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a  b  s  t  r  a  c  t

Degeneration  of intervertebral  disc  (IVD)  tissue  is characterized  by several  structural  changes  that  result
in  variations  in  disc  physiology  and loss  of  biomechanical  function.  The  complex  process  of degeneration
exhibits  highly  intercorrelated  biomechanical,  biochemical,  and cellular  interactions.  There  is currently
some  understanding  of  the cellular  changes  in degenerated  intervertebral  disc  tissue,  but  microstruc-
tural  changes  and  deterioration  of  the  tissue  matrix has  previously  been  rarely  explored.  In this  work,
sequestered  IVD  tissue was  successfully  characterized  using  histology,  light  microscopy,  and  scanning
electron  microscopy  (SEM)  to  quantitatively  evaluate  parameters  of  interest  for  intervertebral  disc  degen-
eration (IDD)  such  as delamination  of  the collagenous  matrix,  cell  density,  cell  size,  and  extra  cellular
matrix  (ECM)  thickness.  Additional  qualitative  parameters  investigated  included  matrix  fibration  and
irregularity,  neovascularization  of  the IVD,  granular  inclusions  in the  matrix,  and  cell  cluster  formation.

The  results  of  this  study  corroborated  several  previously  published  findings,  including  those  positively
correlating  female  gender  and  IVD cell density,  age and  cell  size,  and  female  gender and  ECM  thickness.
Additionally,  an  array  of  quantitative  and  qualitative  investigations  of  IVD  degeneration  could  be suc-
cessfully  evaluated  using  the  given  methodology,  resin-embedded  SEM  in  particular.  SEM  is  especially
practical  for studying  micromorphological  changes  in  tissue,  as  other  microscopy  methods  can  cause

artificial  tissue  damage  due  to the  preparation  method.

Investigation  of  the  microstructural  changes  occurring  in degenerated  tissue  provides  a  greater  under-
standing  of  the  complex  process  of  disc  degeneration  as a whole.  Developing  a  more  complete  picture
of  the  degenerative  changes  taking  place  in  the intervertebral  disc  is crucial  for  the advancement  and
application  of regenerative  therapies  based  on  the  pathology  of intervertebral  disc  degeneration.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Intervertebral disc degeneration (IDD) is a natural process asso-
iated with microstructural changes in intervertebral disc (IVD)

issue and is dependent on age and mechanical load, as well as
enetic and biochemical factors that act on structural, cellular, and
olecular parameters (Antoniou et al., 1996; Singh et al., 2009;
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nd  Systems IMWS,  Walter-Huelse Str. 1, 06120 Halle (Saale), Germany.
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qually to this work.

ttp://dx.doi.org/10.1016/j.micron.2016.10.002
968-4328/© 2016 Elsevier Ltd. All rights reserved.
Woods et al., 2010; Siemionow et al., 2011; Vergroesen et al., 2015).
Disc anatomical changes play a major role in this process, espe-
cially the distinction between the fibrillary structure of annulus
fibrosus (AF) tissue and the amorphous, hydrous nucleus pulposus
(NP) tissue. Interactions between contributing factors result in the
complex incidence of IDD, beginning in a patient’s teenage years
(Buckwalter, 1995; Adams and Roughley, 2006; Colombier et al.,
2014) with a decreased concentration of water-retentive proteo-
glycans in the NP. Morphological impacts from tissue dehydration
may  include increased tissue fibration and gap generation in the

collagenous matrix (Raj, 2008), which further promote the occur-
rence of disc herniation as the worst-case scenario. From a clinical
viewpoint, the incidence of IDD and disc herniation are not always
interrelated (Postacchini and Cinotti, 1999). Additional initiating
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vents appear necessary for disc herniation of degenerated tissue.
here are many possible culprits such as biochemical, histologic,
etabolic and functional changes, all of which occur in the disc

uring the procession of IDD (Urban and Roberts, 1995; Adams and
oughley, 2006; Shankar et al., 2009). Examples of these changes
re alterations in the extracellular matrix (ECM) such as increased
amellar disorganization, formation of fibrous tissue, and the pro-
uction of structural matrix molecules such as elastin and collagen
ype I, III, VI, and X (Urban et al., 2000; Roberts et al., 2006a,b;
mith and Fazzalari, 2009; Kepler et al., 2013). Changes in stability
re often attributed to altered collagen crosslinking (Duance et al.,
998). Structural changes also occur in the disc, resulting in the
evelopment of matrix features such as fissures, cracks, and inter-

amellar gaps (Adams and Roughley, 2006). The exact contribution
o IDD of each of these interwoven factors is currently unknown.

In the case of disc herniation there is a definite structural matrix
ailure that is associated with the discharge of IDD tissue into the
pinal canal and the formation of a sequester. For investigation
f the structural changes in this sequester tissue, classical histo-
ogical preparation (Hadjipavlou et al., 2008) is the only suitable

ethod. This is especially true for evaluating which tissue changes
re attributable purely to mechanical failure. Therefore, the aim of
his work is to present a method of preparation that enables evalu-
tion of cell density, cell distribution, and matrix proportion as well
s providing evidenced conclusions about the delamination and
earing processes. Delamination, which is traditionally a material
cience term for layer separation in compound materials, is defined
erein as laminar loosening and cleft formation within the lamel-

ar structure of the degenerated disc tissue (Carlson et al., 2012).
his structural change in disc tissue may  be one of the previously
entioned initiators required for herniation of degenerated tissue,

esulting in mass displacement within the intervertebral disc.
All degeneration characteristics of intervertebral disc tissue are

losely related to one another, making a detailed description of IDD
ncreasingly difficult. In order to better understand and describe the
ncidence of IDD, three age groups were investigated morphologi-
ally to study the roles and correlations between delamination and
ariations in cell density during IDD. Morphological investigations
re generally performed using light microscopy by default. High
esolution scanning electron microscopy proves to be a promising
ethod for investigating structural properties (Friedmann et al.,

012) as well as micro-morphological details in the tissue, so as to
ain deeper insight into tissue structure.

. Material and methods

.1. Intervertebral disc tissues excision and patient recruitment

IVD tissue from 60 disc herniation patients was analyzed regard-
ng degenerative microstructural characteristics to evaluate the
athology of degeneration. All tissue samples were obtained dur-

ng standard micro-sequestrectomy no more than 72 h after first
nset of herniation symptoms (e.g. paralysis, paresthesia). In each
ase, the largest fully-intact portion of the sequestrum was col-
ected for future analysis. Patients were grouped into 3 categories
y age (21–40, 41–60 and 61–80 years old), then further subdi-
ided by gender. Power analysis was used to determine a sample
ize (n = 10 per age group) from a total population of 1150 lumbar
icro-sequestrectomy procedures with a near equal distribution

f patient sex. After obtaining informed consent, patients were
ecruited at random until the group sample size was  reached.

emoved tissue samples were blinded for all further investigations.
isc identity was  verified (e.g. ‘L4/L5′) and disc degeneration was
lassified in terms of the 5-grade Pfirrmann Score (PS) (Pfirrmann
t al., 2001) by an independent radiologist based on magnetic res-
n 92 (2017) 51–62

onance imaging (MRI). Exclusion criteria were patients with more
than one herniated disc or those with any affecting secondary con-
ditions.

2.2. Tissue preparation and microscopy

A minimum volume of approximately 1 cm3 of sequestered disc
tissue is required for morphological investigations. Immediately
after excision, samples were rinsed liberally in phosphate buffered
saline solution (PBS, c.c. pro GmbH Oberdorla, Germany) to remove
residual bodily fluids. Samples were then fixed in 2.5% glutaralde-
hyde in PBS (GDA, Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
for a minimum of 24 h. Following fixation, samples were again
rinsed in PBS and, if sufficient tissue was  present, divided into two
portions so as to provide tissue for both preparation methods. Sam-
ple preparation for light microscopy used paraffin wax embedding
while SEM analysis entailed “Spurr” resin embedding.

2.2.1. Histology and light microscopy
In preparation for paraffin wax embedding, tissue samples were

dehydrated in a series of ethanol solutions of increasing concentra-
tion (10%, 30%, 50%, 70%, 90%, 100% and 100%waterfree ethanol, Carl
Roth GmbH & Co. KG, Karlsruhe, Germany) with a 24 h soak time for
each step. Afterwards samples were plasticized using Roti®-Histol
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany). Tissue samples
then underwent a two-step infiltration with melted paraffin wax
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) before being trans-
ferred to paraffin-filled embedding molds and cooled to 4 ◦C. For
histological staining, 5 �m thick sample slices were prepared by a
rotation microtome (HM 355, MICROM International GmbH, Wall-
dorf, Germany) and fixed to microscope slides. Prior to staining,
samples were dewaxed using Roti®-Histol and rehydrated in a
reverse stepwise series of ethanol solutions. The staining proce-
dure was performed according to “Masson-Goldner” (Mulisch and
Welsch, 2010). General staining provided visualization of collage-
nous connective tissue, which appears green, while and cell nuclei
which appear as black-brown. In addition, the cytoplasm is stained
brick red and erythrocytes are coloured bright orange. Histologi-
cally prepared samples were then analyzed using light microscopy
(BX61, Olympus Europe Group, Hamburg, Germany).

2.2.2. Resin embedding and scanning electron microscopy
For SEM investigations tissue samples were stained with 1%

osmium tetroxide (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
in PBS over a five day period. Samples were then rinsed cleaned
of residual osmium tetroxide with 3 PBS washes before step-
wise dehydration in acetone (10%, 30%, 50%, 70%, 90%, 100%
and 100%waterfree acetone, Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). The dehydrated samples were then embedded in “Spurr”
resin (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) accord-
ing to the manufacturer’s protocol. The tissue-resin blocks were
abraded and polished using a MERCAPOL P230 grinder (Presi
Company Grenoble, France) to provide a smooth cross section.
Each block’s polished surface was  then sputter coated (VEB
Hochvakuum, Type RHVm42, Dresden Germany) with a 2–3 nm
thick layer of platinum to provide the necessary conductive prop-
erties for SEM.

Sample blocks were analyzed using a FEI Quanta 3D field emis-
sion gun (FEG) scanning electron microscope (SEM) under high
vacuum using a back-scattered-electron (BSE) detector to visual-
ize differences in material contrast. SEM not only provides high
magnification cell imaging, but also enables detailed microstruc-

tural analysis of the tissue matrix. For quantitative analysis of
matrix delamination and cell density, 5 regions of interest per spec-
imen were investigated at low magnification (200×). Within each
of these regions at least 10 bisected IVD cells with a visible cell
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ig. 1. SEM images demonstrating cellF analysis for IDD investigation: A) Cell coun
elamination analysis before conversion; and D) Image C after threshold setting, w

n  this figure legend, the reader is referred to the web version of this article.)

embrane, nuclear membrane and ECM were investigated at high
agnification (500–1000×)  to quantify cell size and ECM capsule

hickness. SEM investigations were made with an acceleration volt-
ge of 10–15 keV, beam current of 43 pA, and a work distance of
pproximately 5 mm.

.3. Image analysis

The commercially available scientific imaging program CellF

Olympus Soft Imaging Solutions GmbH, Münster, Germany) was
sed for image analysis. Four tissue characteristics were analyzed:
ell density, cell size, ECM thickness and tissue matrix delami-
ation. Cell density was  measured as average cell count per area
cross all regions of interest for each individual sample. Cell diam-
ter and ECM thickness were made by distance line measurements
or a pre-determined number of cells in each region of interest. In
etermining cell cross-sectional area, an elliptical cell shape was
ssumed. In image analysis, delamination is defined as the ratio
etween the delaminated and non-delaminated surface areas of
he sample. To determine delaminated area, images were first con-
erted into 8Bit format before manually setting the threshold to
ifferentiate compact tissue matrix from delaminated areas (resin-
lled with resin material contrast). Example measurements are
isplayed in Fig. 1: determination of cell density in Fig. 1A, cell
orphological parameters cell size and ECM-thickness in Fig. 1B,
nd measurement of matrix delamination within the disc tissue
n Fig. 1C and D (before and after threshold setting, respectively).
dditionally, all calculation formulas used to compile results are
ummarized in Table 1.
 area; B) Diameter measurement of the cell, nucleus, and ECM in 90◦ distances; C)
eas of delamination appearing green. (For interpretation of the references to color

The mean value of each parameter was determined from the
5 (cell density, delamination) or 10 (cell morphology) tissue areas
analyzed. Significance was  determined using one-way analysis of
variance (ANOVA) with a 95% confidence interval (significance level
p < 0.05) to identify any intercorrelations.

3. Results

3.1. Quantitative microstructural analysis

SEM microstructural analysis of the disc tissue matrix included
cell density, matrix delamination, cell size and ECM thickness mea-
surements for all patient samples. Each parameter exhibited a
normal distribution. Total values, as well as tissue specific param-
eters as functions of patients’ age and gender, are described in the
following subsections. Analysis of variance (ANOVA) was used to
determine significant differences in the age and gender groups.

3.1.1. Cell density
The total, gender-differentiated, and sex-differentiated cell

density distributions are displayed in Table 2 along with the cor-
responding ANOVA p-values. The interquartile range of the cell
density data is 23.86–35.79 c/�m2. Female patients generally show
slightly higher cell densities than male patients and cell density
appears to have a negative trend with patient age. However, neither

of these relationships was  statistically significant in our dataset.

To evaluate the homogeneity of cell distribution in the tissue
samples, 3D cell density counts were conducted in six samples. 3D
density was accomplished by preparing and analyzing additional
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Table  1
Calculation formulas for determining tissue specific parameters.

Formula Parameter Description

Cell density
dc [cells/mm2]

dc = nc
a nc – number of cells [cells]

a  – area [mm2]
Number of cells per tissue area.

Delamination
D  [%]

D = ad
a · 100% ad – area of delamination [mm2]

a  – area [mm2]
Ratio of delaminated and non-delaminated tissue area structure.

Cell  size
sc [�m2]

sc = �
4 · h · b h – length of cell minor axis [�m]

b – length of cell major axis [�m]
Size of cell cross section under elliptical cell shape assumption.

ECM  thickness
lECM [�m]

lECM = (bECM −b)+(hECM −h)
4 hECM – length of ECM minor axis

[�m]
h  – length of cell minor axis [�m]
bECM – length of ECM major a
[�m]
b  – length of cell major axis [

Deviation of the cell length and ECM length
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ig. 2. Mean value and standard deviation of percent deviation for cell densities
etermined from orthogonal cross sections of 6 samples.

ample block slices parallel to the original slice. The percent devia-
ions of measured cell density for each of the six samples are shown
n Fig. 2; the mean deviation is 19.24%.

.1.2. Matrix delamination
Table 3 displays the dataset for matrix delamination in degen-

rated IVD tissue, including delamination evaluated as a function
f patient sex and age with the corresponding means, standard
eviations, and p-values also shown. The interquartile range of the
otal dataset falls between 3.31% and 5.65%. Male patients gener-
lly exhibited slightly higher delamination than female, but not to

 statistically significant degree. Although IDD and the accompany-
ng tissue structural changes have previously been established as
n age dependent process, no statistically significant correlation to
ge was seen in this data set.

.1.3. Cell morphology
Cell size and ECM capsule thickness were measured in cross-

ection to investigate cell morphology within degenerated IVD
issue. Cell size data is displayed in Table 4 in regard to the
otal dataset and the dependence on patient gender and age. The
nterquartile range of the total dataset for cell size, represented by
he cross-sectional area, is 74.2–108.1 �m2. Slightly lower mean
alues were seen in male patients than in female, though ANOVA
hows no significant differences between gender groups. There was
owever a highly significant positive correlation between IVD cell
ize and age.
Analysis of ECM thickness showed no correlation to age, as
een in Table 5 (right). Patient sex however showed a correlation,
s the ECM capsules of disc cells in female patients were signifi-
antly thicker than in male patients (Table 5, middle). The overall
xis

�m]

mean value of ECM thickness across all patients is 4.71 �m with an
interquartile range of 4.11–6.09 �m.

3.2. Qualitative microstructural analysis

3.2.1. Granular inclusions
Intervertebral disc degeneration is characterized by several

structural changes within the disc tissue, including calcification of
the tissue matrix. Calcified areas are easily detectable via SEM due
to higher material contrast and appear as bright granular inclusions
within the matrix (Fig. 3). 55% of the overall investigated tissue sam-
ples showed granular inclusions and 80% of the 61–80 yr age group
samples had inclusions. 45% of the 41–60 yr samples and 40% of the
21–40 yr samples were also affected.

3.2.2. Neovascularization
As a result of disc degeneration, neovascularization occurs at

the borders of herniated disc tissue. Blood vessel formation is
detectable by staining erythrocytes during standard histology. Neo-
vascularization is also detectable by SEM investigation of resin
embedded tissue due to the higher material contrast of erythro-
cytes and their characteristic cell shape (Fig. 4). Investigations of
60 degenerated disc tissue samples showed neovascularization in
58.3%. Furthermore, a noticeably higher incidence of neovascular-
ization was  detected in tissues of older patients (75%, 61–80 yr)
compared to the younger groups (55% 41–60 yr; 45%, 21–40 yr).

3.2.3. Cell cluster formation
The presence of cell cluster formation was also investigated

during this study as a pathological cellular change in degenerated
disc tissue. Cell clusters result from concentrated cell prolifera-
tion, forming clones of 3 or more cells (Fig. 5E) with a frequency
and size that correlate with the progression of degenerative disc
disease. These features can be examined both histologically by
light microscopy (Fig. 5A and B) and by SEM via resin embedding
(Fig. 5C–E). 31.6% of the investigated samples exhibited pairwise
cell formations, known as chondrones (Fig. 5D). Cell cluster forma-
tion was  detected in 55% of samples (Fig. 5D). In the remaining 13.3%
of samples, only single cells (Fig. 5C) where visible during inves-
tigation. The highest frequency of chondrones was  found in the
21–40 yr group (50%) while the highest frequency of cell clusters
was found in the 61–80 yr group (75%).

There is a slight positive correlation in regard to chondrones and
cell clusters. A moderately linear relationship (r = 0.35) was  seen,
but the data did not correlated with any significance (p = 0.19).
3.3. MRI-graded disc degeneration grade

The MRI-based Pfirrmann score (PS) of each affected disc was
also determined, thereby providing a connection to a common clas-



A
.

 Friedm
ann

 et
 al.

 /
 M

icron
 92

 (2017)
 51–62

 
55

Table 2
Mean values and standard deviations of cell density: total data (left), correlation to patient sex (middle) and age (right) with corresponding p-values.

Cell density [c/�m2] gender groups age groups

total
[n = 60]

female
[n = 30]

male
[n = 30]

21–40 years
[n = 20]

41–60years
[n = 20]

61–80 years
[n = 20]

30.41 ± 8.97 32.23 ± 10.12 28.60 ± 7.36 28.99 ± 5.93 30.05 ± 6.15 27.31 ± 5.99
p  = 0.12 (not siginficant) p = 0.09 (not siginficant)
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Table 3
Mean values and standard deviations of matrix delamination analysis: total data (left), correlation to patient sex (middle) and age (right) with corresponding p-values.

Matrix
delamination
[%]

gender groups age groups

total
[60]

female
[n = 30]

male
[n = 30]

21–40 years
[n = 20]

41–60 years
[n = 20]

61–80 years
[n = 20]

4.50 ± 1.98 4.09 ± 1.93 4.90 ± 1.97 3.97 ± 1.70 4.83 ± 1.81 4.69 ± 2.36
p  = 0.11 (not siginficant) p = 0.34 (not siginficant)
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Table 4
Mean values and standard deviations of analyzed cell size: total data (left), correlation to patient sex (middle) and age (right) with corresponding p-values.

Cell size
[�m2]

gender groups age groups

total
[60]

female
[n = 30]

male
[n = 30]

21–40 years
[n = 20]

41–60 years
[n = 20]

61–80 years
[n = 20]

92.34 ± 26.32 96.17 ± 28.44 88.51 ± 23.87 78.50 ± 20.23 88.20 ± 18.97 110.32 ± 28.66
p  = 0.26 (not siginficant) p = 0.00019 (siginficant)
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Table 5
Mean values and standard deviations of ECM thickness analysis: total data (left), correlation to patient sex (middle) and age (right) with corresponding p-values.

ECM thickness
[�m]

gender groups age groups

total [60] female
[n = 30]

male
[n = 30]

21–40 years
[n = 20]

41–60 years
[n = 20]

61–80 years
[n = 20]

4.71 ± 1.50 5.14 ± 1.35 4.27 ± 1.54 5.01 ± 1.34 4.47 ± 1.56 4.64 ± 1.62
p  = 0.023 (siginficant) p = 0.52 (not siginficant)
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Fig. 3. Granular inclusions (white arrows) within degenerated intervertebral disc tissue; Left: light microscopy of histologically prepared tissue, Right: SEM of resin embedded
tissue.

Fig. 4. Neovascular formations at the boundary areas of degenerated intervertebral disc tissue due to disc herniation; Left: light microscopy of histologically prepared tissue,
Right:  SEM of resin embedded tissue.

F –C: SE
e cal pre
c

s
p
m

ig. 5. Arrangements of intervertebral disc cells within degenerated disc tissue; A
mbedded tissues; D, E: Light microscopy of degenerated disc tissue after histologi
ell  cluster formations (E).
ification model used in clinical practice. It is self-evident that all
atients were suffering from high grade IDD, considering that treat-
ent via sequestrectomy was necessary. The entire patient set
M images of a single chondrocyte (A), chondrone (B) and cell cluster (C) in resin
paration showing single cells (D, black arrows), chondrones (D, white arrows) and
displayed a PS grade of IV or V, thus no direct or meaningful rela-
tionship of PS grade to age, gender, cell diameter, cell density, or
delamination could be established.
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. Discussion

Considering that all patients in this study suffered from a herni-
ted disc with previous degradation, degenerative changes in the
ntervertebral disc tissue were to be expected. As described in radi-
logical studies, progressive degeneration leads to an increasingly
lurred transition between the AF and NP where a clear distinction
etween these tissues is no longer possible (Pfirrmann et al., 2001).

As IDD progresses, structural alterations in the disc tissue lead
o increasingly blurred boundaries between NP and AF tissue
Urban et al., 2000; Roberts et al., 2006a,b; Kepler et al., 2013)
nd a loss of distinction between these structures (Pfirrmann
t al., 2001). This change corresponds to the macro-morphological
brous appearance of the investigated specimen. In this study, IDD

s classified according to Pfirrmann scores as assessed through pre-
perative MRI, with every patient receiving a grade IV or V. Matrix
elamination of degenerated disc tissue was also evaluated. Due
o disorganization of the lamellar structure, delamination is less
niform but nevertheless is an important characteristic of disc
egeneration at both the macroscopic and microscopic scale. Fur-
her studies should microstructurally evaluate less degenerated
isc tissue (Pfirrmann grade I up to III) for comparison and corre-

ation. However, acquiring sequesters from patients with healthy
iscs has both practical and ethical difficulties and was  a limitation

n our study.
Approximately 60% of the surveyed sequestrums showed a

arkedly irregular fibrous structure. A clear mapping of AF and NP
as not possible due to the nature of the tissue. In the literature,

tructural changes such as AF fiber structure irregularity, NP fibra-
ion, and increased formation of collagen I, III, VI, X and elastin are
eported characteristics of intervertebral disc degeneration (Urban
t al., 2000; Roberts et al., 2006b; Smith and Fazzalari, 2009; Kepler
t al., 2013).

Cell density was the first tissue-specific feature evaluated to
nvestigate the pathology of disc degeneration. In the sample group,
emale patients demonstrated higher cell densities on average,
hich is consistent with previous findings (Tomaszewski et al.,

015).
Additionally, average disc tissue cell density decreased with

ncreasing patient age, though the difference was not statistically
ignificant. Changes in cell density with regard to the degenerative
rocess have previously been reported, but their specific findings
re not consistent and attribute the difference to various factors
uch as enhanced cell proliferation, local increase in apoptotic reac-
ions, and increased cell death (Trout et al., 1982; Johnson et al.,
001; Gruber et al., 2007; Zhao et al., 2007).

As the IVD consists of avascular cartilage and has comparatively
ew cells which are firmly locked into the collagen matrix, apoptotic
ells are not dismantled or removed from the tissue for extended
eriods of time. As such they remain in the tissue, which suggests
n increase in the disc cell density and cell proliferation over the
ears. However, this is not the same as an increase in viable cells
Zhao et al., 2007). Therefore, it cannot be freely assumed that cell
ensity in relation to age and degenerative disc disease are truly
epresentative. Scanning electron microscopy studies of disc tissue
ell density have the advantage of enabling qualitative evaluation of
he cells in terms of vitality thanks to the high resolution. An intact
ell and nuclear membrane is vital and is one such characterization
f the cell. Such an assessment is not possible in conventional his-
ological examinations. The lower cell density in regard to viable
ells that is seen in this study are corroborated by previous report-
ngs that describe a cellular loss during degenerative disc disease

Gruber et al., 2007; Ding et al., 2013). The average deviation of the
etermined cell density in our study is 19.24%. As no heterogeneous
ell distribution was conspicuous in the investigations made, this
eviation can be viewed as natural variability of cell density and
n 92 (2017) 51–62

cell distribution among biological samples. Due to the small sam-
ple volume relative to the entire disc, the results of the cell density
measurements apply first and foremost to the tissue sequestrums
but also pertain to the entire disc.

In addition to structural changes in the tissue matrix, tis-
sue degeneration results from structural damage, such as from
overexertion and exercise, which is accompanied by inter lamellar
columns and cracks (Adams and Roughley, 2006; Vernon-Roberts
et al., 2007). A conventional histological and light microscopy inves-
tigation of such tissue damage can be severely flawed, as the
microtome and subsequent fixation of the thin sections on slides
can cause artificial cracks in the tissue fabric which can be mis-
interpreted as delamination. Therefore, electron microscopy is a
much more suitable method for evaluating matrix delamination as
it not only provides high resolution imaging, but also minimizes the
likelihood of damage resulting from sample preparation. The per-
centage of delaminated area was determined for all samples. With
increasing age, the water content in the disc and thus its elastic-
ity decreases (Yerramalli et al., 2007; Vergroesen et al., 2015) and
the matrix is more susceptible to cracking, particularly under high
pressure. Thus, an increase in tissue delamination with increasing
patient age is not surprising, although in this study was not a sta-
tistically significant correlation. Additionally, delamination values,
which reached up to 12% of tissue area, did not show a significant
correlation with the gender of the patient.

SEM allows investigation of chondrocyte morphology at
10,000× magnification. Most cells exhibited an oval shape, as pre-
viously described for cells in the NP or AF (Whatley and Wen, 2012).
Patient age demonstrated a significant positive correlation to IVD
cell size. This correlation with age is corroborated by findings by
Ciapetti et al. (Ciapetti et al., 2012). However, there was  no demon-
strable correlation between cell size and gender.

In addition to investigation of cell size, electron microscope
image analysis also enables a quantitative evaluation of the extra-
cellular matrix directly surrounding the cell. The ECM is described
in the literature as a layered cell cavity or cell capsule, with rich ECM
being characterized by glycosaminoglycans (Gruber and Hanley,
1998; Ford et al., 2002; Ciapetti et al., 2012). Average thickness of
the ECM capsule was calculated by the difference of the orthogo-
nally measured cell and capsule diameter, as seen in Table 2. As the
ECM, produced by the IVD cells, constitutes roughly 99% of the IVD
tissue (Roberts et al., 2006b), the balance between matrix synthesis
and degradation is of great importance. One aspect of disc degen-
eration is the loss of this balance. On the one hand, the reinforced
matrix degradation occurs due to biochemical changes in the tissue,
which in turn are based on errors in the mass transfer in the tissue;
on the other, matrix synthesis by IVD cells is reduced (Gruber et al.,
2007), which is also attributable to an impaired nutrient supply to
the cells. Another cause of reduced matrix production in IVD tissue
in the literature is cell aging (Zhao et al., 2007). Senescent cells are
vital, but with reduced metabolic activity and are no longer able
to proliferate. With increasing age and higher degrees of degener-
ation, there is an increased occurrence of these aged cells, which
are accompanied by reduced matrix production and increased syn-
thesis of other, matrix-depleting enzymes (Roberts et al., 2006a;
Gruber et al., 2007; Le Maitre et al., 2007). A significant correla-
tion with age could not be established in this study. However, a
significant difference between the sexes was  demonstrated, with
female patient IVD cells having significantly thicker ECM capsules
than those of male patients (Majeed et al., 2016).

Granular inclusions are defined as the accumulation of matrix
degradation products and non-collagenous proteins in the tissue

(Buckwalter, 1995). Reasons for this granulation include age-
related changes in the biosynthesis of the IVD cells and slow
molecular diffusion through the tissue matrix (Colombier et al.,
2014). It was observed in this study that the occurrence of these
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eposits in IVD tissue increased with patient age. However, the
omposition of the deposits has not yet been clearly identified. It
as been previously shown that this deposition can be observed
ia the incorporation of calcium phosphate as well as from increas-
ng calcification of the disc tissue (Hristova et al., 2011). A quick
lemental analysis of the investigated samples can be achieved
y dispersive X-ray spectroscopy (EDX) (Lee et al., 2006) using
n appropriate detector. Such investigations were performed on
ll samples, but did not provide definitive results regarding pro-
ounced calcification correlated with age. The primary reason for
his ambiguity is, among other things, the superposition of numer-
us elements.

Signs of neovascularization are especially observed in
equestered disc tissue and indicate the body’s decomposi-
ion reactions (Pai et al., 1999; Kobayashi et al., 2009). It has
een previously suggested that the degree of small blood vessel
ormation in the marginal regions of the sequestered disc tissue

ay  provide information on the age of the disc sequestrum
elative to the herniation, i.e. the duration between herniation and
urgical excision. Since patients were enrolled in this study with
cute, non-relapsed herniated discs and no data on pre-existing
onditions was collected, this particular relationship was not
xamined.

Cell cluster formation is a known feature of degeneration from
eports of increased proliferation of single cells or cell clusters in
egenerated ECM (Johnson et al., 2001). Another such feature in
erniated disc tissue is advanced cell age (Roberts et al., 2006a).
he tissue samples analyzed in this study all come from sequestered
isc tissue, so degenerative changes in the microstructure were to
e expected.

Degenerative changes and even damage to the tissue matrix
esulting from stress-related reactions result in increased cell clus-
er formation (Sharp et al., 2009). Our data corroborates this
bservation, as the majority of tissue samples from elderly patients
emonstrated pronounced degenerative changes in the cell cluster
icrostructure.
Like all tissues in the human body, the intervertebral disc

s subject to natural aging processes that are associated with
icrostructural changes. Although histological studies using light
icroscopy have been established in medical diagnostics, the

resent study demonstrates that SEM histological examinations
nable more detailed analysis thanks to two primary factors. On
ne hand, higher magnification allows greater analysis of cell mor-
hology such as the cell density, cell sizes, and extracellular matrix
hich can be quantified using digital image analysis. The other
ajor advantage relates to the preparation method. Histological

lices prepared via paraffin wax embedding can only be used for
lectron microscopy using expensive reburial that is associated
ith losses in structural preservation (Hübner, 1970). Choosing a
lastic-based embedding system allows for the preparation of hard
issue as well as electron microscopy studies. Tissue sample cross-
ections can be investigated either directly from the plastic block or
rom thin slices created via the cutting-grinding technique (Donath,
985; Willbold and Witte, 2010). For both methods, the tissue sam-
le is processed by applicable sawing and grinding techniques;
he fixation of thin sections on glass slides, which is necessary for
ommon histology, can be bypassed. This is primarily an impor-
ant consideration for studies of tissue matrix damage, as damage
aused from preparation methods may  lead to erroneous results.

For both methods it is equally problematic that the examined
amples cannot reproduce an exact image of the tissue state. It
s known that the proteoglycans contained in the NP swell when

xposed to water (Chung et al., 2003; Zhang et al., 2011). Even if the
ater content of epidural adipose tissue is small (Schirmer, 1921),

he tissue comes into contact with blood, and therefore water, from
he surgical corridor during the operation. As a direct fixation inside
n 92 (2017) 51–62 61

the spinal canal is not possible, all histological preparations form a
temporally displaced state.

5. Conclusions

In this work, sequestered IVD tissue was successfully charac-
terized using histology, light microscopy, and SEM to evaluate
parameters of interest for IVD degeneration such as delamination
of the collagenous matrix, cell density, cell size, and ECM thick-
ness. The techniques used allowed for high resolution, quantitative
assessment of morphological features that may be indicative of the
degenerative process, and enabled evaluations of statistically sig-
nificant correlations to clinical patient data such as sex and age.
Such studies can be applied to other tissues; this methodology
provides a valuable addition to the existing portfolio of available
techniques in medical research for investigating micromorpho-
logical changes of tissue samples. Due to the limited sequestrum
volumes of 1–2 cm3, further work evaluating larger samples, such
as in a cadaver study, would prove beneficial for shedding addi-
tional light on the complex incidence of IVD degeneration.
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