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Abstract BACKGROUND CONTEXT: Pfirrmann grading can be used to assess intervertebral disc degen-
eration (IVDD). There is growing evidence that IVDD is not simply a structural disorder but also
involves changes to the substructural characteristics of the disc. Whether Pfirrmann grade can accu-
rately represent these micro-nano environmental changes remains unclear.

PURPOSE: We aimed to assess the micro-nano structural characteristics of the degenerative disc
to provide more specific biomechanical information than the Pfirrmann score.

STUDY DESIGN: A micro- and nano-level structural analysis of degenerative discs of rat tails.
METHODS: In this study, 12-week-old adult male Sprague-Dawley rats were divided randomly
into five groups: control (no intervention to the intervertebral disc of the tail) and four intervention
groups that all had caudal vertebrae immobilized using a custom-made external device to fix four
caudal vertebrae (Co7—Co10) but with variable subsequent compression of Co8 and Co9 for 2, 4,
6, or 8 weeks. Magnetic resonance imaging detection of rat coccygeal vertebrae was conducted at
each time node of the experiment, and the T2 signal intensity and disc space were evaluated. Ani-
mals were euthanized and the caudal vertebrae were harvested for further analysis. Histopathology,
glycosaminoglycan (GAG) content, histologic score, end plate structure, and elastic modulus of the
intervertebral discs were evaluated.

RESULTS: IVDD was observed at an earlier Pfirrmann grade (Pfirrmann II) under the microscope.
With an increase in Pfirrmann grade to III—V, the pore structure of the bony end plate changed sig-
nificantly and the number of pores decreased gradually. Furthermore, the total GAG content of the
nucleus pulposus decreased from an average of 640.33 ug GAG/ng DNA in Pfirrmann grade I to
271.33 g GAG/ng DNA in Pfirrmann grade V (p <.0001). At the early stage of clinical degenera-
tion of intervertebral discs (Pfirrmann grades II and III), there were significant changes in mechani-
cal properties of the outer annulus fibrosus compared with the inner layer (p < .05). Further, the
fibril diameters exhibited significant changes compared with the control group (p < .05).
CONCLUSIONS: Our study found that the Pfirrmann grading system combined with interverte-
bral disc micro-nano structural changes more comprehensively reflected the extent of disc
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degeneration. These data may help improve our understanding of the pathogenesis and process of
clinical disc degeneration. ~© 2019 Elsevier Inc. All rights reserved.
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Introduction

The grading of intervertebral disc degeneration (IVDD) is
commonly performed using the Pfirrmann system [1—3].
This system is based on T2-weighted magnetic resonance
imaging (MRI), which essentially assesses water content
based on signal intensity [4,5]. The degree of IVDD is evalu-
ated according to the morphologic structure of the disc, and
assigned one of five grades (I—V). It is suitable for preopera-
tive evaluation of the degree of degeneration and also allows
horizontal comparison between different studies. However,
there are some limitations. First, it is difficult to distinguish
the early degenerative changes using the integer-based Pfirr-
mann score [6,7]. Second, the grading system is qualitative
and more or less subjective, which can be affected by
observer error, especially in relation to the intervertebral disc
substructure. Third, correlation between the Pfirrmann grade
and the occurrence or severity of clinical symptoms is poor.

It is established that each substructure of the intervertebral
disc has its own specific mechanical properties. Degeneration
affects these properties and impacts on the mechanical func-
tion of the entire intervertebral disc. That is, the mechanical
properties of the intervertebral disc are determined by the
interaction of the annulus fibrosus (AF), nucleus pulposus
(NP), and end plate (EP) under different loading conditions.
The interaction between these substructures enables the inter-
vertebral disc to transfer the load. According to the principles
of biomechanical adaptability and associated findings, skele-
tal cells such as fibroblasts, osteoblasts, and chondrocytes are
sensitive to peripheral stress [8—12]. They not only experi-
ence stress changes, such as alterations in density and elastic
modulus of extracellular matrix, in peripheral biomechanical
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environments but also use these environments to regulate
stress. For example, synthesis of extracellular matrix
increases density and elastic modulus, whereas decomposi-
tion has the opposite effect. Thus, these changes reduce or
increase stress in the surrounding cells by building a micro-
nano environment that facilitates cell survival. IVDD is the
adaptive response of the intervertebral disc to excess stress
that cells resist by synthesizing more extracellular matrix
[8,9,11—13]. Consistently, a reduction in external stress can
cause intervertebral disc cells to regulate their peripheral
environment toward normalization. We hypothesized that
accurate presentation of the micro-nano structural character-
istics of the degenerative disc, including early identification
of IVDD changes, and evaluation of specific substructural
areas, could improve the Pfirrmann grading system.

Materials and methods

Animal models and experimental groups

In this study, 35 fully grown, 12-week-old male Sprague-
Dawley rats (mean =+ standard deviation weight 400 & 15 g)
were used. All animal experiments were approved by the
Institutional Animal Care Committee of the Laboratory
Animal at the School of Medicine, SooChow University
(Suzhou, China). Rats were assigned randomly to one of five
groups (n =7 per group): control (no intervention to the inter-
vertebral disc of the tail), and four intervention groups that
all had caudal vertebrae immobilized using a custom-made
external device to fix four caudal vertebrae (Co7—Col0;
Fig. 1), but with variable subsequent compression of Co8
and Co9 for 2 weeks, 4 weeks, 6 weeks, or 8 weeks. MRI

Instrumented Co 8-9

Fig. 1. X-ray image of the loading device fixation. In the model, four K-wires (50 mm in length and 1.2 mm in diameter) were fixed in parallel using two alu-
minum alloy cuboids (43 mm in length, 4 mm in width, net weight 5.0 g). The hole spacing of Co8 and Co9 was 11 mm, and the hole spacing of Co7 and
Co8 and Co9 and Co10 were both 13 mm. After the mechanical test, the compression force of Co8 and Co9 was 22 N.



1244 Y.-J. Che et al. / The Spine Journal 19 (2019) 1242—1253

detection of rat coccygeal vertebrae was conducted at each
time node of the experiment, and the T2 signal intensity and
disc space were evaluated. At termination of the experiment,
animals were euthanized and the caudal vertebrae were har-
vested for further analysis. Histopathology, glycosaminogly-
can (GAG) content, histologic score, EP structure, and
elastic modulus of the intervertebral disc were evaluated.

MRI scanning and GAG assay

The intervertebral disc specimens of rat caudal vertebrae
were scanned in a 1.5T MRI scanner (GE HDE, scanning
sequence: FRFSE-XL, scanning orientation: sagittal plane,
slice thickness: 1.4 mm), and scored by three radiologists
and three spinal surgeons using the Pfirrmann system
(Fig. 2). NP samples (n=20) underwent papain (Shanghai
Yuanye Bio-Technology Co Ltd, Shanghai, China) diges-
tion in 1.0 mL of 20 mM sodium phosphate buffer (1 mM
ethylenediaminetetraacetic acid, 2 mM dithiothreitol, and
300 pg papain) at 65°C for 2 hours. GAG content was cal-
culated with chondroitin-4 sulfate as the standard and based
on the dimethylmethylene blue method [14]. To standardize
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GAG values, the DNA concentration of each sample was
measured using PicoGreen analysis [15].

Histologic analysis

After completion of each time node, the animals were
euthanized by an excess of isoflurane (RWD Life Science
Co, Shenzhen, China). There were three samples in each
group, and a total of 15 samples were used for histologic
analysis. The target coccygeal vertebrae (Co8 and Co9) were
harvested, fixed in 10% buffered formalin solution (Shanghai
Yuanye Bio-Technology Co Ltd, Shanghai, China) for
24 hours, and decalcified in 10% ethylenediaminetetraacetic
acid (Biosharp, Hefei, China) for 30 days. The discs were
then paraffin-embedded (Leica, Richmond, USA), and
5-pum-thick sagittal plane sections prepared using histotome
(Leica, Heidelberger, Germany) with 20 pieces cut from
each specimen. For histologic analysis, sections were stained
with hematoxylin/eosin (Beijing Biotopped Science & Tech-
nology Co Ltd, Beijing, China). Staining was evaluated
using a binocular microscope (XSP-2CA, Shanghai, China).
Histologic evaluation was based on a grading system devel-
oped by Han et al. [16]. The number of cells in the NP was
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Fig. 2. Correlation between disc degeneration and Pfirrmann grade. MRI scans (scanning sequence: FRFSE-XL, scanning orientation: sagittal plane, slice
thickness: 1.4 mm) used magnetic waves to create pictures to determine NP size and hydration status according to T2 signal intensity. Based on Pfirrmann
grade, after 2, 4, 6, and 8 weeks of compression, Co8 and Co9 disc degeneration reached Pfirrmann grades II, III, IV, and V, respectively. The figures in row

B (Fig. f—j) are the corresponding inverse color image from row A (Fig. a—e).
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Fig. 3. Histologic analysis of intervertebral discs based on Pfirrmann grade. Hematoxylin/eosin (HE) stain. (A) Figure a—e, intervertebral disc under magnifi-
cation (50x). (B) Figure f—j, intervertebral disc at higher magnification (200x ). (C) Figure k—o, intervertebral disc at magnification (200x). The figures in
row B are enlarged images of the blue solid line box in row A. The figures in row C are enlarged images of the red dotted rectangle in row A.

recorded by counting from the hematoxylin-/eosin-stained
images at a magnification of 200x (Fig. 3f—j).

Evaluation of bony EPs by scanning electron microscopy

After the rats were euthanized, the coccygeal vertebrae
(Co8 and Co09) were removed, along with the surrounding
tissues including ligaments, intervertebral discs, spinal
cord, and nerve roots. The Co8 and Co9 vertebrae (n=4
per group, a total of 20 samples) were placed into pre-pre-
pared test tubes containing 20 mL of a mixed enzyme solu-
tion comprised of type I and type II collagenase (NY Life
Technologies Co, Grand island, NY, USA). Type I and II
collagen were added, at 0.05 g each, to make 0.5% mixed
solution in 20 mL phosphate buffered solution. The tubes
were then placed in a 37°C incubator, with the enzyme
solution replaced every 2 days until day 6 when the soft tis-
sue and cartilage on the surface of vertebral specimens
were digested and the bony EP integrity was preserved.
After repeated washing with sodium chloride 0.9%, bony
EP specimens were dehydrated using a gradient of 70%,
80%, and 90% ethanol, after which the specimens were
placed in a cool, ventilated area and dried for 24 hours. At
this point, the bony EPs were generally separated from the
vertebral body. According to our previous experimental
work and relevant references, Sputtering Coater (SC7620,
Quorum Technologies Ltd, East Sussex, UK) was used to
evenly spray gold for 45—60 seconds on the Co8 and Co9
intervertebral space cranial EP (n=4 per group, a total of
20 samples) before observation by scanning electron
microscopy (FEI Quanta 250, Hillsboro, USA, Fig. 5A).

Atomic force microscopy (AFM) imaging and nano-
mechanical testing

The AFM scanner (Dimension ICON, Bruker, Billerica,
MA, USA) was used at atmospheric pressure. The structure
and elastic modulus of the individual collagen fibrils within
the AF of intervertebral discs Co8 and Co9 were tested at
nanoscale using AFM in weeks 0, 2, 4, 6, and 8 (Fig. 0).
Because the properties of collagen fibrils may vary at dif-
ferent locations within the AF, explanted samples were
divided into two scanning areas as shown in Fig. 7. The
samples were analyzed blindly based on our previous
research experience (n =4 per group, a total of 20 samples)
[17—19]. Sites A and B were designated as the outer and
inner layers of the AF, respectively. Both AFM imaging
and nanomechanical testing were conducted at a scanning
rate of 1 Hz using a Scan Asyst-Air probe, a curvature
radius of 5 nm and a force constant of 0.4 N/m.

Statistical analysis

Data management and statistical analysis were per-
formed using Excel 2016 (Microsoft Corp., Redmond, WA,
USA) and SPSS 24.0 (IBM SPSS Inc, Chicago, IL, USA).
Data are presented as mean =+ standard deviation. Signifi-
cant differences between study groups were evaluated using
one-way analysis of variance. If there were statistical dif-
ferences, we performed homogeneity of variance testing
and obtained the homogeneity of variance. Tukey’s multi-
ple comparisons test was used to analyze the influence of
compression loads and time. Statistical significance was set
atp <.05.
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Results

A total of 35 rats across five groups participated in and
completed the experiment. MRI images of the interverte-
bral discs were evaluated in a double-blind fashion by three
radiologists and three spine surgeons all of whom had years
of working experience. These experts evaluated the degree
of degeneration and Pfirrmann grade in the 35 rats, with
consistent assessments in 32 rats and controversial assess-
ments in three rats. We then adopted the principle of major-
ity rules to evaluate. The experts agreed that the control
group was classified as Pfirrmann grade 1. After 2, 4, 6, and
8 weeks of compression, Co8 and Co9 disc degeneration
reached Pfirrmann grades II, III, IV, and V, respectively
(Fig. 2).

NP presented cell clusters at Pfirrmann grade II, with
large, vacuolated notochord cells replaced by small, less
active mature NP cells. IVDD was observed at an earlier
Pfirrmann grade under the microscope. Disc degeneration
is a dynamic process. After 2 weeks of compression, the
intervertebral disc passed from Pfirrmann grade I to grade
II (Pfirrmann grade I and II is defined clinically as
“normal”). At this point, the decrease in proteoglycans and
the loss of water content caused abnormal regeneration of
NP to occur in cell clusters. Large, vacuolated notochord
cells were replaced by small, less active mature NP cells,
and the density of NP cells increased gradually showing an
uneven distribution (Fig. 3b, g, and 1). The number of func-
tional cells decreased from 1,404 at Pfirrmann grade I to
1,244 at grade II (p<.05; Fig. 4A). Histologic score
ranged from 5.21 at Pfirrmann grade I to 5.57 at grade 11
(p £.05; Fig. 4B). However, the total GAG content of the
NP was not significantly different between Pfirrmann
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grades I and IT (p > .05; Fig. 8). After 4 weeks of compres-
sion, IVDD worsened to Pfirrmann III (early clinical
degeneration, Fig. 3c, h, and m). At this stage, the NP
showed a typical cell cluster phenomenon caused by the
obvious loss of water content. NP cell density was lower
than occurred in grades I and II. The NP and the AF inner
layer began to appear disordered with fissure formation
(Fig. 3c, h, and m). The total GAG content of the NP in
rats in Pfirrmann grade III decreased significantly com-
pared with rats in the Pfirrmann grade II (p <.0001;
Fig. 8). After 6 weeks of compression, IVDD deteriorated
to Pfirrmann grade IV (middle and late stages of clinical
degeneration). NP cell density was significantly lower than
in grades I-III. NP volume and the total GAG content
were also decreased further, the inner and outer AF layers
were disordered obviously, and the boundary between NP
and AF was blurred. Part of the NP was replaced by disor-
dered granulation and scar tissue (Fig. 3d, i, and n). The
cartilage EP had obvious fibrosis and the intervertebral
space had light to moderate stenosis. After 8 weeks of
compression, IVDD worsened to Pfirrmann V (late stage
degeneration), NP water content had almost completely
disappeared, and NP was almost entirely replaced by the
structural disorder of granulation and scar tissue. Com-
pared with Pfirrmann grades I-III, the total GAG content
of the NP of Pfirrmann grade V rats was reduced signifi-
cantly (p <.0001; Fig. 8). However, the total GAG content
of the NP was not significantly different between Pfirr-
mann grades IV and V (p > .05). Additionally, there was
little or no trace of cells but there was extensive AF fibro-
sis, obvious EP sclerosis and collapse, and the histologic
score rose to 14.43 (Figs. 3e, j, and o, and 4B).
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Fig. 4. Density analysis of NP cells based on Pfirrmann classification. (A) Comparison of the number of NP cells after compression of intervertebral discs. (#)
indicates significant difference between groups (p <.05). (+) indicates significant difference between groups (p <.0001). (B) Histologic evaluation was based
on the grading system developed by Han et al. (#) indicates significant difference between groups (p <.05). (+) indicates significant difference between
groups (p <.0001). (*) indicates significant difference from other groups (p <.0001).
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Pore structure of the bony EP did not change signifi-
cantly at Pfirrmann grades I and II, but the number of pores
decreased gradually with an increase in Pfirrmann grade
(grades III—V). There was irregular progress in wormlike
destruction of the rough EP surface, calcification, and hard-
ening of the EP with osteophyte formation, and the central
EP area was more obvious than the peripheral area. The
bony EP structure of the EP-intervertebral disc interface of
unloaded discs contained a large number of regular pores
with a “concave lens” shape (Fig. 5A; a—c). After 2 weeks
of compression loading, the vertebral EP structure did not
present with the typical qualitative changes compared with
control group (Fig. 5A; d—f). After 4 weeks of compression
loading, the pore structure was progressively ablated and
increasingly irregular with rough EP surfaces also follow-
ing this pattern. The central EP area was more obvious than
its surroundings, and there was a significant reduction in
the number of pores with a “concave lens” shape along
with increased calcification and osteophyte formation
(Fig. 5A; g—1). A comparison of the number of pores in the
EP-intravertebral disc interface of the bony EP is shown in
Fig. 5B. By increasing the compression time to 6 and 8
weeks (Pfirrmann grades IV and V), the rat bony EP struc-
ture showed further deterioration that positively correlated
with time (Fig. 5A; j—o).

The AF elastic modulus and the collagen fiber diameter
differed significantly with increasing Pfirrmann grade. Rep-
resentative AFM images of collagen fibrils from interverte-
bral discs of Pfirrmann grades I—V are shown in Fig. 6,
with outer and inner layers of the left side surface of the AF
shown at high resolution (1 x 1 um) as site A and B in
Fig. 7. After compression loading of 22 N for 2—8 weeks,
the individual AF fibrils were significantly thicker than
those in the control group. The collagen fibril diameters of
the AF at different scanning sites are shown in Fig. 9A and
B. For both Pfirrmann grades I—V, the fibril diameters
increased significantly in the outer layer compared with the
inner layer. After compression for 2 weeks (Pfirrmann
grade II), fibril diameters exhibited no significant change
compared with the control group (Pfirrmann grade I). For
the 4, 6, and 8 weeks groups (Pfirrmann grades III—V),
average fibril diameter increased significantly (p <.05).
The results showed that there were significant differences
in the diameter of collagen fibers with different positions
and compression periods. The elastic modulus of collagen
fibrils from different regions within the AF is shown in
Fig. 10A and B. For both the control and loaded groups, the
fibrils in the outer layers were stiffer than those in the inner
layer (p < .05). In the 2 weeks group (Pfirrmann grade II),
the average elastic modulus of fibrils exhibited a significant
increase in the outer layers compared with the control group
(Pfirrmann grade I, p <.05), but the inner layer did not dif-
fer. In the 4 weeks group (Pfirrmann grade III), the average
elastic modulus of fibrils was significantly increased in the
outer layers compared with the control group (Pfirrmann

grade I, p <.05), but the inner AF layer was not different.
In the 6 and 8 weeks groups (Pfirrmann grades IV and V),
the collagen fibrils were both significantly stiffer in the
outer and inner layers (p < .05). There was also a significant
increase in fibril modulus with increasing Pfirrmann grades
of I, II, and V (p <.05). The results showed that under the
condition of constant compression loads, the scanning posi-
tion and compression period influenced individual fibril
stiffness significantly.

Discussion

Our study found that the Pfirrmann grading system com-
bined with intervertebral disc micro-nano structural
changes more comprehensively reflected the extent of disc
degeneration.

IVDD is a cell-mediated cascade of biochemical, mechani-
cal and structural changes occurring under abnormal interver-
tebral disc stress [20]. It is an accelerated normal aging
process involving self-correction of the intervertebral disc
under a stress load that leads to compromised disc function
[21]. According to the Pfirrmann grading system, grades I and
II are normal intervertebral discs, with the difference between
these grades related mainly to whether the high NP signal is
completely homogeneous rather than where there are differen-
ces in strength (intensity). Our study confirmed that, at Pfirr-
mann grade II, there were cell clusters in the NP, the
proportion of notochord cells with large vacuolar morphology
in the NP was decreased, and the proportion of mature NP
cells with small morphology and low metabolic activity was
increased. This was consistent with Guehring’s research [22].
At this grade, the average elastic modulus of fibrils exhibited
a significant increase in the outer layers compared with the
control group (Pfirrmann grade I). There was no obvious
degeneration in bony EP. At Pfirrmann grade III, NP had a
further reduction in moisture content, total GAG content and
cell apoptosis. These changes were consistent with findings
presented in previous studies showing that proteoglycan loss
occurs during the initial stage of disc degeneration [15,23]. It
also confirmed that the bony EP began to undergo micro-nano
scale reconstruction. This was seen as the number of micro-
pore channels decreased gradually and the nutrient metabo-
lism of NP became further disordered. Meanwhile, there was
a significant increase in the fibril modulus of the AF outer
layers, without a change in the mechanical properties of the
inner layer. The results indicated that, at the early stages of
clinical degeneration of the intervertebral discs (Pfirrmann
grades II and III), there were already significant changes in
mechanical properties of the outer AF layer compared with
the inner layer. Pfirrmann grade IV is the middle and late stage
of degeneration. NP cell density and activity decreased signifi-
cantly, and NP nutrition and metabolic disorder intensified.
Both outer and inner layers of the AF had altered mechanical
properties, whereas the EP micropore channel became further
blocked and finally closed completely as the intervertebral
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Fig. 5. Morphologic and structural changes of the EP during disc degeneration. (A) a—c: control (Pfirrmann grade I); d—f: 2 weeks (Pfirrmann grade II); g—i:
4 weeks (Pfirrmann grade III); j—1: 6 weeks (Pfirrmann grade IV); m—o: 8 weeks (Pfirrmann grade V). The overall structure of the EP indicates that the micro-
pores are all concentrated in the central position where the EP is connected to the NP. The figures in row B are enlarged images of the red solid line rectangle
in row A. The figures in row C are enlarged images of the blue dotted rectangle in row B. B. Changes in the number of pores in the bony EP. (#) indicates sig-
nificant difference between groups (p <.0001).
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Fig. 6. Atomic force microscopy (AFM) was used to observe the microstructure of AF collagen fibers over time. Representative AFM images of collagen
fibrils in the AF of the intact disc and the degenerated discs after bearing compression for 2, 4, 6, and 8 weeks. All images were scanned in the outer layer

(site A) and inner layer (site B) on the AF.

disc became necrotic. Pfirrmann grade V is based on grade IV,
but with EP collapse. In this stage, the boundary between NP
and AF was not clear, and the intervertebral disc and EP were
hardened. This meant that the specimens were difficult to
obtain.

IVDD is a continuous process where microenvironmen-
tal cellular changes in the intervertebral disc substructure
occur gradually over decades to eventually cause struc-
tural rupture and functional damage. It is difficult for MRI
images to accurately reflect these changes [4]. Thus the
Pfirrmann grading system, which is based on MRI images,
cannot precisely identify the biomechanical micro-nano
environmental changes of the intervertebral discs [5].We
found that the bony EP structure did not undergo obvious
degeneration in early clinical degradation (Pfirrmann
grades I and II). More specifically, intervertebral disc tis-
sue morphology and changes in cell number were not con-
sistent in these early stages. However, during the clinical
degeneration stages (Pfirrmann grades III—V) changes in
structural form occurred alongside disc degeneration with
ongoing compression stress of the intervertebral disc. This
is consistent with the principle of biomechanic adaptabil-
ity. Therefore, we believe that IVDD is not a simple struc-
tural abnormality, but a self-adaptive process developed
with the change in biomechanical micro-nano environ-
ment. The intervertebral disc is anisotropic homogeneous
biological tissue with biomechanical properties that
change with variation in load, location, and duration in the
micro-nano scale. Therefore, this information cannot be
obtained from macroscopic clinical testing [8]. More
importantly, induction and regulation of the outside world
by cells, under the biomechanical adaptation principle,
occurs within this scale and cannot be detected

macroscopically [11,24—26]. The observations regarding
AF morphology, structure, and elastic modulus in this
study showed that the diameters and fibril modulus of the
outer and inner layers of AF collagen fibers changed sig-
nificantly with increasing Pfirrmann classification. These
results showed that there was a significant difference in
the elastic modulus and diameter of collagen fibers with
different location and duration. These findings not only
confirm the existence of macroscopic differences in the
biomechanical micro-nano environment, but also the abil-
ity of cells to sense and self-regulate this environment
including elastic modulus and structural parameters such
as collagen fiber diameter. Because elastic modulus is
known to sense peripheral stress in cells, the biomechani-
cal induction of cells changes with variation in location.
Therefore, we believe that there is a significant difference
in the biomechanical micro-nano environment distribution
of the degenerated intervertebral disc including the elastic
modulus and structure [17,18]. As a result, IVDD eventu-
ally leads to a change in the overall intervertebral disc
structure through changes in various substructure-related
characteristics.

Each part of the substructure of the intervertebral disc
has its unique mechanical properties. Degeneration affects
the mechanical properties of the intervertebral disc tissue,
which is then reflected by the mechanical properties of the
entire intervertebral disc. Thus, damage to the mechanical
properties of one component will result in damage to the
overall mechanical function of the intervertebral disc. A
recent study suggested that degeneration of the AF may be
the origin of lower back pain in patients with degenerative
disc disease [27]. Under MRI-T2, the AF (especially the
outer AF) is shown as a dark area, which does not
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Fig. 7. Schematic of the different scanning regions in the AF using atomic
force microscopy. Outer layer (site A) and inner layer (site B) on the AF.

accurately indicate the morphologic structure of the AF.
This is one of the reasons why the Pfirrmann grade, which
is based on MRI images, cannot diagnose IVDD and its
clinical symptoms accurately. This study confirmed that, at
an early stage of clinical IVDD (Pfirrmann grades II and
Il), there will already have been significant changes in
mechanical properties of the outer AF compared with the
inner layer. This is consistent with the findings of Yong-
hing and Kirkaldy-Willis who reported that IVDD initially
occurs in the outer AF [28]. In addition, Kuslich et al.
reported that the posterior AF is the area responsible for
lower back pain through identifying that stimulating the AF
behind the herniation of the intervertebral disc can cause
significant lower back pain [29]. It is also known that the
relationship between EP and IVDD is close [30], with the
EP important for maintaining integrity of the intervertebral
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Fig. 8. Glycosaminoglycan (GAG) assay. (#) indicates significant differ-
ence from other groups, except for Pfirrmann grade II (p <.0001). (*) indi-
cates significant differences between groups (p <.0001). (+) indicates
significant difference from other groups, except for Pfirrmann grade IV
(p <.0001).

disc structure and its physiological function [31,32]. Under
MRI-T2, EPs are displayed as dark areas. EP damage can
change the mechanical properties of the intervertebral disc
that is difficult to detect on MRI and consequently poorly
accommodated by the Pfirrmann grading system. Visualiza-
tion of the morphologic EP defects can help clarify the eti-
ology of IVDD and related diseases [21,33]. Wang et al.
found lesions in nearly half of the lumbar vertebral body
EPs in a study of a lumbar spine specimen (n= 150) data-
base. This suggested that the incidence of EP lesions in the
clinical MRI study was seriously underestimated [34]. We
understand that the intervertebral discs are the body’s larg-
est structure without blood supply [35,36], with nutritional
supply mainly from EP diffusion [3,31]. Therefore, degen-
eration of the EP structure leads to closure of nutrient chan-
nels [37,38]. Insufficient nutrient supply results in NP
degeneration [34,39,40]. Gruber et al. demonstrated that
nutrients in the intervertebral disc do not pass through
blood vessels but penetrate through the hard bone surface
to the EP directly [41]. Once the EP calcifies and is
replaced by hard bone, nutrient diffusion to the interverte-
bral disc ceases [42,43]. Takatalo et al. confirmed that the
appearance of Schmorl nodules was closely related to inter-
vertebral disc deformation and discogenic back pain
[44,45]. Therefore, clarification of the EP structural
changes will help to further explain the etiology of IVDD
[2,34,46,47]. This study confirmed that in early clinical
IVDD (Pfirrmann grade III), the pore structure of the bony
EP is changed significantly compared with controls (Pfirr-
mann grade I). This further confirmed that the bony EP, at
this grade, began to undergo micro-nano scale reconstruc-
tion. This suggests that if we can intervene before EP calci-
fication, IVDD may not develop seriously. In other words,
early intervention for EP calcification may delay disc
degeneration or even regenerate discs.

Limitations of the study

This is a basic science study focused on Pfirrmann
grade, and cannot yet be used in the clinic. However, we
intend to provide further biomechanical information for
Pfirrmann grading and the clinical diagnosis of degenera-
tive disc disease through this line of research. Therefore,
we used the rat caudal vertebral model to evaluate micro-
nano environment changes in the intervertebral disc.
Although not completely equal to human intervertebral
disc changes, the rat model is the currently accepted
model and was easier to build and replicate than alterna-
tives. More importantly, it provided relevant experimental
parameters of intervertebral disc substructure correspond-
ing to Pfirrmann grade that human intervertebral discs
cannot provide. As a result, we are confident that the
changes observed in the intervertebral disc micro-nano
environment in rats combined with the classical Pfirrmann
grade will help to further elucidate the etiology of human
IVDD and related secondary diseases.
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Fig. 9. Mean diameters of collagen fibrils with different compressive duration in AF (n =20). The fibril diameters were analyzed from outer layer (site A) to
inner layer (site B). (#) indicates significant difference between groups (p < .05), (+) indicates significant difference between groups (p <.0001), (*) indicates
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Fig. 10. Mean elastic modulus of collagen fibrils with different Pfirrmann grades (n = 20). The elastic modulus was analyzed from outer layer (site A) to inner
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Conclusions

In this study, changes to the intervertebral disc micro-
nano environment based on Pfirrmann grade were used to
determine that early IVDD occurs when the NP is defined
as normal clinically (Pfirrmann I and II). It was revealed
that changes in the Pfirrmann classification and interver-
tebral disc micro-nano structure were not synchronous in
the early stages of IVDD. Evaluation of the micro-nano

changes in substructures such as EPs and AF at different
Pfirrmann grades improved ability to understand patho-
genesis and process of IVDD. These results indicated
that disc degeneration is not just a macroscopic MRI
view of NP dehydration, but that it also involves micro-
nano scale changes to the morphology and biomechanics
of substructures such as AF and EPs. This work provides
further information on AF and EPs at the micro-nano
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level and contributes to determination of the etiology of
IVDD.
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