.

SHG morphometric analysis indicated a loss of structural com-
plexity with degeneration including increased fibrosis and a loss of
large features like lamellae. Multiple morphometric properties of the
IVD were used to identify changes that occur in degeneration. Shan-
non entropy was used to quantify the randomness of intensity, as a
proxy for the uniformity of collagen structure within the analyzed
frame.3? Although quantitative validation of intensity entropy has not
been performed within the VD, its implications regarding image com-
position are well established,®® and entropy has been shown to

decrease as collagenous tissues become more uniform from processes
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such as collagen deposition®® and fibrosis** using other imaging
modalities. A loss in intensity entropy suggests a decrease in variabil-
ity of intensity throughout the image, with more uniformity in where
collagen is present and organized. We therefore interpret the
decrease in intensity entropy with degeneration in aAF and pAF
regions to indicate that fibrosis in the AF has caused the loss of dis-
tinct structures like alternating lamellar layers, leading to a shift
towards a more uniform image field. We utilized OrientationJ in our
morphometric analysis, a plugin based on structure tensors that evalu-
ates the local orientation and isotropic properties (orientation, coher-
ency, and energy) of every pixel in the image.®® It has been used
extensively to quantify collagen orientation and disorder.374%43
Quantifying the entropy of the resulting orientation map provides a
measure of the complexity of collagen orientations in the imaged
structure. We interpret the significant reduction in orientation
entropy with degeneration in nearly all IVD regions to quantify the
loss of structural features across the IVD. Coherency describes the
degree to which pixels share their orientation with their neighbors,
with high coherency indicating low variability in orientation at a local
level.22 The significant reduction in orientation entropy with degener-
ation, combined with no alterations in coherency, suggests loss of the
image-wide structural complexity of collagen with disruption of larger
scale features like lamellae through fibrosis, without distortion at the
local level. We interpret the lack of change in coherency to suggest
that both the original and the newly deposited fibrils remain structur-
ally intact at the 2-pixel scale. While this can indicate that individual
fibrils remain intact, no specific molecular changes at this scale were
detected.

SHG alterations pointed toward increased NP fibrosis since SHG
intensity increased within the NP and adjoining pT with degeneration
and there was a qualitative shift from predominantly fine fibrillar net-
work to linear structural features with high SHG intensity. Previous
research suggested a shift from type Il collagen to type | collagen con-

13.18.19 \vith a concurrent decrease in total

tent as the NP degenerates,
collagen content.*®** The loss in total collagen stands in contrast to
the notable morphological shift from gelatinous to fibrous that is
often described in the literature.2”4> Collagen type | and Il have been
discerned with SHG due to the greater polarity in collagen type | that
results in higher SHG signal on average,*® although it was impossible
to determine collagen type quantitatively in our human IVD samples
using SHG due to high local variability in collagen concentrations and
orientations. We did observe a quantitative increase in SHG signal
intensity and a qualitative increase in larger collagenous structures in
the NP and note the literature that shows a decrease in collagen con-
tent and shift from collagen type Il to type | in the NP with degenera-
tion.*3181? We infer increased fibrotic deposition in the NP is most
likely related to accumulation of type | collagen. SHG can therefore
identify alterations in NP collagen with degeneration.

The reduced intensity entropy and orientation entropy with
degeneration in the AF indicated a loss of micro-structural features.
Loss of the counter-oblique collagen orientation, interlamellar cross-

d,33’47

bridges, and collagen crimping were previously reporte and all

observed to be diminished in degenerated IVDs in our study. Loss of
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microstructural components can contribute to a decrease in structural
integrity of the AF,*® and this mechanical damage accumulates in the
IVD during degeneration.*’ Furthermore, the loss of orientation
entropy could be associated with the microfailure of the AF inter-
lamellar matrix, which was shown to be the weakest AF structure
prone to microfailure under high loading conditions.’® We note that,
to our knowledge, a comparison of type | and type Il collagen has not
been performed in terms of their effects on intensity entropy, thus we
cannot make compositional assumptions based on these data. The
healthy AF has greater orientation entropy, even in the NP, indicating
a greater number of families of fibers with varying orientations. The
observed decrease in orientation entropy change indicates that the
degenerated IVD structures have collagen with fewer families of fiber
orientations. The loss of orientation entropy may therefore suggest
that molecular degradation of the original collagen occurs and is rep-
laced with new collagen that takes on a simpler configuration. This
would not be surprising given evidence of inflammatory processes
within the AF and NP in degeneration.>1-53

The increased structural homogeneity identified in degenerated
IVDs in this study is similar to previous studies on the AF including
SHG analyses. Comparing collagen fiber orientation distributions in
moderately degenerated IVD as measured with SHG?” with previous
work showing larger differences in fiber orientation in healthy AF!!
together suggested the concept that degeneration causes the AF
structure to become more homogeneous. Our finding confirms this
observation by quantitatively showing that AF orientation entropy
decreases with degeneration. Our qualitative observation that
crimping decreased with degeneration may also suggest that the
observed lack of crimping in adult human IVDs when compared to
young bovine IVD on SHG is likely a degenerative change rather than
a species difference, as hypothesized by Vergari et al.>3

SHG intensity provided a robust measure of collagen organiza-
tion and its alterations with degeneration but is limited since pain
can not be assessed. While structural IVD changes are known to
correlate with pain, this study on cadaveric IVDs does not include
knowledge of clinical back pain symptoms. While SHG intensity is
affected by multiple parameters, including collagen fibril diameter,
content, and molecular integrity, the morphometric analyses are
not affected by these alterations in those parameters. We con-
trolled for histological defects by binarizing our images and remov-
ing the pixels from large defects due to histological processing or
fissures and results therefore compare the collagen matrix across
degeneration grades. Since the number of defects increases with
degeneration, we note severely degenerated IVDs would have an
increase in structural disruptions in addition to the collagen net-
work changes described in this SHG study. The fibrosis hypothesis
presented suggests that the original collagenous structure within
the AF degenerates and is replaced with new collagen, and future
studies can assess degenerated collagen using collagen hybridizing
peptide as a probe.>*>¢ Lastly, future SHG analysis concurrent with
biomechanical experiments may further elucidate structure-
function relationships since structural changes in collagen are

expected upon load application.*?:57-5?
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In conclusion, this study applied SHG imaging and multiple image
processing algorithms to quantify the spatial changes in collagen
structure with IVD degeneration. SHG intensity increased in the NP
with degeneration, demonstrating greater quantity of organized colla-
gen. We conclude that this increased intensity and qualitative alter-
ation demonstrates altered collagen fiber structure, and in the context
of the literature, suggests fibrotic deposition of larger collagen struc-
tures likely involving type | collagen accumulation. Intensity entropy
decreased in the AF and orientation entropy decreased throughout
the IVD with degeneration, highlighting a loss of structural complex-
ity. We posit that this loss of structural complexity with human IVD
degeneration resulted from the replacement of healthy collagen con-
sisting of complex structural features with fibrotic collagen of simpler
organization. These alterations were distinguished from aging
changes. These IVD structural changes with degeneration suggest a
loss of structural integrity and highlight a need for future studies char-

acterizing micro-injury and healing processes.
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