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Abstract

Thesis Title: Characterisation of Ovine and Human Vertebral Endplates using X-ray
Microtomography: the Effects of Degeneration on Structure.

Name: Sheen Gurrib

Back pain is a significant and debilitating problem worldwide. It can be caused by several
factors, but the cause of pain is only identified successfully in a minority of cases. There has
been significant evidence indicating that the vertebral endplate (VEP) plays a major role in
low back pain. The VEP balances two conflicting biophysical functions: providing both a
nutritional pathway and mechanical support to the disc, therefore making it prone to damage.
However, the VEP is still poorly characterised.

This thesis describes work undertaken to characterise the structure of normal and degen-
erative VEPs. Initially, ovine VEPs were used to investigate the effect of location along the
spine on the structural properties of the VEP. Next, the network of canals within the VEP
was characterised in terms of canal architecture, content and endings at the disc boundary.
Finally, the effect of degeneration on the structural properties was investigated in human
endplates.

Sheep spines were used as a model for the human spine to develop experimental protocols,
due to similarities in their morphological and biomechanical features. A protocol was
developed, using micro-computed tomography (micro-CT), for the structural characterisation
of sheep VEPs. This is the first time that simultaneous assessment of different structural
properties of the same VEP has been reported, allowing the comparison of structural features
at different VEP locations on the same spine. The central region of the VEP was thinner than
the periphery at all spinal levels and this could be explained by the increased biochemical
exchange with the central nucleus pulposus of the disc and by the requirement of strong
anchorage of disc fibres for mechanical support in the peripheral regions. Cranial VEPs were
thicker, more porous and showed higher bone mineral density than their caudal counterparts.
VEPs at different spinal levels also exhibited different structural properties. The thickest
VEP measured was 1.010 4= 0.014 mm at the anterior region at cranial side of L5/L.6 and the
thinnest VEP was 0.455 + 0.025 mm at the central region at caudal side of L3/L4.
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A series of intricate 3D canal networks within the ovine VEP layer was analysed. These
networks were found to connect the marrow spaces in the vertebra to the soft tissues of the
disc. Evidence of the presence of blood within these canals was shown using photoacoustic
imaging, and the ending of the vessels were identified as bud-like protrusions, emerging
out of the VEP layer. The individual canals were characterised in terms of their length,
cross-sectional diameter and orientation. A high density of canals perpendicular to the VEP
surface and emerging out of the VEP boundary was seen in the central region, of up to 39
+ 8 canal openings / mm? for the caudal VEP at the spinal level L3/L4, providing further
evidence for the increased nutritional exchange with the nucleus pulposus. This study is the
first to characterise the structure of the individual canals, and simultaneously investigate the
contents and the endings of these canals.

A novel approach was also developed for the comparison of the clinical assessments of
disc degeneration, from magnetic resonance imaging (MRI) scans, to laboratory characterisa-
tion of the human VEP from micro-CT imaging, using samples from patients undergoing
elective surgery. The results suggest that the hindered nutritional pathway within the VEP
was more likely to be an initiating factor of disc degeneration, rather than the effect. The
structural properties of the VEP were seen to change with levels of disc degeneration, as-
sessed by Modic types, Pfirrmann grades and VEP erosion grades. The bone mineral density
showed an increasing trend from Modic type I (0.108 & 0.007 gcm™3) to type III (0.139 +
0.004 gcm™3). The Pfirrmann grading system was found to be limited in its assessment of
progressive degeneration, while advancing VEP erosion grades was correlated with increas-
ing sizes of the canal openings on the VEP surface. The findings also showed that the sheep
model, although useful for optimising testing protocols, was not a realistic representation of
the human spine.

This body of work shows the importance of the VEP in maintaining the healthy func-
tioning of the disc, given its key role in providing nutrition and mechanical support to the
disc. Evidence is also provided to correlate spinal degeneration with structural changes in the
VEP. Equipped with knowledge of the structure and functions of the VEP, it will be possible
to identify the areas prone to damage and therefore the aetiology of degeneration can be
clarified.
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load maps. However, the sites with the VEP intact were significantly stronger
than the sites where the VEP has been removed (P=0.04) . . ... ... ..
Three groups of endplate defects with their hypothesised etiologies are shown
in histological images, stained with hematoxylin and eosin. The red circles
on the right hand side schematics represent the areas of the endplate that have
been damaged. A: Cartilage endplate avulsion caused by bending motion,
leading to traction between the VEP and the inner annulus of the disc. B:
Excessive compression of the nucleus pulposus of the disc led to traumatic
Schmorl’s node with endplate fragments. C: Central portion of the endplate
fracture, exposing the trabeculae of the vertebra as a result of excessive
compression with a degeneratedisc [3] . . . . . . . . ... ... ... ...
Comparison of 3 different imaging techniques to assess the optimum settings
to visualise the VEP with the MRI. A: Midsagittal T1-weighted MRI of L1-
L2 motion segment with poor end plate signal. B: T2-weighted MRI of L1-L2
motion segment with poor end plate signal. C: Corresponding ultrashort
time-to-echo (UTE) MRI image showing enhanced end plate signal. Arrows
indicate end plate defects [3]. . . . . . . . . . . ... oL
The schematic shows the structure of both healthy and degenerated discs and
the possible therapeutic approaches are summarised. A: Nutrient pathways
in normal disc through the blood vessels in the bony endplate (labelled as
subchondral plate here). B: Nutrient pathways in a degenerate disc which
could be caused by the calcification of cartilaginous endplate, occlusion of
marrow spaces, atherosclerosis of vertebral arteries, or reduced capillary
density, among others. C: Different types of biological therapies for disc
repair are listed [195]. . . . . . . . . . . ...
Post surgery radiograph showing the successful implantation of a titanium
cage in between the vertebrae at levels L4 and LS5 in a patient [199].
Schematic representing the outline of the thesis with respect to the VEP’s
structure, nutritional function and changes in degenerative conditions of the
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Schematic highlighting the location of the L.3/L.4, L4/L.5 and L5/L6 levels
from which cranial and caudal VEPs were harvested in a sheep spine. . . . 55
Schematic of the sheep lumbar spine showing a close up on the right of a
disc sandwiched between the two types of VEPs, caudal and cranial. . . . . 55
Flowchart showing the different categories of the VEP used, namely their
position with respect to the disc as cranial or caudal, their spinal level L3 to
L6 and the area of the VEP denoted by V1 to V9 which are shown in the
right-hand side schematic. . . . . ... ... .. ... ... ........ 56
The grid lines represent the cutting line to make 9 separate samples, from
which 14 ROIs were selected, as indicated by the red circles. . . . . . . .. 57
Schematic showing the location of the 3 different points where the thickness
of the VEP was measured. The orange arrows represent the locations where
thickness was measures, determined by the 0.5mm distance from the edges
and the middle point. The white lines indicate the thickness measured at
these locations. . . . . . . . . ... 59
Schematic showing the 14 regions of interests from which VEP thickness
were measured and the visual representations of the 9 regions for which data
points were plotted in the following graphs. . . . . . . . . .. .. .. ... 59
Schematic showing the original 9 sections of the sectioned surface of the
VEP on the left. In the middle, the colours identify the 4 sections of the
epiphyseal ring, labelled as anterior, right, left and posterior. An example of
the ring thickness d is also marked between the boundary of the epiphyseal
ring and the edge of the surface of thebone. . . . . . . .. .. .. .. ... 61
Schematic of the location of categories V1 to V9 of the VEP (left) and the
sagittal lines A, B and C shown in red, coronal lines D, E and F shown in
green (right). . . . . . . . .. 62
Left: Schematic showing the side view of the lumbar spine with a close up
of the curved edge of the VEP surface at the top and bottom of the vertebra
from anterior (A) to posterior (P) sides. Right: Schematic showing the front
view of the lumbar spine with a close up of the curved edge of the VEP
surface at the top and bottom of the vertebra from right (R) to left (L) sides. 62
The white dotted outline shows the region of interest of the trabecular bone,
beneath the boundary with the VEP. The enlarged cylindrical region of
interest on the right shows the 10 mm depth and diameter of 2.5 mm selection

for analysis of the trabecularbone. . . . . . . . . ... ... ... ..... 63
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3.11

3.12

3.13

3.14

Reconstructed images of the samples from L3/L4 cranial VEP at the V2
cut section. The white dashed lines show the slice location on the coronal
(COR) and sagittal (SAG) views exhibited in the corresponding transverse
(TRA) view. The soft tissue of the disc are still attached to the VEP but
are not visible on the micro-CT images. The greyscale bar represents the
X-ray absorption with zero showing no absorption as white and 255 showing
maximum absorption as black and the scale bar shows 2 mm. Left: The
trabecular bone is shown as spongy with relatively large pores. Right: The
VEP is shown as a dense layer of bone with small pores. The VEP transverse
slice appears smaller than the trabecular bone due to the curved shape of
the top layer of the VEP. The white arrows show the cortical bony casing
enclosing the trabecular bone in the vertebra. . . . . . ... ... ... ..
Reconstructed micro-CT images from L.3/L.4 cranial VEPs from an anterior
region (V2) on the left and from the centre (V5) on the right. The anterior
region has a thicker VEP than the central one. The scale bar represents 2 mm
forbothimages. . . . . . . . . . . ...
A ROI from the central region of a caudal VEP at level L3/L4 from the young
sheep spine (left) and a similar ROI from caudal VEP at level L3/L4 from a
mature sheep spine (right) were compared. The image slice from the ROI at
the boundary with the disc showed the presence of the dense layer of bone of
the VEP in the mature sheep but was absent in the young sheep sample. The
slice further down the ROI further from the disc showed the presence of the
trabecular bone of the vertebra in the mature sheep but the presence of bony
protrusion in the younger one. Further down the cores, the slices showed the
sponge-like structure of the trabecular bone structure in both cores, although
the struts were further apart in the young sheep vertebra than the mature one.
The colour maps represent the thickness of specific regions of interest of
the VEP at different spinal levels and on different sides of the disc for the 2
mature spines used in this study. The central regions of the VEP are always
thinner than the peripheral regions. The cranial VEPs are significantly thicker
than the cranial ones at the same spinal level for both spines 1 and 2. The
anterior region of the VEP are thicker than the posterior ones in the cranial
VEPs, but the opposite is true for the caudal VEPs. The VEP samples from
Spine 2 showed the same trends as the the VEPs from the same spinal level
from Spine 1. The colour bar on the right shows the thickness (mm) assigned

tothecolours. . . . . . . . . . .
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3.18

The series of graphs shows the thickness variation of the VEP from the mature
sheep spine at different spinal levels, side of disc and region of the VEP.
Thickness of the VEP is always lowest at the central regions in all 6 graphs.
The left hand side graphs show that cranial VEPs are always thicker than
their counter caudal VEPs, shown in the right hand side graphs. Thickness
increases down the spine from L3/L4 to L5/L6. Anterior regions are thicker
than posterior ones for the cranial VEPs but are thinner than posterior ones
for caudal VEPs. The error bars represent the standard deviation of the data.
The schematic in Figure 3.6 shows the physical locations on the VEP surface
of each point on the graphs, labelled with different colours and shapes of
markers. . . . ..o e
The colour maps represent the porosity of specific regions of interest of the
VEP at different spinal levels and on different sides of the disc for the 2
spines used in this study. Porosity of the VEP is always highest at the central
regions in all the VEPs. The cranial VEPs were significantly less porous than
their counter caudal VEPs. The VEP samples from Spine 2 showed the same
trends as the the VEPs from the same spinal level from Spine 1. The colour
bar on the right shows the porosity (%) assigned to the colours. . . . . . . .
The series of graphs shows the porosity variation of the VEP from the mature
sheep spine at different spinal levels, side of disc and region of the VEP.
Porosity of the VEP is highest at the central regions in all 6 graphs. The left
hand side graphs show that cranial VEPs are always less porous than their
counter caudal VEPs, shown in the right hand side graphs. Porosity decreases
down the spine from L3/L.4 to L5/L6. Anterior regions are less porous than
posterior regions for the cranial VEPs but are more porous than the posterior
regions in caudal VEPs. The error bars represent the standard deviation of
the data.The schematic in Figure 3.6 shows the physical locations on the
VEP surface of each point on the graphs, labelled with different colours and
shapesof markers. . . . . .. .. ... L o
The colour maps represent the bone mineral density (BMD) of specific
regions of interest of the VEP at different spinal levels and on different sides
of the disc for the 2 spines used in this study. The VEP samples from Spine
2 showed the same trends as the the VEPs from the same spinal level from
Spine 1. The colour bar on the right shows the BMD (gcm ™) assigned to

the colours. . . . . . . . .
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3.20

3.21

3.22

3.23
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The box plots show the distribution of the BMD for each VEP, with the
whiskers showing the standard deviation and the line in the middle of each
box represents the median. The mean BMD, shown by the square in the
middle of each box plot, was lower for caudal than for cranial VEPs at each
spinal level and the BMD decreases from L3/L4 to LS/L6. . . . .. .. ..
The curvature of the anterior-posterior caudal VEPs were highest in both
spines, at the spinal level L4/L5. The error bars show the standard deviation
of the datasets. (AP: anterior-posterior, RL: right-left) . . . . . ... .. ..
Single slices of each of the cranial and caudal VEPs from the L5/L6 level,
along the anterior-posterior line B, covering regions V2, V5 and V8 of the
VEP, show the maximum recorded curvatures in this study. . . . . . .. ..
The VEP surface exhibits a more concave shape along the anterior-posterior
direction compared to the right-left one across all spinal levels. Caudal VEPs
are more curved than their counter cranial VEPs in all cases. Curvature
increases for all VEPs down the spine from L3/L.4 to L5/L6, with the cranial
VEPs curvature increasing at a faster rate than the caudal ones. The error
bars represent the standard deviation of the measurements. . . . . . . . ..
The size of the epiphyseal ring was measured at 4 sections of the VEP:
anterior, posterior, left and right sides for the caudal and cranial VEPs. The
anterior region showed the largest size of the ring for all samples whereas the
posterior region showed the smallest size. The caudal VEPs had a larger total
ring size than their cranial counterparts. The VEPs from Spine 2 showed the
same range of values for the size of the ring. The error bars represent the
standard deviation in the measurements. . . . . . . . . ... .. ... ...
The box plots show the distribution of the caudal and cranial datasets, with
the whiskers indicating the standard deviation, the square in the middle shows
the mean and the horizontal line is the median. No significant differences
was observed between the caudal and cranial samples and down the spine
from L3/L4to LS/L6. . . . . . . . . .
The box plots show the distribution of the caudal and cranial datasets, with
the whiskers indicating the standard deviation, the square in the middle
shows the mean and the horizontal line is the median. The BMD is observed
to increase for both caudal and cranial samples down the spine from L3/L4
to L5/L6 and the cranial samples have significantly higher BMD than their
caudal counterparts. The error bars represent the standard deviation in the
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4.1

4.2

Top: The average trabecular thickness of the struts of the trabecular bone
of the vertebrae showed no clear trend for different spinal levels or sides of
the disc. The samples from Spine 2 had similar range of thickness. Bottom:
The average trabecular separation of the struts of the trabecular bone of the
vertebrae showed no clear trend for different spinal levels or sides of the disc.
The samples from Spine 2 had similar range of thickness measurements. The
error bars represent the standard deviation of the measurements. . . . . . .
Hyperelastic finite element model of a healthy human disc under everyday
loading from walking and lifting showing the distribution of the von Mises
stress and tissue displacement. Both show the anterior region experiences
the highest stress and displacement during mechanical loading [217]. . . . .
Distribution of the von Mises stress in the human spine under posterior
loading of 15 kg for the nucleus pulposus (NP), the intervertebral disc (IVD),
cortical bone (CB) and cancellous/trabecular bone (Cb) showing increasing
stress in the lower lumbar region as compared to upper regions. [218]
Graph showing the BMD for cadaveric human VEPs from L1/L2 to L5/S1.
The cranial VEPs have higher BMD than caudal ones and there is a clear
trend of decreasing BMD from L3/L4 to L5/S1[62]. . .. ... ... ...
Schematic showing the representation of the BMD values for cranial, caudal
VEPs and the trabecular bone in the caudal and cranial areas of the vertebra.
The colour bar on the right-hand side shows the colour assigned to each
BMDvalues. . . . . . ...
Schematic showing the 3 regions of the disc. The disc fibres from the central
and middle third regions are anchored into the VEP while the fibres from the
outer third region are anchored into the epiphyseal ring. . . . . . . .. ...

A step by step illustration of how the canals network are visualised from the
VEP. The reconstructed image of the VEP scan is loaded into Simpleware.
A mask is created of the bone by thresholding the bone with respect to the
background. The mask is inverted to show the canal network which is then
smoothed using a Recursive Gaussian filter and noise is pruned out using
the remote island removal function. Finally, a flood fill function is used to
ensure all the canals are connected to form the 3D network observed. . . . .
Schematic showing the 2 VEPs used for the photoacoustic imaging. The
VEPs were the cranial and caudal ones to the disc at the L4/L5 level of a
sheep spine. The red dotted lines show the area of focus of the laser in the
central regionofthe VEP. . . . . . . .. .. ... o oo
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4.3

4.4
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Schematic of the bovine tail with the skin peeled back, far enough to expose
the median caudal vein and artery which were cannulated and secured with
surgical thread [243]. . . . . . . . . . L
Schematics showing an example of line segments that can be joined together
by the python model to create the full canal they represent. The original 5
line segments created from the centerline analysis with their corresponding
nodes are shown on the left. After the application of the model, canal A was
identified by joining line segments 1, 2 and 3 from the originals, but 4 and 5
still remained as isolated line segments. Therefore the line segments 1, 2 and
3 were parts of the same canal. . . . . . . ... ... ... ... ... ..
3 line segments with their corresponding vectors are shown (left) with the
corresponding angles (right). 6>; being the smallest angle would mean that
the model will join line segments 1 and 2. . . . . . ... ... ... ....
Schematic showing the different categories of canals. The pink strip rep-
resents the boundary of the VEP with the disc, which is referred to as the
Surface. The blue strip represents the boundary of the VEP with the vertebra
and is referred to as the End. The white strip in the middle is the VEP. . . .
Flow diagram showing the categorisation of 12 different classes of the canals
depending on their start and end points, their orientation with respect to the
normal of the VEP surface, represented as 6., and the radius of the canal,
shown as R. Ry, represents the maximum radius above which the canals
are considered larger than normal. The surface refers to the VEP, the end
refers to the boundary of the VEP with the underlying trabecular bone and
the middle refers to any point in between the surface andend. . . . . . . . .
The bone mask of V2 sample from caudal VEP of level L4/L5 shows the
disc space, represented by the empty space, the VEP and the trabecular
bone of the vertebra. From the ROI at the top, transverse slice A shows
the distribution of well-defined openings in the VEP. Slice B shows the
trabecular bone in the vertebra separated by large openings. The ROI at the
bottom shows the side view and 2 zoomed in areas: C shows the openings
distributed across the whole depth of the VEP and D shows the larger pores

of the trabecularbone. . . . . . . . . . . ...
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4.10

4.11

4.12

The inverted bone mask of V2 sample from caudal VEP of level L4/L5 shows
the disc space, represented by the filled top layer, the VEP space and the
trabecular space of the vertebra. From the ROI at the top, transverse slice A
shows the canal network connecting the openings present in the VEP. Slice
B shows the large trabecular spaces in the vertebra. The ROI at the bottom
shows the side view and 2 zoomed in areas: C shows the how the network
connects the trabecular spaces and open up into the disc and VEP boundary
and D shows the larger trabecular spaces of the trabecular bone. . . . . . .
The schematic at the top shows the locations of V1 to V9 on the VEP surface
and the white squares represent the regions of interest for which the canals
are being shown. The transverse sections of samples V1 to V9 for caudal
VEP at L3/L4 level are showing the architecture of the canal networks. The
central region, V5, has the highest density of canals and most of the canals
are seen to run in concentric directions, parallel to the disc. The square
surface of each region represents an areaof 4 mm?. . . . . .. ... ....
The schematic at the top shows the location of the cranial and caudal VEPs
at specific spinal levels and VS5 is the sample being shown here, with the red
box showing the region of interest. The canal networks in the central region
of VEPs, V5, are compared at different spinal levels, sides of the disc and
from 2 spines. The networks in blue are from Spine 1, the ones in green are
from Spine 2. The regions are all densely populated with canals running
parallel to the disc. The patchy regions are due to the uneven surface of the
VEP boundary with the disc. The square surface of each region represents
anareaof 4mm?2. . . . . . ... ...
Left: Histology slide of sample V2 from the cranial VEP of level L4/L5 of
Spine 2 showing 3 distinct regions of soft tissues. the calcified cartilage layer,
the cartilage endplate and the disc fibres, in addition to the bony endplate and
the trabecular bone from the vertebra. Right: Reconstructed micro-CT image
of a similar slice from the same sample showing only the bony endplate
region, in comparison to the image onthe left. . . . . . . . ... ... ...
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4.13

4.14

4.15

4.16
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CTVox 3D rendered images of the canals and the trabecular spaces shown
in green from the V5 sample of the cranial L4/L5 sheep VEP. The bone has
been made transparent and the disc is shown as the red haze. The canals can
be seen to be filled with dyed soft tissue originating from the bone marrow
and ending into bud-like structure, emerging out of the VEP boundary with
the disc. The dotted white outline shows a close-up canal emerging out of
the VEPsurface. . . . .. ... ... ... oo
A top view of the CTVox 3D rendered images of the canals and the trabecular
spaces shown in green from the V5 sample of the cranial L4/L5 sheep VEP.
The bone has been made transparent and the disc is shown as the red haze.
Several buds can be seen emerging out of the VEP boundary with the disc
and the white circles show 2 of thesebuds. . . . ... ... ... ... ..
Photograph showing the inner side of the skin of the cow tail post removal.
The yellow-brown stains, shown by the white arrows, show the successful
penetration of the dye through the small blood vessels on the outer extremities
ofthetail. . . . . ... ...
The red square shows the central region of the VEP surface which is shown
as a close-up in slice A. A: Top view of the cranial VEP surface from L5 with
the disc excised, viewed in the dissection microscope. Some of the nucleus
pulposus can be seen as the white fibres at the centre of the image due to
the uneven VEP surface. B: Close-up of the black dotted rectangle in slice
A, at 16x magnification showing the dots. C: Close-up of the yellow dotted
rectangle in slice A, at 80x magnification showing the dots do not look like
clots but filled with a liquid. . . . . . ... ... ... ... ... ... ..
A: Top view of the cranial VEP surface from L5 with an extra 2 mm of
the disc excised, viewed in the dissection microscope. B: Close-up of the
black dotted rectangle in slice A, at 16x magnification showing the dots. C:
Close-up of the yellow dotted rectangle in slice A, at 80x magnification. The
white arrowheads in slices B and C show the presence of a transverse thicker
canal filled with reddish fluid underneath the upper surface of the VEP. . . .
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4.19

4.20
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4.22

The 3 orthogonal views of the caudal VEP from L5 with the underlying

trabecular bone is shown to have a distribution of small openings. However,
the openings appear "empty", implying the dye was not strong enough to

create contrast with the bone. The outlines of the openings are less well

defined due to interference of the dye with contrast. The red lines show the

location of the transverse slice, the green line shows the coronal slice and

the blue line shows the sagittal slice. The white arrows show the presence of
growthplates. . . . . . . . . . ...
The 3 orthogonal views of the trabecular bone in the underlying vertebra

of the caudal VEP from L5 show the open pores of the trabecular space.
However, the openings appear "empty", implying the dye was not strong

enough to create contrast with the bone. The outlines of the openings are

less well defined due to interference of the dye with contrast. The empty

space in the middle of the vertebra is loss of pieces of bone material from the

sectioning of the samples. The red lines show the location of the transverse

slice, the green line shows the coronal slice and the blue line shows the

sagittal slice. The white arrows show the presence of growth plates.

The white dotted square represents the area of focus of the laser. The top

view of the VEP central region shows the presence of dispersed red dots,
showing the presence of haemoglobin. The side view shows the presences of
isolated red dots in the curved central region of the VEP with no connecting

vessels. The white scale bars represent 1 mm in both orthogonal directions.

Schematic with colour-coded opening density per unit area of each ROI for
the 54 samples from Spine 1. The scale bar on the right shows the opening

density per area assigned to the colours. The central regions of each VEP,
the higher spinal level L.3/L.4 and the caudal VEPs showed higher opening

density per unit area than their counterparts. . . . . . . . . ... ... ...
Schematic with colour-coded opening density per unit area of each ROI for

the 18 samples from Spine 2. The scale bar on the right shows the opening

density per area assigned to the colours. The central regions of each VEP

and the caudal VEPs showed higher opening density per unit area than their

counterparts. . . . . . ... oL L e e e e
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4.25
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4.27
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Top Left: The average major diameters of the openings for each sample from
both spines are shown. There is no clear trend in how the diameters vary
across different samples. Top Right: The average minor diameters of the
canal openings for each sample from both spines are shown. There is no
clear trend in how the diameters vary across different samples. Bottom Left:
The aspect ratio, ratio of the major to minor diameters, for each sample from
both spines are shown. Most of the openings appear to be in the range of 1.5
to 2.5, except for a couple with clear to perfect circular shape. Bottom Right:
The legend forall 3 graphs. . . . . . .. ... ... ... ..........
The prevalence of each type of canal as a percentage of the total number
of canals is shown for each region V1 to VO for the 6 VEPs. The 6 graphs
represent the 6 VEP locations with respect to the side of the disc and the
spinal level. . . . . . . . ..
The distribution of the canals originating from the surface of the VEP ac-
cording to their length and radius are shown for samples V1 to V9 in each
graph. The 6 graphs represent the 6 VEP locations with respect to the side of
the disc and the spinal level. . . . . . . .. ... ... ... ... .....
The distribution of the canals originating from the middle or end boundary
of the VEP and which were classified as longitudinal canals, are shown for
samples V1 to V9 in each graph according to their length and radius. The 6
graphs represent the 6 VEP locations with respect to the side of the disc and
thespinallevel. . . . . . . .. .. ... .
The distribution of the canals originating from the middle or end boundary
of the VEP and which were classified as transverse canals, are shown for
samples V1 to V9 in each graph according to their length and radius. The 6
graphs represent the 6 VEP locations with respect to the side of the disc and
the spinal level. . . . . . . . . .. .
Schematic showing the sides of the V5 sample represent the middle third
portion of the VEP surface along both the short and long directions.
Schematic showing potential pathways of the blood vessels and the content
of the bud-like structures. A: The blood vessel (BV) loops within the canal
but before the VEP boundary. B: The BV loops inside the bud, past the VEP
boundary. C: The bud is occupied by a lymph canal with a closed end (LC)
instead, with the BV running parallel. . . . ... ... ... ... .....
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4.30 The schematic shows the summary of the findings from this study of the

5.1

5.2

53

54

5.5

5.6

content of the canals in the VEP. A: Schematic showing the canal network in
the bony endplate with the ends appearing like buds protruding out of the
boundary with the cartilage endplate. B: A close-up schematic of the bud-like
structure shown by the lugol experiments. C: The presence of haemoglobin
within the canals have been shown by photoacoustic imaging, however it was

imaged as isolated dots instead of continuous flowing vessels. . . . . . ..

A: Schematic of the cage after insertion with the 3 screws in place. B: Cage
with 2 screws on the top surface and 1 on the bottom one. C: Cage with 1
screw on the top surface and 2 on the bottom one. Schematic adapted from
OrthoAxis Magnify’s website. . . . . . .. .. ... ... ... ......
Left: Schematic showing the location of V1, V2 and V3 from sheep VEPs.
Right: The 3 red spots show the location of surgical harvesting of samples
from the human VEPs. . . . . .. ... ... 0oL
Schematics showing the different types of signal intensities in the T1-
weighted and T2-weighted MRI images, characteristics of each Modic type.
Adapted from the description of Modic’s paper [190]. . . . . . .. ... ..
Assessment algorithm used for the classification of the Pfirrmann grades for
each disc in this study, from their respective MRI images. Adapted from the
description of the Pfirrmann grading system in literature [77, 257]. . . . . .
Both T1 and T2-weighted MRI images are shown for the cadaver, and 3
patients showing the differences between no Modic changes and Modic types
I, IT and III. The white arrows show the VEP from which samples were
collected and the area of signal intensities used to assess the Modic changes.
Imaging carried out by a radiologist at Ipswich Hospital. . . . . . ... ..
The micro-CT images show the sagittal and transaxial views of 2 VEPs
samples both from L5 cranial VEP, one from the cadaveric control (left) and
the other from the control patient IPSO8 (right). The scale bar represents
1 mm. The trabecular in the patient were thicker than the ones seen in the

cadaver and the VEP was thinner in the latter, with openings of varied sizes.
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5.7

5.8

59

5.10

The micro-CT images show the sagittal and transaxial views of VEPs samples
from 3 different patients, IPS02, 07 and 10, with Modic types I, II and III
respectively. In Modic I, the VEP showed a high concentration of openings
at the surface, with larger openings connecting the middle of the VEP layer
to the boundary, as shown by the dotted white circles. In Modic II, the VEP
was thicker and more porous than the one with Modic I, with large pores
extending all the way to the VEP boundary with the disc, from the vertebra,
as shown by the dotted white circle. The presence of fissures could also
be seen in the transaxial view of the VEP layer, as indicated by the white
arrow. In Modic III, the VEP was thick, showing two different shades of
grey. The transition line between the 2 areas are annotated by the white arrow
heads. The surface of the VEP had openings of varying sizes. The scale bar
represents Il mm. . . . ... L. e
The 3D rendered images of the L4 caudal VEPs from the cadaver and patient
IPSO8 are shown. The transaxial views show higher roughness and more
bony protrusions on the surface of the cadaveric VEP. Both VEPs showed
the presence of large openings on the surface. The lateral views show the
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Chapter 1

Introduction

1.1 Context and Motivation

Chronic low back pain is the leading cause of disability around the world [1]. Up to 80%
of adults will experience back pain at least once in their lifetime. However, back pain still
remains difficult to diagnose and to treat [2]. It represents a huge financial burden globally
due to lost days of work and the cost of treatments, which are often unsuccessful. With the
acutely increasing rates of disability and associated research costs, there is an urgent need for
further research to better understand the causes of low back pain [3].

Back pain is a condition that may result from ageing or from spinal diseases including:
degenerative disc disease, lumbar disc herniation and osteoporosis. Degenerative conditions
of the spine relate to the deterioration or break down of one or more intervertebral discs,
causing pain and discomfort. However, the specific cause of most cases cannot be diagnosed
and the understanding of the structural changes of the spine remains incomplete. The lumbar
spine is made up of a combination of 33 vertebrae and 23 intervertebral discs. Each disc
is constrained on both sides by the vertebral endplates (VEP), the main focus of this thesis.
Whilst there is a very large body of research into the biomechanics and cellular structure of
the normal and degenerate intervertebral discs [4—6], there is relatively limited understanding
of the VEP, in particular in degenerative diseases of the spine, despite several reported
evidence identifying the VEP as a source of chronic low back pain [3]. This is at a time
when there are rapid and exciting developments of potential methods for the treatment of
symptomatic degenerative disc disease, the efficacy of which will be dependent on a thorough
knowledge of the function and the mechanical properties of the VEPs, which has not yet
been acquired.



2 Introduction

In order to provide targeted treatment to the source of back pain and to develop successful
discal implants for the human body, it is crucial to first acquire a clear understanding of the

complexities of the biomechanical demands of the VEPs.

1.2 Thesis Outline

This thesis will aim to investigate the structural properties of the VEP, the nutritional function
of the VEP and the effect of disc degeneration on the VEP, as outlined below:

* Chapter 2 consists of a review of the existing literature relevant to the work in this
thesis. A brief summary of the physiology of the lumbar spine and the endplates is
included and the studies on the structure, functions and degenerations of the endplates

are critically reviewed.

» Chapter 3 investigates the structural properties of the endplates with respect to their
location along the spinal levels, their position and side with respect to the disc. This
was carried out using a micro-computed tomography X-ray scanner and a sheep model.
The structure of the VEP was characterised by its thickness, porosity, bone mineral
density and curvature. Furthermore, the relationship with the epiphyseal ring and the

underlying trabecular bone was also investigated.

» Chapter 4 focuses on the isolation and characterisation of the 3D canal network present
within the endplate layer, acting as a nutritional pathway to the avascular disc. The
canal network was quantitatively characterised and the presence of blood within the
network was investigated. Furthermore, the nature of the endings of these canals at the

disc boundary with the endplate was investigated.

* Chapter 5 investigates the effect of different degrees of disc degeneration on the
structure of the endplate and its nutritional pathway. This was carried out using
samples obtained from patients undergoing spinal surgeries, enabling the correlation
of laboratory findings with clinical observations. The validity of the sheep model for
spinal investigations was also explored.

* Chapter 6 summarises the main findings of this thesis and identifies the main avenues
for future investigations of the endplate’s role in chronic back pain.



Chapter 2

Literature Review

2.1 Introduction

This literature review chapter aims to provide an overview of the anatomical and structural
properties of the healthy vertebral endplates (VEPs), their interaction with the surrounding

disc and vertebra, as well as the effect of changes due to ageing and pathological degeneration.

2.2 Chronic Low Back Pain

There is considerable information about the prevalence and incidence of back pain but limited
understanding of chronic back pain, partly due to the disagreement about definitions in the
research community [7]. Chronic back pain is generally defined as back pain that persists
longer than 7-12 weeks. Chronic back pain can also be defined as pain that is frequently
recurring over a long period of time or pain that persists post normal healing period [8].
However, due to the lack of understanding of the underlying pathological causes for chronic
low back pain, the diagnosis and therefore treatment, present a clinical challenge. This is why
a combination of drugs, physical therapies and pain management treatment can be ineffective
for some patients [2]. The different underlying pathologies involved and the effect of age on
the prevalence of back pain will be discussed in more details in Section 2.7.

The prevailing understanding is that at the site of injury, trauma or degeneration in the
spine, usually in or around the intervertebral disc, the free nerve endings of the nociceptors
are activated. These sensory neurons then respond to the stimuli by sending “possible threat”
signals to the central nervous system: the spinal cord and the brain, where the sensation
of pain is registered and the pain is felt. However, there is growing interest and evidence
identifying innervated or damaged VEPs as the initiation points for the pain pathway, which
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will be discussed in more details in Section 2.7 [3]. Previously, the role of the VEP has been
undrappreciated, especially by clinicians, because VEPs are poorly visualised on current
diagnostic imaging tools.

Therefore, it is crucial to properly identify the source of the pain and the role of the VEP

in the onset of low back pain to be able to offer the optimal treatment to patients.

2.3 The Lumbar Spine

Although pain can be felt anywhere along the spine, low back pain is most common and
originates from the lumbar spine [7]. The lumbar region is often referred to as the lower
back. This area is of key interest as it is shown to be a common site of intervertebral disc
protrusion and other degenerative issues [9]. This is why, the focus of this thesis will be only
on the lumbar region of the spine.

A brief description of the main anatomy and functions of the whole lumbar spine and its
main components is necessary to understand the role of the VEP in the normal and degenerate
conditions of the spine, as well as its interaction with the other components of the spine, such
as the intervertebral disc and the vertebra.

2.3.1 Anatomy of the Lumbar Spine

The spine has a complex anatomy which is the combination of 33 vertebrae with only 23
intervertebral discs (there are no discs between the Atlas (C1), Axis (C2), and Coccyx areas
of the spine) and multiple joints, tendons, ligaments, nerves, vascular supply and muscles
which together play a major role in maintaining vital bodily functions [10]. The lumbar
region of the spine is located between the thoracic and sacral regions and is made up of five
moveable vertebrae, as seen in Figure 2.1. The vertebrae are numbered, from the top to the
bottom, as L1 to L5. They are stacked on top of each other with the intervertebral discs in
between each pair [11].
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Image of spine with annotated
biological parts removed for copyright
reasons. Copyright holder is Frank H.
Netter.

Fig. 2.1 Schematic of the human lumbar spine, showing the 5 levels labelled L1 to LS, the
vertebral bodies and the discs with the surrounding bone parts which support and protect the
spinal cord. [11]

The vertebrae are made up of 3 main functional components: the vertebral body, the
pedicles and the posterior elements comprising the laminae and their spinous and transverse
processes, as shown in Figure 2.2. The lumbar vertebrae have no rib facets and the outer
shell of each vertebra is made of cortical bone, a dense and strong bony structure whereas the
inside is made up of cancellous bone, a spongy and honeycomb-like structure. The cavities

of the cancellous bone are filled with bone marrow [12].
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Image of an annotated vertebral body
removed for copyright reasons. Copyright
holder is Frank H. Netter.

Fig. 2.2 Superior view of the vertebra showing the positions of the spinal processes and the
pedicles. The schematic also highlights the shell structure of the cortical bone surrounding
the sponge-like bone marrow of the main body of the vertebra. [11]

Each pair of vertebrae is separated by an intervertebral disc. The discs are the largest
avascular structure in the body, approximately 7-10 mm thick [13, 14]. The complex
structures of the discs are made up of a thick outer ring of fibrous cartilage, called the annulus
fibrosus surrounding the nucleus pulposus, the gelatinous core [6]. The highly hydrated
core is made of proteoglycan gel held tightly in a network of type-II collagen fibrils with
a water content of 70-80 % [15] and is surrounded by 15-25 concentric lamellae of highly
organised type-I collagen fibres [16]. The proteoglycan concentration and therefore the
hydration content decrease radially from the core to the periphery whereas the collagen
content increases in the same direction [17, 18].

The nucleus is constrained on both sides by the vertebral endplates, as shown in Figure
2.3, the focus of this project which will be discussed in further details in Section 2.4 of this
chapter [3].
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Vertebral end-plate
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Fig. 2.3 Schematic of the cross section of a disc in between its two neighbouring vertebrae,
showing the position of the endplate relative to the disc, as shown by the red arrows [14].

The endplate does not extend to the extremities of the annulus fibrosis, instead it is
surrounded by a ring apophysis, a bony growth referred to as the epiphyseal ring, as shown in
Figure 2.4 [19]. The epiphyseal ring is composed of slighty raised dense bone which overlaps
with the external sides of the vertebral body and slants internally to fuse with the edges of the
endplates [20]. Most previous research agree on the main function of the ring as an anchor
for the fibres from the annulus fibrosus of the disc, providing mechanical stability [20-22].
However, the structural properties of the ring and the correlation with the morphology of
surrounding structures still remain unclear.
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Area for ligamentum Lamina

flavum—h_____\_h\
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rib head
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Fig. 2.4 Schematic of the anatomy of a vertebra showing the relative location of the
epiphyseal ring. It is shown as a ring of compact bone encapsulating the top surface of the
vertebra, made of cancellous bone [19].
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2.3.2 Biomechanics of the Spine

The lumbar spine is inherently very strong. One of its main functions is to protect and
support the spinal nerve roots and the very fragile spinal cord which regulate the exchange
of messages from the brain to the rest of the body and from the body to the brain [23]. The
spine is also responsible for mobility, flexion, extension and rotation of the body, which
requires it to be very flexible [24, 25].

The vertebrae have very high compressive breaking load of 0.8-16 kN to enable them
to carry and transmit the weight of the upper body while the body is vertical and in motion
[26-28]. The intervertebral discs deform as a result of the loading process of the spine
during daily activities, allowing the spine to move and flex. To do so, the nucleus undergoes
compression while the annulus carries the tensile stresses, as shown in Figure 2.5. The
nucleus has a high water content and together with the inner annulus experiences hydrostatic
pressure when the disc is compressed [29, 30] while the lamellae present in the peripheral
annulus experience tensile stresses to contain the fluid pressure [31, 29]. The annulus can
deform to a considerable extent because the adjacent lamellae are loosely bonded together
allowing them free motion and the collagen fibres can realign when they experience tension
[32, 15]. The discs also transmit mechanical loads by dissipating the energy as heat and this
process has been compared to the action of shock-absorbers [33]. The ultimate compressive
strength of the nucleus pulposus of the disc has been reported to be 5.4-8.0 MPa [34, 35],
while the tensile strength ranges from 1.5-7.8 MPa [5, 34, 36-38].
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nucleus

annulus

Fig. 2.5 Schematics showing the different forces experienced by different areas of the disc as
a result of mechanical loading of the spine. (A) Forces acting on the vertebrae (vb) and the
neural arches (NA) of the lumbar spine from gravity and from tension in the surrounding
muscles are shown by the arrows. Spinal compression shown by the arrow C and shear,
shown by S lead to a resultant force R acting on each disc during loading. (B) Compression
of the disc causes an increase of the hydrostatic pressure of the disc, generating a tension (T)
in the annulus. (C) Schematic showing the lamellae in the annulus, each made of 20-60
collagen fibres. [15]

2.4 The Vertebral Endplates

The endplate is described as a bilayer of cartilage and bone, which acts as a boundary between
the vertebral bone and intervertebral disc. Endplates can be classified as cranial or caudal
with respect to the intervertebral disc. Cranial endplates have the vertebra on top and the disc
underneath whereas the caudal endplates have the disc on top and the vertebra underneath,
when the spine is fully stretched vertically. From the earliest stage of the development of
the skeleton in the foetus and throughout maturing of the spine, the cartilage endplates can
be identified as discrete components. The cartilage endplate has a very similar chemical
composition to the nucleus of the disc but with a more prominent complex network of type-II
collagen fibrils [39]. There is also the presence of an ossification line in early stages of
growth known as the growth plates which advances and fuses to form the bony endplate at
the disc boundary once maturity is reached [40, 41].

The endplate is made of 3 main components: the cartilage region, the calcified cartilage
region and the bony region, also referred to as the vertebral endplate (VEP) [33]. In the
context of this thesis, the bony endplate will be referred to as the VEP. There has been
considerable debate on whether the endplate should be considered as part of the disc or part
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of the vertebra [33, 40]. Even though this distinction is not crucial for the understanding
of the role of the endplate in the spine, it is imperative to distinguish the 3 components
[42, 43]. Using histological studies, Lotz et al. showed the presence of a dense cartilage
region (orange region) in between the disc (white region) and the osseous part of the VEP

which has a similar structure to trabecular bone [3] as shown in Figure 2.6.

Fig. 2.6 The series of images show the presence of cartilage endplate between the disc and
the bony endplate. A: Gross morphology of the intervertebral joint from human cadavers
showing the disc in between two vertebrae. B: Histological representation of the sample in
A, with the annotated locations of the regions of interest C, D and E. C: Cartilage endplate
was shown in purple just underneath the disc tissues shown in white and osseous endplate
was shown in orange, above the large pores of the trabecular bone in the vertebra. D: Discal
fibres from the annulus pulposus are shown to embed in the cartilage endplate. E: The
presence of vasculature is shown as pale brown, present in the bone marrow in the pores of
the underlying trabecular bone [3].

The cartilage component of the endplate is similar to that of the articular cartilage,
consisting of a hydrated extracellular matrix of proteoglycans, reinforced by a complex
network of collagen fibrils (types I and II) [44]. This is illustrated in Figure 2.7. However, in
the VEP the fibres are arranged horizontally parallel to the ends of the vertebra unlike the
articular cartilage which has different zones with different fibre organisations [45]. Antoniou
et al. reported that in a young healthy lumbar spine, the VEP cartilage has a proteoglycan
content of approximately 300 ug / mg with 55 % percent water and 0.9 ng / mg of collagen
fibrils [18].
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Fig. 2.7 A: Schematic showing the chemical structure of the intervertebral disc and the
endplate. B: The proteoglycan aggregates present in the intervertebral disc responsible for
maintaining tissue hydration [14].

The cartilage component itself is split up into the hyaline cartilage and the fibrocartilage.
The hyaline part lies on the vertebral bone side whereas the fibrocartilage surrounds the
nucleus pulposus. The fibrocartilage is the extension of collagen fibres from the annulus
fibrosus and is replaced permanently by the hyaline cartilage with age [10]. The cartilage
endplate is therefore indirectly connected to the vertebra via its osseous component but
directly connected to the disc through the lamellae of annulus fibrosus, as shown in Figure

2.8 [46]. The osseous component resembles a dense layer of spongy trabecular bone,
embedded with osteocytes [47].

Fibres from

the nucleus

pulposus of
the disc

Cartilage
endplate

2 + Bony endplate

Fig. 2.8 The differential interference contrast optical microscopy (DIC) image shows how
collagen fibrils in an ovine nucleus pulposus bind to the cartilage endplate and underlying
bony component of the VEP [48]. The scale bar represent 50 um
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2.5 Structure of the Vertebral Endplates

Bone is currently characterised by a common set of histomorphometric parameters: bone
volume, thickness of the bone area, thickness of the trabecular struts, separation of the
trabecular struts, curvature of the endplate surface and bone density [49-52]. Given that the
VEP is described as a layer of compact bone, the structure of the VEP can be defined by the
thickness, porosity (bone volume), bone density and curvature of the VEP surface. These

will be discussed further in this section by comparing previous findings from the literature.

2.5.1 Histomorphometric Properties
Thickness and Porosity

The VEPs are generally considered as thin layers of bone about 0.6-1.0 mm thick [53-56].
Thickness is minimal at the centre of the VEP and increases to its maximum at the periphery
[4, 53, 57]. The thickness of the VEP also varies with the level (anatomical level in the spine)
such that thickness is maximal at upper levels [58]. The central region of the VEP is more
porous than the edges [13]. Histological experiments showed that the number and size of
pores at the central region of the VEP are greater than at the peripheral regions with areas of
the pore structures (5 £ 3) x10° ,LLm2 and (0.8 & 0.6) x10° /.Lm2 in the central and peripheral
groups, respectively, as shown in Figure 2.9 [56].

Fig. 2.9 Histological images from cadaveric human samples using haematoxylin and eosin

staining show the differences in porosity and pore structures at different locations of the VEP

The bone is stained in pink. A:The central region of the endplate showed several large pores,

with thinner bone cortex. B: Smaller and fewer pores were seen in the peripheral regions of

the endplate with thicker bone cortex [56]. Slides were imaged at 10 times magnifications
using a light microscope and the scale bars represent 500 pm.
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Curvature of the Endplate Surface

The surface of the VEP in contact with the intervertebral disc has been suggested by Van
der Houwen et al. to be curved [59]. This theory was confirmed by the work of Wang et al.,
showing an asymmetry between the two VEPs bordering the same lumbar disc in humans,
referring to the cranial and caudal VEPs with respect to the same disc [60]. Both studies
showed that the cranial endplates to the disc were concave, with a mean concavity depth
of 0.8 mm greater than the caudal ones which were observed as mainly flat on radiographs.
Although this asymmetry was consistently observed irrespective of the spinal level, the

mechanism leading to this characteristic structure remains unexplained.

Bone Mineral Density

The micro-CT has been shown to be a useful means of measuring the bone mineral density
(BMD) of bone. The reconstructed micro-CT image is a 3D map of local X-ray absorption
by the bone. The reconstructed grey-scale intensity of each image voxel does not relate
directly to mass density alone. The measured X-ray absorption is defined as attenuation
coefficient in units of 1/distance, which is determined by both the mass density and the
elemental composition of the material, bone in this study. If the X-ray absorption of material
is known to be heavily dominated by one specific element of the material, then the X-ray
attenuation coefficient can be directly related to the mass density of that element. For the
case of bone mineral density (BMD), the X-ray attenuation of mineralised tissues, such as
bone, is dominated by, and therefore can be approximated as, the X-ray attenuation of the
mineral compound calcium hydroxyapatite (CaHa) [61]. This enables the measurement of
CaHa density or bone mineral density in gem > of bone samples from their corresponding
attenuation coefficients measured from their micro-CT images.

The BMD of the VEPs from 48 male human cadaveric spines were reported to be
independent of age but higher for cranial VEPs with respect to the disc compared to the
corresponding caudal ones, using micro-computed tomography (micro-CT), as shown in
Figure 2.10 [62]. The hypothesis of a close association between the BMD of VEPs and disc
degeneration was rejected by Wang et al. This is in contradiction to the repeated findings
by Gruber et al., showing a strong association between higher VEP bone mineral density
and severe cases of disc degeneration [63—-65]. The latter were based on animal models
while the former was carried out with human spines, which could potentially explain the
discrepancies. Furthermore, Gruber et al. used the dual-energy X-ray absorptiometry (DXA)
method to assess BMD in vivo and this method uses a projection technique which is unable
to distinguish the VEP from either the adjacent trabecular bone or the vertebral cortical shell



14 Literature Review

and could therefore explain the substantial overestimation [66]. It has also been reported
that several lumbar spine degenerative features such as the presence of osteophytes can also
interfere with the DXA bone mineral density measurements [67]. However, it is worth noting
that the improved measurement of BMD using the micro-CT done by Wang et al., consisted
of BMD values which were averaged across the whole volume of the VEP layer, meaning
that if the new deposited mineralised tissue on the VEP, as a result of degeneration, had the
same mineral density as the original endplate, this effect of degeneration would not have
been detected [62].
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Lumbar intervertebral disc

Fig. 2.10 The distribution of the BMD of lumbar vertebral endplates from cadaveric human
spines, at different spinal levels is shown. The plots show that the BMD of cranial endplates
were always greater than that of corresponding caudal endplates. The box describes the
middle 50% of the distribution, with the white line in the middle indicating the median of the
data. The two whiskers represent the minimal and maximal measurements while the dots or
diamonds represent the outliers in the data [62].

2.5.2 Structural Characterisation Techniques

The literature has several reviews on the different characterisation techniques used for the
purposes of visualising the regional morphology of the VEP in three-dimensions as well as
its boundary with the underlying trabecular bone, especially from cadaveric human samples
[13,47, 59, 68, 69]. This section of the literature review aims to describe and compare the
most commonly used investigations to characterise the endplates, such as scanning electron

microscopy (SEM), micro-computed tomography (micro-CT) and histological studies.
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Computed Tomography

Micro-computed tomography (micro-CT) scanning is non-invasive, requires minimal sample
preparation and allows wet condition imaging, mimicking the biological environment. Micro-
CT is commonly used for bone characterisation as a single scan provides high resolution
images of the bone’s internal 3D structure and accurate bone specific parameters [70].

The micro-CT works by illuminating the sample with a micro-focused X-ray source.
The sample rotates, creating a series of angular views which are then collected by an X-
ray detector as magnified projection images. The software then creates a stack of virtual

cross-sections slices of the sample. This is further explained in Figure 2.11.
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Fig. 2.11 Schematic showing a simplified version of how the imaging system works within
the micro-CT. A micro-focus X-ray source illuminates the object, shown in green, and a
planar X-ray detector collects magnified projection images. Based on hundreds of angular
views acquired while the object rotates, a computer synthesises a stack of virtual cross
section slices through the object.

Micro-CT has been used to show that although VEP from female donors are smaller
than those from male donors, the elliptical overall shape is similar [71]. Van der Houwen
et al. showed that CT scanning is a reliable method to measure the geometry of the VEP,
with a mean difference in measurement of 0.18 mm (95 confidence interval) between CT
measurements and Vernier caliper measurements [59]. Similarly, Zhou et al. used CT scans

from patients to report the average circumference of the lower VEP to be 141 mm and the
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average surface area as 1492 mm? [72]. However, the findings available from the CT scan are
limited by the pixel size and spatial resolution. Recent technical advances have made high
resolution micro-CT images, with pixel size in the micron range, a possibility for biological
investigations [73].

Micro-computed tomography enables non-destructive scanning, capable of volumetric CT
analysis with isotropic voxel spacing ranging from 10-75 um [73, 74]. Scanning of sections
made up of a whole functional spine unit, comprising the intervertebral disc, the VEP and the
underlying trabecular bone is possible. This allows the scanned samples to be used for further
tests, such as strain under compression, and correlation of data [75, 52]. Changes in bone
structure, volume and microstructure can also be precisely measured using the micro-CT
[74]. Similarly, the reliability, validity and precision of the micro-CT for the measurement of
bone mineral densities and bone volume have been well established [62]. Rodriguez et al.
showed that micro-CT can be used to quantitatively investigate the morphology of the VEP in
cadaveric human samples and correlate these findings to the degree of disc degeneration [76].
Their data reported that VEP morphology was dependent on the depth at which measurement
was taken, from the VEP surface adjacent to the disc, with peak bone density measured at a
depth of 0.29 + 0.20 mm from the VEP boundary, as shown by the graph in Figure 2.12. The
bone density was measured as the ratio of bone volume to the total volume of the sample.
The micro-CT scans also showed architectural changes from a heterogeneous structure to a
homogeneous one as the disc degeneration increases, as shown by the bone density loss in
Figure 2.13.
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Fig. 2.12 The graph shows the variation of bone density at different depths from the VEP

surface with the disc for healthy and degenerated samples. A: adjacent to healthy disc, B:

adjacent to degenerative disc. The most-dense peak moves closer to the surface and bone
density decreases with disc degeneration [76].

Fig. 2.13 The reconstructed micro-CT images of the VEP and underlying trabecular bone
from two specimens of human cadavers are shown. Left column (A, B, C) shows VEP next
to healthy disc and right column (E, F, G) shows VEP next to a degenerated disc. The white
lines in A and E show the surface region of VEP; the white lines in B and F show the most

dense region of VEP; the white boundaries in C and G highlight the maximum thickness

region. The scale bar is shown in A and it represents 1mm [76].

The micro-CT images also showed the presence of the ‘double-endplate’ phenomenon,

previously reported, in a subset of the samples, as shown in Figure 2.14 [54, 76]. The
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main limitations of their study were the use of cadaveric samples, making the findings
non conclusive, and the investigation of the central VEP region only, making results non-

applicable to the rim.
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Fig. 2.14 The micro-CT images and their corresponding bone density distributions show the
presence of double layer endplates in cadaveric human samples. Two layers of compact
bones can be seen on the micro-CT images and the presence of the double layer VEP is

further represented by the two separate peaks shown on the bone density distributions. [76].

The bone loss was also seen as the increased surface porosity with increasing Pfirrmann
grade of degeneration as shown by the graph in Figure 2.15. Pfirrmann et al. identified 5
incremental levels of disc degeneration, based on the homogeneity of the structure of the
disc, the structural distinction between the nucleus pulposus and annulus fibrosus of the disc,
and the disc height [77], which will be explored in more details in Section 5.2.4. The results,
showing an increased porosity by 50 % in the VEP with disc degeneration were in line with

Grant’s work, reporting a 30-60 % decrease in VEP indentation strength [68].
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Fig. 2.15 Porosity variations of the vertebral endplates with different degeneration grade of
adjacent disc is shown for 4 different sections: the surface of the VEP, the most dense layer
of the VEP, the whole thickness of the VEP and at 2mm depth from the VEP surface. The
degeneration grades refer to the Pfirrmann degeneration grades from 1 to 5, with one being
healthy and 5 being the worst case of degeneration. The asterisks and corresponding
brackets represent statistically significant differences. Porosity of the VEP increases with
increasing degeneration for all the categories shown [76].

Similarly, Laffosse et al. used reconstructed micro-CT images of porcine samples to
show the morphological location and thickness of the VEP layer, as well as the presence of
growth plates, as shown in Figure 2.16 [78].

r CEP

. Sub-chondral
bone

Fig. 2.16 The reconstructed micro-CT image from a porcine sample shows the presence of
the cartilage end-plate (CEP), and the growth plates (GPC), which then fuses with the
underlying trabecular bone. The scale bar represents 1mm [78].
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Wang et al. used micro-CT to show that VEP thickness and bone mineral density are
independent of age but cranial VEP to the disc were thicker with higher bone mineral
density than their caudal counterparts [62]. Given the non-destructive nature of the micro-
CT, samples usually require very little or no preparation at all. It is essential to clean the
fresh samples by using tissues papers to rip out as much of the soft tissue as possible. One
commonly used method for sample preparation is to fix the bone samples with 10% buffered
formalin followed by long term storage in 70% alcohol [79]. These samples are then scanned
dry and is ideal for studying bone morphology [80]. However, this technique does not work
if calibrated measurements such as the bone mineral density must be measured. Instead
Campbell et al. reported that bone samples soaked in physiological saline and stored frozen
work better for biomechanical testing or histomorphometric analysis [70]. During the scan,
it is crucial that the sample does not move independently. This can compromise the scan
quality due to drying-related shrinkage. One advantage of the micro-CT technique is the
possibility of scanning bone samples in the medium, such as saline or alcohol [81]. The
sample holder should also be held in place securely. This has been done previously using
plasticine, dental wax, parafilm [70, 76]. The sample holder as well as the sticking material
should absorb X-rays.

Scanning Electron Microscopy

Vertebral trabecular bone structure and its remodelling have been extensively investigated
using scanning electron microscopy (SEM) [82-86]. Whitehouse et al. showed that SEM is
a reliable imaging tool for vivid representation of the architecture of trabecular bone from
cadaveric human vertebral body and they suggested that it would also enable the comparison
of bone remodelling due to pathological or physiological changes [87]. Their SEM image in
Figure 2.17 shows a very clear representation of the sponge-like structure of trabecular bone
as well as the dense cartilage layer at the bottom surface, which is where the VEP would be

expected to be seen.
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SEM image of vertebral body showing the
location of the endplate removed for
copyright reasons. Copyright holder is C.
Whitehouse, W. J. Dyson, E. D. Jackson.

Fig. 2.17 The SEM image of cadaveric human samples from the vertebra shows the high
resolution and distinction enabled by the imaging tool. The sample was cut at the region
labelled G on the vertebral body, as shown by the red square in the left hand side schematic.
The inferior endplate as labelled in the schematic refers to the cranial VEP. The dense layer
of bone at the bottom lies in between the vertebra and the disc, identified as the red bracket,
showed the VEP. The scale bar represents 1mm [87].

Nosikova et al. used SEM to characterise the interface between the annulus fibrosus of
the disc and the vertebral body of bovine samples and to measure the thickness of the VEP,

referred to as the hyper mineralised layer and highlighted by the white arrows shown in
Figure 2.18 [88].
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Fig. 2.18 The VEP, referred to as hypermineralised zone in this context, from mature and
immature cows are imaged using the SEM and the thickness of the VEP was measured and
compared. The interface between vertebra and disc with VEP layers was shown by white
arrows. The graph highlights the VEP thickness measured in mature and immature cows for
the nucleus pulposus region (NP), inner annulus fibrosus (IAF) and outer annulus fibrosus
(OAF) regions. The asterisk represent statistical significance of the IAF mature cow data.
The error bars represent the standard error of the mean for each dataset. The scale bars in the
SEM images represent 500 um. The VEP was thicker in the mature cow samples in the NP
and IAF region but the contrary was observed in the OAF region [88].

In SEM, the outermost surface is examined and to visualise the sponge-like structure of
the bone, it is crucial to clean the bone of any adherent tissues and bone marrow. Nosikova et
al. prepared the samples for SEM by embedding in epoxy, polishing and carbon coating [88].
Whitehouse used samples 3-5 mm thick which were sawn from vertebral units, cooled with
liquid nitrogen and hand polished with silicon carbide paper under more liquid nitrogen. This

process freezes the bone marrow so that it is hard enough to protect the trabecular structure
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from damage and embedding of broken pieces of bone during polishing. The samples were
then allowed to come to room temperature and a jet of cold water was used to wash out the
marrow and samples were eventually dried over silica gel before coating with a layer of
Duron antistatic agent in alcohol to make the surface conducting for SEM imaging. This
protocol avoided the use of metal or carbon coating which can lead to isolated areas of
coating because of the open structure of the trabecular bone [87].

Several other preparatory techniques have been used in the literature. In each protocol,
there is a series of steps for which several recipes have been reported. The first step in
the sample preparation is to preserve the biological sample [89]. This can be done either
by physical or chemical fixation. Cryopreservation is the preferred physical fixation and
it rapidly inactivates all cellular activities using a very low temperature. However, the
instruments and methods can prove to be technically challenging. The most commonly
used chemical fixatives are glutaraldehyde and paraformaldehyde [90]. They are the most
preferred approach for fixation, even though penetration rate of the fixatives is very slow,
making quality of fixation not ideal in some cases [91]. A standard SEM protocol for
biological samples includes fixation, drying, mounting sample onto a stub and coating with a
conductive layer [92]. The adherent soft tissues can be removed to enable better visualisation
of the intricate sponge-like structure. This can be done using mechanical force, detergents
(non-ionic, ionic, zwitterionic) or enzymes [93]. For the decellularisation protocol to be
effective, the protocol should ideally comprise a combination of all 3 approaches. Table 2.1

summarises the most commonly used methods.

Method Example References
Snap Freezing [94]
Physical Mechanical Force [95]
Mechanical Agitation [96]
Acid/Alkali [97]
Chermical Triton X-100 [98]
Sodium Dodecyl Sulfate [99]
Ethylene Diamine Tetraacetic Acid [100]
Enzymatic Trypsin [101]
Endo/Exo Nucleases [102]

Table 2.1 Summary of the commonly used methods for decellularisation from literature.
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Propagation Phase Contrast Synchrotron X-ray Tomography

In 2017, Cao et al. used mice samples and propagation phase contrast synchrotron X-ray
tomography (PPCST) to simultaneously investigate the age-related 3D micro-architectural
changes in the VEP and the disc. They provided further evidence that the PPCST provides a
better alternative to conventional micro-CT for high spatial resolution and 3D imaging of
both the disc and the endplate [103]. This comparison can be seen in Figure 2.19 where the
soft tissue contrast (purple) and VEP demarcation line (green) are markedly more defined in
PPCST reconstructed images than micro-CT ones [104]. However, the VEP and vascular
canals were equally visible with both techniques.

Sagiltal view

Coronal view

Fig. 2.19 The images of the vertebral functional units and corresponding intensity profiles
highlight the observed differences when using the micro-CT as compared to the PPCST.
A:PPCST reconstructed images show markedly better soft tissue contrast in the disc (purple
line) and delineation of the VEP (green line) than conventional micro-CT images. The
canals in the VEP could be detected in both images. B: intensity profile of the matching
coloured lines in A. The red scale bar represents 1mm [104].

PPCST was used to measure VEP thickness and porosity for caudal and cranial VEPs
with aging. The comparison of these findings is shown in Figure 2.20. Their work confirmed
that VEP is thinnest centrally and opposite to anterior and posterior regions. The porosity
distribution with age was found to follow same trend as for thickness. It was concluded that

both VEP thickness and porosity are associated with ageing.
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Fig. 2.20 The 4 graphs show the comparison of the VEP thickness and porosity for caudal
and cranial mice VEP after ageing. The lines A. B and C represent the VEP location from
which the sample was taken (A:anterior, C:centre, P:posterior). Samples used were from
mice ages 15 days (15D), 4 months (4M) and 24 months (24M). The data shown were mean
values with the standard deviation shown by the error bars (n:8 mice for each group). The
label (a) indicates a significant difference between the posterior region and the center region
and the label (b) indicates a significant difference between the posterior region and the
anterior region (P < 0.05) [104].

Surface-rendered images from PPCST were also compared to histological samples as
shown in Figure 2.21. It was observed that the features of the disc and VEP seen, such as the

canals, from PPCST were in line with the histological studies.
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Fig. 2.21 Surface-rendered images from PPCST (A and B) compared to histological slides
(C and D). Corresponding section images were stained with Saf-O. Scale bar represents
Imm. VB: vertebral body, EP:endplate, GP:growth plate, IVD: intervertebral disc. Canals
were clearly seen in the histological slides and the gross morphology of VEP and disc were
clearly imaged [104].

Reconstructed PPCST images were also used to identify and compare the canal network
present in caudal and cranial VEPs. The 3D digitalised images showed a higher concentration
of such canals in cranial VEP than caudal but these decrease with age, as shown in Figure
2.22. The result was in line with previous findings, suggesting an intricate 3D network canals
which is different from the Haversian system seen in cortical bone [63].
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Fig. 2.22 The 3D digitalised maps show the intricate 3D network of canals in cranial and
caudal VEP for mice of 3 different ages (15D:15 days, 4M:4 months and 24M:24 months).
The canals were more prominent in the cranial VEPs as compared to the caudal VEPs for the
4M and 24M but canals were absent in the 15D samples. Scale bar represents 1mm [104].

2.5.3 Animal Models

Ideally, human cadaveric spines are the most suited model for lumbar spine investigations.
However, the availability of large numbers of healthy and appropriate samples, providing the
full in-depth analysis is limited. Therefore, several spinal studies have used different animal
models, such as mouse, rat, rabbit, dog, sheep, cow and apes [105]. Although animal models
are not representative of the degeneration route and effect, they enable proof of concept,
development of laboratory techniques and collection of baseline data [106]. Therefore, the
choice of an animal model depends on the criteria under investigation, for example, structural
or mechanical properties. When investigating the vertebral body, the bone density and
histomorphometric bone properties would be important to be considered whereas investigat-
ing the disc would require similar proteoglycan and biochemical parameters. Furthermore,
degenerative models of the spine can be classified as induced or spontaneous and the onset
of degeneration also dictates the suitability of the animal model [107].

The choice of which animal model to use therefore depends on several factors, such as
the spinal area of focus, availability of samples and synergies between the biomechanical
properties and the scientific question at hand.

Furthermore, histological studies have been used to characterise VEP layers in ovine

models and for comparison purposes with human VEP. Zhang et al. used standard staining
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techniques coupled with light microscopy to show that although there were several morpho-
logical similarities between human lumbar VEP, rabbit and goat ones, the most significant
difference was the presence of calcified cartilage in human VEP whereas animal VEP was
made of non-calcified cartilage and bony endplate. In addition, animal samples showed the
presence of growth plates which were absent in human samples. These findings suggest
that animal models do not represent a complete representation of human VEP [108]. These
findings are shown in VEP samples from rabbit, goat and human as shown in Figures 2.23,

2.24 and 2.25 respectively.

Histology image of rabbit endplate
removed for copyright reasons.
Copyright holder is Y. Zhang, B. A.
Lenart, J. K. Lee, D. Chen, P. Shi, J. Ren,
C. Muehleman, D. Chen,

and H. S. An.

Fig. 2.23 The histological images using Alcian Blue, counterstained with hematoxylin and
eosin, show the rabbit VEP. The intervertebral disc was stained pale purple and labelled IVD.
Rabbit VEP had a thin layer of cartilaginous VEP, shown in pink and labelled as bony
endplate (BEP) in this study and growth plates (GP). The thin green arrow shows the
tidemark line, demarcating the line between the bony endplate and the cartilage endplate.
The blue arrows show vascular channels. The images shown are at different magnifications:
(A) low magnification, (B) and (C) high magnifications [108]. The scale bar in C represents
250 um
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Fig. 2.24 The histological images using Alcian Blue, counterstained with hematoxylin and
eosin show the endplate and disc boundary from a goat. The goat endplate consisted of a thin
layer of cartilaginous endplate, bony endplate (BEP) and growth plates (GP). The bony area
was stained pale pink while the soft tissues of the disc were stained dark purple. Green arrow
shows GP,black arrow shows tidemark and blue arrows show vascular channels. (A) low
magnification, (B) and (C) high magnification. The scale bar in C represents 100 um [108].

Fig. 2.25 Histological images with Alcian Blue, counterstained with hematoxylin and eosin,
showing the structure of human endplates. The endplate was mostly composed of the
calcified cartilage (CEP) and bony endplates (BEP). The scale bar in C represents 500 pm.
Black arrow shows possible location of the tidemark, blue arrows show vascular channels.
(A) low magnification, (B) and (C) high magnification [108].

These histological findings also identified the presence of vascular channels in the VEP
layer. This confirmed the earlier work of Nachemson et al. where they used the diffusion of
a dye and histological studies to show that the presence of these vascular channels in human

specimens, or vascular projections which provide contacts between the marrow space of the
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vertebral body and the VEDP, is related to the permeability of the central region of the VEP
[109].

Given that the bony VEPs are closely related to the vertebral body, it is crucial to
take into account the physical properties of the trabecular bone and the process of bone
growth [110]. This is because these parameters define the mechanical properties of the bone
and inform on the suitability of age and spinal levels of the animals to match the human
equivalent parameters. The ovine model has been shown to be a close match with the human
spine, especially the VEP regions, with similar weight range, bone and joint structure and
remodelling processes [111-113]. Furthermore, sheep spines are readily available and easy
to handle, providing large number of samples to negate the effect of biological variability.
Although sheep are quadrupeds, the loading of the spine has been shown to be by axial
compression and mainly along the long axis, matching the loading of the human spine
[114]. This can be explained by the additional tensile forces from surrounding muscles and
ligaments acting to maintain posture in a quadruped to resist bending.

Daly et al. found that none of the animal models they reviewed, such as mice, rabbits,
dogs, goats, sheep, and primates, accurately mimicked the clinical conditions of disc degen-
eration [115]. This is because of the complex pathology of disc degeneration, caused by
different levels of influence of the changes in the cellular matrix, the VEP or the neurovascular
components of the disc, as well as the effect of pain in determining patients outcome.

Although the human VEP has been shown to share similarities in histological characteris-
tics with animal models explored above, significant differences also exist. Therefore, these
findings support the claim that no single animal model provides a complete representation of
the human endplate. As such, although animal models are essential for perfecting research

on the human endplates, one must be cautious in extrapolating data.

2.5.4 Summary of Structural Properties of the Endplates

The VEP has been shown to be characterised by their thickness, porosity, bone mineral
density and curvature. Furthermore, the structural properties of the VEPs has been shown to
vary with their location in the spine, their position with respect to the side of the disc and the
region of the disc they are in contact with.

The central region of the VEP has been shown to be thin but porous while the peripheral
regions are thick and less porous. The central surface of the VEP has also been shown to have
the largest dip, creating a curved surface for the VEP, and providing space for the nucleus
pulposus of the intervertebral disc to swell. The cranial VEPs with respect to the disc were

also shown to have the higher curvature and higher BMD than their caudal counterparts.
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Several characterisation techniques have been used to measure the structural properties
of the VEP in vitro, such as the micro-CT, SEM and PPCST. Although the existing literature
has successfully identified isolated trends in structural properties, there still has not been
any study which considered all the structural properties simultaneously, while taking into
account the effect of spine level, side of the disc and region of the VEP. Furthermore, the
trends in structural properties of the VEP reported in the existing literature were based on
several animal models, and on human samples. Therefore, there is still a need to investigate
the trends across the the different positions of the VEP and for the different structural
properties simultaneously. This will provide a more holistic understanding of the interplay
between the structure of the VEP and the mechanical loading of the spine. It will also aid the
understanding of how the VEP fulfils its biophysical functions, which will be discussed in
further details in the next section.

2.6 Functions of the Vertebral Endplates

The VEP plays an important role in the crucial daily functions of the spine. It balances two
conflicting biophysical demands: providing a nutritional pathway between the vertebra and

the disc, and providing mechanical stability to the vertebra during daily loading of the spine.

2.6.1 Nutritional Pathways

The first main function of the VEP is to provide a nutritional pathway between the vertebra
and the avascular disc. The VEP acts as a permeable membrane to the disc for biological and
chemical exchange [58, 68, 109]. The disc being avascular relies on different mechanisms
to obtain the essential quantities of nutrients such as glucose, oxygen, amino acids and
sulfates. Metabolic waste, such as lactic acid, produced by the disc also needs to be extracted
[116, 117]. Early in vivo studies used small dye molecules as tracers to investigate the
transport mechanisms and reported that there are two distinct paths for transport to the disc:
from the vertebral bone via the VEP and from surrounding tissue through the annulus of the
disc, as shown in Figure 2.26 [118]. Surrounding capillaries in the soft tissues around the disc
are 7-8 mm away from the nearest nucleus pulposus [116]. The nutrients diffuse from these
capillaries into the dense extracellular matrix of the nucleus and waste products are removed
in a reverse mechanism. The transport mechanism was found to be very slow and dependent
on the loading rate and shape of the disc [119, 120]. Most of the disc however, relies on the
transport route via the VEP [109, 121]. The central regions of the VEPs are freely permeable.
This was shown using several techniques, including radiology, histology and fluorescent dye
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injection techniques [116, 122, 123]. However, the differentiation between the transport into
the disc and transport of metabolic waste out of the disc has not been successfully achieved
yet. There is considerable information about the blood supply through the VEP unlike the
one from the annulus periphery [124].

Cartlaginous
Vertabral body andplate

S

Mudleus pulposus

Annulus fibrosis

Fig. 2.26 Schematic showing the nutritional pathways to a healthy disc, sandwiched between

the 2 endplates and their corresponding vertebral bodies. The disc is avascular and relies on

the blood supply from the capillaries through the endplates and the direction of the flow of
nutrients to the disc is shown by the arrows [14].

Crock et al. used vascular injection techniques to show the presence of an intricate
network of arteries and veins in the centre of vertebrae and their corresponding VEPs, as
shown in Figure 2.27 [125]. In vitro and in vivo studies have showed that this network is the
primary route of solute exchange and the main mechanism by which solute exchange occurs
is diffusion [126]. The diffusion is controlled by the size and ionic charge of the diffusing
molecule [126, 127]. The VEPs have high proteoglycan concentration giving them an overall
negative charge, coupled with their low hydration coefficients, restricts solute transport to the
disc [58]. Water, oxygen and amino acids are small and uncharged molecules and therefore
easily diffuse across whereas bigger anions would be partially or completely restricted to the
disc [128].
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Fig. 2.27 Schematics showing the proposed location and architecture of blood vessels near

the disc and bone boundaries. A: Schematic showing the organisation of blood vessels from

the vertebral body into the capillaries found in the VEP. B: A schematic of an axial section

of a human adult disc showing the thin VEPs and the vascular channels penetrating the VEP
to bring blood supply to the annulus fibrosus and nucleus pulposis of the disc [14].

The central regions of the VEPs are permeable. Maroudas et al. used histological studies
to show that this permeability was associated with the presence of small vascular "buds"
beneath the VEP layer [44]. These findings were later confirmed using several techniques,
including radiology, fluorescent dye injections and hydrogen washout techniques [116, 122,
123]. Throughout growth and ageing, the cartilage in the VEP undergoes mineralisation and
this tissue undergoes resorption to be replaced by bone [129, 130]. This impedes diffusion
across the VEP and disc boundary. Furthermore, the vascular network in the VEP undergoes
calcification and therefore is blocked [55]. A considerable change in solute flow has been
noted and is attributed to these modifications of the VEP structure.

3D Canal Structure

The presence of active blood flow in the VEPs has been shown using vascular tracers,
scanning electron microscopy and histological staining. These will be explored in further
details in the next sub-section. However, the architecture of the canal network containing the
blood network is still poorly characterised due to the complexity and intricate nature of the
3D network.

Yamaguchi et al. used the micro-CT to quantitatively characterise this 3D canal structure
in rabbit VEPs, as shown in Figure 2.28 [131]. They reported the presence of large scale
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canals running parallel in the VEP surface with a mean diameter of 152.1 mm at a mean
depth of 224.1 mm from the VEP boundary with the disc. These canals were connected to
the disc and the marrow spaces of the vertebral bone by longitudinally oriented canals. These
vertically aligned canals were the most dominant and could be classified as short length (57.6
mm) and small diameter (45.7 mm) canals. However, the study did not discriminate between
caudal and cranial VEPs or between central and peripheral regions of the VEP. The spine
of the animal model used, rabbits, is also a much smaller scale than the spine of humans,
therefore the architecture of the canal network in human VEPs has not been quantitatively

characterised to date.

A. 3D vertebral endplate model B. 3D endplate surface

3D canal network

N

fi e

. B
Trabecular bone  Bone marrow space —

100 um

Fig. 2.28 Micro-CT image of rabbit VEP with corresponding 3D canal network within the
endplate layer are shown. A: Representative high-resolution micro-CT-based 3D canal
network models in the rabbit lumbar VEP. B:Representative 3D VEP surface and the
corresponding 3D canal network topology. The scale bar represents 100 um [131].

Cao et al. also quantitatively characterised the structural paramaters of the canals in the
caudal and cranial VEPs of mice specimens [104]. They also confirmed the presence of
the 3D interconnected canal system, which was different from the Haversian canal system
usually found in cortical bone [132]. However, they concluded that further investigations
were required to understand the morphology of the canal structure and the effects of aging

and degeneration, especially in humans VEPs.

Vascular Network

The intervertebral disc is the largest avascular tissue in the human body and therefore the
nutrient concentration of the matrix decreases with increasing distance from capillaries
[133, 134]. Cells in the disc require a critical level of 0.2 mM glucose and a pH of 6.7 to
survive. As discussed in the previous sections, the VEP is the main pathway for nutritional

exchange to the intervertebral disc, with a small amount of diffusion through the outer annulus
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of the disc [116]. The VEP also provides the pathway for the removal of metabolic waste
and degraded matrix molecules from the intervertebral disc, which is crucial for maintaining
an appropriate cellular environment [128].

The main artery and vein which run parallel to the spine are the abdominal aorta and
the inferior vena cava respectively. The aorta further divides into the lumbar artery which
penetrate into the vertebral body. Once inside the vertebra, the lumbar artery branches further
into the equatorial branches and the nutritional arteries. These then form the capillary network
which extends all the way to the VEP [125, 135]. Crock et al. suggested the presence of
a venous drainage system in the VEPs and identified the presence of large vessels running
horizontally in the trabecular bone, leading to the capillary network in the VEP [136]. Crock
and Goldwasser also imaged the terminations of the blood vessels in the VEP of adult dogs,
using the decalcified specimens post-infusion with Japanese ink mixed with a suspension
of barium sulfate [123]. The photo-micrographs from this study identified the capillary bed
present at the VEP-disc boundary and also described the terminations of the blood vessels at
this boundary, especially near the nucleus pulposus of the disc as "suckers on the tentacles
of an octopus", as shown in Figure 2.29. They found that these capillaries then drain into
venules which connect to the postcapillary network in the trabecular bone of the underlying
vertebra. However, this study did not address the flat and discontinuous nature of the capillary

endings.
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Fig. 2.29 The micrograph and schematic show the proposed architecture of the canal endings
at the boundary of the endplate and the disc. A: Photomicrograph of a sagittal section
showing the capillary terminations in the VEP at the boundary with the disc, underlying the
nucleus pulposus. B: Schematic showing the detailed anatomy of the capillary bed in the
VEP of an adult dog based on the findings from this study [123].

Scanning electron microscopy coupled with resin injection has been used by Oki et al. to
also image the vascular network in the VEP of rabbits [137]. As shown in Figure 2.30, the
blood vessels were shown to extend from the trabecular bone in the underlying trabecular
bone, into the VEP where the capillaries coiled into loops, referred to as vascular buds.
This is the only paper that successfully imaged these vascular buds in the VEP at the discal
boundary. However, several studies have alluded to the presence of a capillary bed in the
VEP and the presence of such loops to account for the requirement of the blood system to be
a closed and continuous network to be physiologically viable. However, there is still little
evidence to back these suggestions.
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Fig. 2.30 The SEM images show the bud-like nature of the canal endings and the loops seen
in the canal network of a rabbit endplate. A: Lateral view of the vascular network in the
rabbit VEP showing the blood vessels reaching the boundary between the VEP and the disc,
as shown by the arrowheads. B: Top view of the same rabbit VEP with the arrowheads
pointing to the branching of the capillaries and the arrow showing a microvessel loop [137].

The visualisation of blood vessels and a clear understanding of the architecture and
sizes of vessels are crucial for the planning of several vascular interventions. Manual
segmentation of blood vessels is impractical as they present very complex 3D structures,
therefore an automatic or semi-automatic segmentation is preferred [138]. Centreline analysis
is a commonly used semi-automatic vessel segmentation to characterise blood vessels. It
provides a a fast and reproducible method to measure the length, diameter and orientation
of vessels [139]. The only limitation reported is the dependence on the quality of vessel
segmentation which in turn is determined by the resolution of the imaging technique and the
anatomy of the specimen under investigation [140]. This technique has been used extensively
to characterise blood vessels in aortic tissues and hepatic tissues but, so far as the author is
aware, has not been applied to the spine or the VEP.
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Lymphatic System

The lymphatic network is crucial for the normal function of the high-pressure, closed blood
system in the human body. It has been shown to transport lipids absorbed from the digestive
tract and to provide an outlet for plasma components from capillaries and post-capillary
venules [141]. Lymphatic vessels return the capillary filtrates and the excess plasma proteins
to the central circulation, therefore maintaining normal tissue fluid volumes across the whole
system. Furthermore, lymphatic vessels form a vast distribution network, connecting all parts
of the body with blind-ended capillaries which convey interstitial fluid and cellular debris.
The spine also has lymphatic vessels that co-exist with the blood supply, however, the
presence of lymphatic vessels in relation to the disc or the VEP still remains unclear. A
histological study with a wide age range of human specimens was the first to suggest the
presence of lymph vessels in the annulus of the disc, up to the age of 20 years. They showed
the presence of the lymph vessels surrounding the annulus tissues but did not consider the
VEPs, only the soft tissues of the disc [142]. However, Kashima et al. later disagreed with
these earlier findings, despite using the same method. The newer study included the VEPs
and the vertebrae as well as the disc but reported the absence of lymphatic vessels in both the
healthy vertebrae and the discs, of all human specimens irrespective of age [143]. They did
however suggest the presence of lymphatic vessels in pathological degeneration of the disc
as a result of in-growth of lymphatics from surrounding connective tissues. Therefore, both
the presence and the role of the lymphatic network in relation to the disc and the VEP are

inconclusive at this stage.

Diffusion and Convection Processes

It is understood that the transport of fluids and solutes from the vertebra to the disc is carried
out through the blood vessels in the VEP and surrounding the annulus fibrosus of the disc.
However, two mechanisms for the exchange of fluids and solutes from the blood vessels to
the discal tissues have been hypothesised: firstly, through molecular diffusion of metabolites
influenced by the concentration gradients and secondly, by convective flow of metabolites
alongside fluid being pumped across the VEP [144]. When nutrients reach the VEP boundary
at the disc, small solutes such as glucose, lactate and oxygen pass through to the disc matrix
by diffusion [145]. Conversely, larger solutes are subjected to convective fluid flow induced
by the concentration gradient between blood plasma and tissue matrix, until there is a balance
between the concentration between the nutrient density in the capillaries and the disc cells
[146].
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Urban, Maroudas and Holm used injection techniques using radioactive tracers in the
VEP specimens from dogs to show that diffusion of solutes from the blood vessel to the
discal tissue was the main transport mechanism [126]. They concluded that the driving force
for the diffusion process under normal physiological conditions in vivo was the concentration
gradient between plasma and the discal tissue which is caused by the consumption and
production of solutes by cells in the discs.

As discussed previously, the VEP not only provides a nutritional pathway but also
provides the pathway for metabolic waste and fluid removal [128]. Metabolic waste is
composed of larger molecules, for example lactate is 89 g / mol, and therefore would more
likely be transported to the disc by convection than by diffusion [147].

During daily activities, the disc experiences load-induced pressure which can be 3 to 5
times larger than the physiological osmotic swelling pressure of the disc [148]. This leads
to fluid being pushed out of the disc, by convection, and a decrease in the hydration of the
disc, resulting in an increase in the swelling pressure. This is why, it is crucial for the disc to
rehydrate during rest and the osmotic swelling pressure to draw fluid back into the disc so as
the disc rehydrates, the swelling pressure decreases [149, 150]. Given the short period of rest
and the weaker swelling pressure, the driving force for flow into the disc is weaker than for
flow out. This implies the presence of direction-dependency to ensure the recovery of lost
fluid of the disc. Ayotte et al. measured the resistance ratio between the flow in and flow out
of the intervertebral disc of the VEP of ex-vivo sheep specimens [151]. They confirmed the
hypothesis that the resistance to the convective flow is direction-dependent, with a greater
inhibition to flow out of the disc due to the cartilage endplate obstructing the marrow contact
channels (holes) at the disc-bone boundary, resulting in larger drag forces, as shown in Figure

2.31. This also ensures the recovery of fluid lost from the discs during daily activities.
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_ marrow contact channel
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Fig. 2.31 Schematic illustrating the direction-dependent flow of fluid in and out of the
intervertebral disc through the marrow contact channels at the boundary between the disc
and the VEP [151]. It is shown here that the holes at the boundary of the endplate and the
disc are labelled as marrow contact channel. It has been suggested by Ayotte et al. that the

flow out of the disc experiences a higher resistance than the flow into the disc from the

trabecular bone of the vertebra.

2.6.2 Biomechanical Support

The second biophysical function of the VEPs is to provide mechanical stability to the spine
by dissipation of the loading stresses [3]. Lumbar compression forces can go up to 800 Nin
the human spine, while standing vertically, but up to 3000 N during heavy lifting [152]. The
VEP evenly distributes the stresses in the discs onto adjacent vertebrae due to significant
loading during daily activities [3]. Oxland et al. showed that there is a 33 % reduction of
the average failure load of the human vertebral body and significant decrease in stiffness
when the VEP has been previously removed by a high-speed burr [3, 56, 153]. The graphs in
Figure 2.32 illustrate this comparison. This shows that the VEP contributes to the mechanical

stability of the vertebral body and the spine.
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Fig. 2.32 The schematic and graphs show the effect of location of the VEP on the
mechanical strength and the effect of endplate removal on the failure load of the vertebra. A:
Schematic showing the coordinates of the test sites on the VEP surface. B: Graphs
comparing the maximum anterior-posterior and lateral-to-lateral (LAT) failure load in
specimens with and without VEP [153]. There was no signifcant difference between the
shapes of the 2 failure load maps. However, the sites with the VEP intact were significantly
stronger than the sites where the VEP has been removed (P=0.04)

During axial compression of the spine, the VEPs as well as the discs and the underlying
trabecular bone undergo deformation [154]. All components of the spinal unit contribute
to the deformation and recovery during loading and unloading cycles of daily movement
such as standing (1000 N) or light manual work (1500-2000 N) [155]. Loading can occur
in compression, flexion, extension and torsion. Bovine studies have demonstrated that
application of a compressive load on the spine causes hydrostatic pressure within the nucleus
pulposus. This in turn leads to hoop stresses with radial bulging of the annulus but the
nucleus is incompressible, being made of ninety percent water. Therefore, the central VEP

also bulges [156, 157] to transmit the applied stress away from the disc. A young and healthy
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VEP will automatically revert to its original shape if the load is moderate. However, if
a continuous and very high load is applied over a long period of time, the VEPs can be
considerably and permanently damaged [68, 153, 157]. This will be discussed in further
details in the next section addressing degenerative states of the VEP.

2.6.3 Summary of Biophysical Functions of the Endplates

The 2 main functions of the VEP have been identified as the provision of mechanical support
and nutritional pathway to the intervertebral disc.

The nutritional pathways have been identified as a 3D intricate network of canals within
the VEP layer. This network has been isolated, visualised and quantified, however only in
small scale animal models to date, such as rabbits and mice. Although studies have shown
that the canal network within the VEP must contain blood vessels which are responsible for
bringing nutrients and oxygen to the disc and extracting waste products, the organisation of
the blood vessels is still unclear. The nature of bud-like structures reported at the endplate-
disc boundary remains unresolved, given the requirement for any blood system to be closed
and not open-ended. The mechanism for movement of water from the disc to the VEP has
been shown to be dependent on the load-induced disc pressures. However, the mechanism
for the biochemical exchange between the blood vessels and the fibres of the disc is also not
fully understood.

The VEP provides mechanical support to the disc by evenly distributing the stresses
from daily loading of the spine through the strong anchorage of the disc fibres. Given the
conflicting requirement for the VEP to be porous for nutritional exchange but thick for
mechanical support to the disc, the VEP is also prone to damage. The pathology and the

onset of degeneration in the VEP will be discussed in more details in the next section.

2.7 Degeneration of the Vertebral Endplates

The VEP lies in between the very rigid vertebral bone and gelatinous disc. It must be strong
enough to disperse significant loads to protect the vertebra bones from fracture but it must
also be porous to allow for nutrients to diffuse to the avascular disc. The VEPs have to balance
these conflicting biophysical requirements, increasing the likelihood of damage [3, 23]. The
VEPs can be subjected to the effects of both ageing and pathological degeneration of the
intervertebral disc.
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2.7.1 Physiological Degeneration

As previously mentioned, the human VEP also undergoes gradual thinning and slow calcifi-
cation with age, due to the changes in proteoglycan and collagen content [18, 58, 129, 158].
Antoniou et al. reported that proteoglycan content decreases by 50 % from age of 2 to 80
years whereas the water content decreases by 11 % and the collagen content decreases by
about 72 % [18]. The mechanisms causing these compositional changes are still not well
understood. However, Aigner et al. used markers of chondrocyte hypertrophy to show that
these age-related changes are linked to degenerate discs [159]. This is because an increased
concentration of type X collagen shows the presence of hypertrophic chondrocyte which
explains calcification. The works of Adams and Wong suggested that changes in the hydro-
static pressure could be controlling degeneration of the VEP, given that hydrostatic pressure
regulates chondrocyte functions [29, 160].

Section 2.6.2. explained how the VEPs are subjected to tensile stresses during mechanical
loading of the spine. When subjected to very high stresses, the VEP is likely to undergo
damage [154]. Irrespective of age, cranial VEPs injuries are more common than caudal
VEPs and according to Zhao et al. this could be because the cranial VEPs are thinner and
supported by less dense trabecular bone [161]. Similarly, the thinner central region of the
VEP register more damage than the thicker peripheral regions [68]. Several factors could be
responsible for VEP damage, such as the local morphology of the VEP structure, size and
type of mechanical loading and the condition of the adjacent intervertebral disc [3]. The pile
up of VEP damage can lead to the creation of localised weak points that then make their way
to the edges [162, 163]. Ageing worsens this effect because the central VEP becomes more
porous and therefore weaker, leading to the degeneration of the adjacent disc [76, 164, 165].
These changes could be the result of bone remodelling as a response to the stimuli of reduced
proteoglycan concentration in the disc or changes in the hydrostatic pressure [166]. Ageing
being a major contributor to degeneration, it is difficult to differentiate between degeneration
and ageing related health issues [167]. To allow for distinction, it is the general agreement
that degeneration includes structural change of the disc because of mechanical loading [168].
As in any other physiological processes, genetics are also involved, such that some genes

could be more prone to weaker extracellular matrix in the disc [39, 169, 170].

2.7.2 Pathological Degeneration

Degenerative disc disease is a term used to describe the changes that occur, most commonly
in the lumbar region of the spine, that can cause pain [171]. Some characteristic features of

disc degeneration include circumferential and radial fissures of the annulus, disc herniation,
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biochemical changes and VEP fractures. A theoretical requirement for discogenic pain is
pathologic innervation [172, 173].

The VEP region has been shown to be highly populated with blood vessels and highly
innervated, with similar densities of nerve endings as the annulus of the disc [136, 174].
The presence of nerve endings explain the implications of VEP as the cause of lower back
pain. Lotz et al. found that VEPs removed from patients suffering from chronic lower back
pain had high concentrations of proliferated blood vessels, calcitonin gene-related peptide
(CGRP) which are marrow pain indicators, and nerve fibers in the underlying trabecular
bone [3]. Furthermore, Crock et al. suggested that bone marrow lesions in vertebrae could
be caused by the diffusion of inflammatory constituents from the intervertebral discs as the
discal tissues have the ability to trigger autoimmune response due to increased concentrations
of pro-inflammatory factors [175]. This would imply the VEP has been damaged, leading
to increased permeability and communication between the nucleus of the disc and the bone
marrow in the vertebra. There is evidence of reported endplate damage association with bone
marrow lesions having pain indicators [176, 177] and direct association between endplate
damage and increased permeability between the verterba and the disc has been shown
[178, 179]. Therefore, different types of endplate defects have been linked to degenerative
states of the disc in patients suffering from lower back pain [77, 180, 181]. Endplate defects
have been broadly classified under four groups: Schmorl’s node, fracture, erosion and

calcification. Three of these are shown in Figure 2.33.
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Fig. 2.33 Three groups of endplate defects with their hypothesised etiologies are shown in
histological images, stained with hematoxylin and eosin. The red circles on the right hand
side schematics represent the areas of the endplate that have been damaged. A: Cartilage
endplate avulsion caused by bending motion, leading to traction between the VEP and the
inner annulus of the disc. B: Excessive compression of the nucleus pulposus of the disc led
to traumatic Schmorl’s node with endplate fragments. C: Central portion of the endplate
fracture, exposing the trabeculae of the vertebra as a result of excessive compression with a
degenerate disc [3]

Although minor endplate defects are hard to image or detect on radiographs, they are
considered to be part of the normal aging process of the spine [22, 182]. However, Schmorl’s
nodes are larger, focal defects on the endplate surface leading to herniations of disc tissue
into the adjacent vertebra, resulting in severe back pain [183]. Wang, Videman and Battié
began addressing the relationship between the aetiology of endplate lesions and, spinal
level and endplate location [60]. They showed that different types of endplate defects had
different extents of prevalence at distinct spinal levels and different endplate locations,
suggesting unique etiologies for each type of defect. Defects like the Schmorl’s nodes were
more commonly observed in the central region of the endplate [77], adjacent to the nucleus
pulposus of the disc, and in the upper lumbar region of the spine, where the bone mineral
density is lower [184] and the endplates have been reported to be weaker than other parts of
the spine [56]. Therefore the bone in the VEP and the trabecular bone tend to undergo more
severe softening, allowing for the occurrence of nodes [56, 185]. Conversely, erosions and
calcifications of the endplate were more common at the peripheral regions of the VEP and in

the lower lumbar region of the spine, where the spine undergoes a wider range of motion in
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flexion, causing increased extension of the spine and therefore increased traction between
the discal tissues and the endplate [186—189]. Calcification and sclerosis in this region could
also be the result of consecutive traumatic compression. However, the varying etiologies of
the endplate lesions and their role in the onset or advancement of disc failure and lower back
pain are still unclear. This suggests the need for further investigation into the VEP function
along the spine and the effect of degeneration on the structure of the VEP.

Lotz et al. claimed that the strongest evidence for the role of the VEP in lower back pain
is the strong association between discogenic pain and vertebral bone marrow abnormalities
[3]. In 1988, Modic et al. were the first to classify vertebral marrow changes seen on
magnetic resonance imaging (MRI) into 3 distinct groups and since then, Modic changes
are commonly referenced in the literature in relation to pathologies of both the endplates
and disc degeneration [190]. Modic classifications of the vertebral body and the VEP in
degenerative conditions of the disc are characterised according to the signal intensity from
both the T1-weighted and T2-weighted images [190].

Tissue can be characterized by two different relaxation times - T1 and T2. T1 (longitudinal
relaxation time) is the time constant which determines the rate at which excited protons return
to equilibrium. It is a measure of the time taken for spinning protons to realign with the
external magnetic field. T2 (transverse relaxation time) is the time constant which determines
the rate at which excited protons reach equilibrium or go out of phase with each other. It is a
measure of the time taken for spinning protons to lose phase coherence among the nuclei
spinning perpendicular to the main field. The most common MRI sequences are T1-weighted
and T2-weighted scans. T1-weighted images are produced by using short time to echo
(TE) and repetition time (TR). The contrast and brightness of the image are predominately
determined by T1 properties of tissue. Conversely, T2-weighted images are produced by
using longer TE and TR times. In these images, the contrast and brightness are predominately
determined by the T2 properties of tissue.

Modic type I changes are hypointense on T1-weighted imaging but hyperintense on
T2-weighted imaging and are known to represent bone marrow oedema (swelling due to
fluid accummulation) and inflammation. MRI images are in black and white with shades of
grey. A hyperintensity is an area that appears lighter in color than the surrounding tissues; a
hypointensity would be darker in color. Type II changes are hyperintense on T1-weighted
imaging, slightly hyperintense on T2-weighted imaging and are associated with conversion
of normal red hemopoietic bone marrow into yellow fatty marrow as a result of marrow
ischemia, or an inadequate blood supply. Modic type III changes are described as hypointense
on both types of imaging and are thought to represent subchondral bone sclerosis, which is

the formation of new bone. Certain cases of mixed Modic changes, such as I/II and II/III
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have also been reported, suggesting that these changes can convert from one type to another
and that they all present different stages of the same pathologic process [191]. The absence
of Modic changes represent a normal anatomic appearance of the disc and VEP on the MRI.

Modic changes have also been referred to as ’verterbal endplate signal changes’ on the
MRI [192]. However, Modic changes on the MRI can affect up to 75 % of the vertebral
body and considering the size of the VEP, it is unlikely to be able to resolve the degeneration
of the VEP only on the MRI images [193]. This implies that Modic changes cannot be
used to assess specific degenerative states of the VEP. Furthermore, it has been reported that
innervated endplate damage is poorly visualised on MRI scans because of the short T2 of
the endplate, therefore showing little signal with the pulse sequences that have long echo
times (TE) [3]. It has been suggested that newer imaging techniques, with shorter TE might
provide a better way to differentiate between patients with and without VEP pathological
degeneration, as shown in Figure 2.34

Fig. 2.34 Comparison of 3 different imaging techniques to assess the optimum settings to
visualise the VEP with the MRI. A: Midsagittal T1-weighted MRI of L1-L2 motion segment
with poor end plate signal. B: T2-weighted MRI of L1-L2 motion segment with poor end
plate signal. C: Corresponding ultrashort time-to-echo (UTE) MRI image showing enhanced
end plate signal. Arrows indicate end plate defects [3].

2.7.3 Summary of Degenerative States of the Endplates

Given that the VEP has to balance conflicting biophysical demands, it is prone to damage.
With age, the VEP experiences wear from constant loading of the spine. The loading
mechanism of the spine is also reflected in the patterns of damage in VEP, such that cranial
VEPs have been shown to be have higher probability of showing sign of damage than their
caudal counterparts. Furthermore, damage of the VEP can also be caused by different
pathological degenerations. A close correlation between the degenerative states of the disc
and damaged VEP has been shown. However, it is still unclear whether the disc or the VEP
is the initiator of the degeneration process. The damage or erosion of VEPs has also been
linked with the Modic changes seen in the vertebrae from MRI scans.
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Several studies have shown evidence of VEP damage in patients suffering from chronic
back pain. Although it is clear that the VEP undergoes damage which eventually leads to
pain, the role of the VEP in the origin and pathological development of the pain is still
unclear. Degeneration could be starting from the vertebra and leaking through the VEP to the
disc. Conversely, the disc could be experiencing degeneration in the first place which leads
to erosion of the VEP and the vertebra. Damage occurring in the VEP could also impede
the nutrient transport to the disc, leading to degeneration. Therefore, at this stage, the exact
precursor to degeneration is still unclear, making diagnosis and treatment of back pain less

targeted and with low success rates.

2.8 Relevance of Endplates to Disc Regeneration

The VEP must balance conflicting biophysical functions which means it is subjected to
physiological wear and challenges, contributing to its failure. However, it plays a key role
in the functioning of the spine. Reviewing the existing literature and experimental designs,
the main functions of the VEP as well as its role in maintaining a healthy disc are very clear.
There are still considerable gaps in the understanding of the VEP, especially in degenerative
conditions, and how failure can be prevented or cured. This is at a time when there are
rapid developments of potential methods for the symptomatic treatment of degenerative disc
diseases or regeneration of discs. These include intra-discal gene and stem cell therapies,
growth factors and biogels to supplement the biomechanically and structurally failing disc
[194]. The aims of these trials would be to re-establish nuclear swelling of the disc and
introduce more cells in the acellular disc. Figure 2.35 shows a comparison between healthy
and degenerated discs and a summary of the potential therapies, taking into account the
permeability of the endplates. Regenerative approaches in tissue engineering of the disc aim
to restore or preserve the anatomy and function of the whole disc, that is, both the annulus
fibrosus and the nucleus pulposus. Therefore, an ideal scaffold for disc replacement should
have good biocompatibility, porosity, and the shape, structure and mechanical properties
similar to the healthy disc, and surface compatibility with the neighbouring endplates as
well. The efficacy of such cellular techniques will depend on a thorough knowledge of the
structural integrity of the VEP and its ability to provide a continuous supply of water and

oxygen, and mechanical support to the repaired disc.
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Fig. 2.35 The schematic shows the structure of both healthy and degenerated discs and the
possible therapeutic approaches are summarised. A: Nutrient pathways in normal disc
through the blood vessels in the bony endplate (labelled as subchondral plate here). B:

Nutrient pathways in a degenerate disc which could be caused by the calcification of
cartilaginous endplate, occlusion of marrow spaces, atherosclerosis of vertebral arteries, or
reduced capillary density, among others. C: Different types of biological therapies for disc

repair are listed [195].

Spinal fusion with either autologous graft material or implantable devices are potential
procedures of spinal reconstruction. Interbody fusion allows for direct load transmission
through the vertebral bodies, restoration of disc height and reduced damage to muscles during
surgery. A successful spinal interbody fusion technique needs to address distinct issues such
as the provision of axial compressive strength sufficient to resist implant subsidence or
collapse, thereby maintaining disc space height and the creation of a biological environment
compatible with the process of bone substitution, leading to interbody fusion [196].

In these cases, mechanical stability is crucial for the success of the implants and these
require the VEP to be structurally intact for even distribution of the stresses. This is because
when the disc is replaced by an interbody fusion implant, most of the axial load is transmitted
through the implant and the implant-endplate contact area. If the implant-endplate contact
area is too small or incongruent, the implant can create excessive stress at the implant-bone
interface, leading to subsidence of the implant. Conversely, if the implant-endplate contact
area is too large, there is not enough space left for the graft material to interact with the host

bone to create fusion of the vertebral bodies [197].
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It has been argued that preservation of bony VEP is desirable for the prevention of implant
subsidence. Conversely, a partial removal of the endplate facilitates the incorporation of graft
material, increasing the likelihood of the solid interbody fusion [196]. For instance, it has
been suggested that both the disc and the VEP should be replaced by titanium cage constructs
which would provide better biomechanical properties for successful anterior thoracolumbar
column reconstruction [198]. This method has been tried, as illustrated in Figure 2.36, but met
with serious complications including recurrent disc herniation, post-operative back pain and
subsidence of the cage into the underlying vertebra [199]. This implies that the pre-operative
removal of the VEP might not be ideal, and the next steps should be the investigations of the
outcome of these surgeries with the VEP intact. Furthermore, the VEP has been shown to
provide mechanical support to both the disc and the vertebra, and the VEP should therefore
be given due consideration as part of implant design and surgical procedures in the case of
spinal reconstructions and disc degeneration. This is why a thorough understanding of the
structural and mechanical properties of the healthy VEP would help with disc regeneration

therapies and surgical planning.

Fig. 2.36 Post surgery radiograph showing the successful implantation of a titanium cage in
between the vertebrae at levels L4 and L5 in a patient [199].
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2.9 Conclusions and Guiding Questions

Overall, this chapter considered the current understanding of the role of the VEP in the
physiological functions of the spine and in the onset of chronic low back pain. This has
involved a consideration of the structural properties of the VEP and the characterisation
techniques generally used in the research community. This chapter also explored the two
main functions of the VEP: offering a nutritional pathway and mechanical stability to the
disc. Given the requirements to balance conflicting biophysical demands, the chapter also
considered the different mechanisms for degeneration and damage of the VEPs.

It became clear from the discussion in this chapter that there is a lack of a complete
understanding of the VEP’s structural properties and the 3D network supporting the blood
supply in the VEP, acting as the main nutritional pathway to the disc remains poorly visualised
or quantitatively characterised. Furthermore, the association of the VEP’s structure and the
nutritional pathway with degenerative conditions of the spine is also unclear at this stage.
Therefore, as shown in the schematic in Figure 2.37, this thesis will aim to investigate these
points further, including:

* Characterising the structural properties of the VEP in a sheep model (Chapter 3)

* Understanding the blood supply to the disc and investigating the presence of vascular
buds at the disc-VEP boundary in a sheep model (Chapter 4)

* Quantitatively characterising the complex 3D network of canals in the VEP of a sheep
model (Chapter 4)

* Investigating the effects of degenerative states of the disc on the structure and nutritional
pathway of the VEP in the human spine (Chapter 5)

* Assessing the validity of the sheep model for the investigations of the VEP (Chapter 5)
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Fig. 2.37 Schematic representing the outline of the thesis with respect to the VEP’s structure,
nutritional function and changes in degenerative conditions of the spine.



Chapter 3

Investigation of the Structure of Sheep
Vertebral Endplates and Vertebrae

3.1 Introduction and Relevance

As discussed in the Literature Review, the verterbal endplates (VEPs) are prone to damage
due to conflicting biomechanical functions requiring them to be porous but simultaneously
strong. To understand the mechanism of failure in the VEP and the causal relationship
between disc degeneration and endplate damage, it is important to first understand how
biomechanical function governs the structural properties of healthy endplates. However, as
mentioned previously, the structure of the VEP described in the literature is confused with
differing nomenclature and an incomplete understanding of the effect of spinal level and
location with respect to the disc on the structure of the VEP.

This chapter investigates the use of micro-computed tomography (micro-CT) to visualise
and characterise the structure of the VEP and the underlying trabecular bone of the vertebra.
This chapter will also investigate the structure of the epiphyseal ring and its role in the
mechanical support of the intervertebral disc. This was achieved by quantifying the thickness,
porosity, bone mineral density, curvature, trabecular thickness and trabecular separation of
the different bone areas under investigation. The VEP samples were grouped according to
their spinal level, side and position relative to the disc. All samples were harvested from the
same spine and 2 VEPs were used from a second spine to assess the spine to spine variability.

The effect of age on the structure of the VEP was also investigated in the sheep model.
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3.2 Materials and Methods

3.2.1 Acquisition and Preparation of Sheep Spines

As discussed in the Literature Review, the sheep spines are more readily available than human
spines, easy to handle and represent a good biomechanical match to the human spine. This is
why the ovine model was used in this study.

In the first instance, a spine from young sheep were sourced, with the central nervous
system, the spinal cord, previously removed for biosafety reasons as it can contain the
prion protein which causes spongiform encephalopathies such as scrapie, which can also be
transmissible. This was based on the advice sought from the Veterinary Medicine Department
of Cambridge University. Two additional spines from mature sheep were also sourced, with
the spinal cord previously extracted. All spines were frozen at - 80 °C until used. The age
and sex of the sheep were recorded. However, only male sheep were used in this study and
the breed was unknown. Therefore, the effects of gender and breed were not investigated in
this study. Sheep lumbar spines were obtained as summarised in Table 3.1 below:

Sheep Number of Spines Age (months) Sex Supplier

Young 1 9 Male Leech and Sons léutchefs
(Melbourn, Cambridgeshire)

Mature o) 36 Male Division of Trauma & Orthopaedic Surgery

(Cambridge University)
Table 3.1 Details of the number of spines, age and sex of the sheep and the suppliers of the
sheep spines used in this study.

Throughout the experiments for this chapter, the cut samples were kept in wet conditions
for scanning, to prevent the introduction of artefacts due to partial drying of the samples
with the X-rays. There is no loss of contrast due to the attenuation properties of the medium
due to the high contrast of bone tissue [79]. The sample holders used were 2 ml graduated
Sigma-Aldrich centrifuge plastic vials, as they are transparent to X-rays. The cut samples
were individually wrapped in phosphate buffered saline (PBS) soaked tissue paper, stored in
the tubes and kept in the fridge for up to five days, the time during which they were imaged,
and then frozen at -80 °C. The spines were thawed in the fridge overnight before use. The
centrifuge tube was then mounted on the stage of the micro-CT and held upright using dental

wax.
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3.2.2 Sample Selection and Preparation

Three discs were identified, from levels L3/L.4 to L5/L6, from the first mature sheep spine as
shown in Figure 3.1. To separate the 2 VEPs of each disc, the soft disc was first identified.
Using a scalpel, the disc was sliced into two halves along its transverse plan such that the
two neighbouring vertebrae and therefore VEPs were then separated as shown in Figure 3.2,
into the cranial and caudal VEPs. This prevents tearing of the disc fibres out of the VEP from
any excessive pulling and protects the VEP from any damage or debris from cutting hard
bone surfaces. Therefore 3 pairs of VEPs were harvested from this spine. From the second
mature spine, 1 pair of VEPs was harvested from spinal level L4/L5. As for the young sheep
spine, 2 VEPs were harvested from level L3/L4.

Cranial Endplate

s Caudal Endplate

Fig. 3.1 Schematic highlighting the location of the L3/L4, L4/L5 and L5/L6 levels from
which cranial and caudal VEPs were harvested in a sheep spine.

Cranial Endplate

L4 Intervertebral discs

L5 Caudal Endplate

Fig. 3.2 Schematic of the sheep lumbar spine showing a close up on the right of a disc
sandwiched between the two types of VEPs, caudal and cranial.
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To successtully map the properties of the whole endplate, the area was split into a grid of 9
areas to be imaged This will enable distinction between anterior/posterior, central/peripheral
and right/left regions. The 9 regions were cut using an IsoMet 1000 Precision Sectioning
Saw at the Veterinary School in Cambridge and the layout of the ROIs were selected while
avoiding the epiphyseal ring, as shown in Figure 3.3. Therefore, 54 samples were used from
the 6 VEPs in the first mature spine and 18 samples were used from the 2 VEPs from the
second mature spine. The samples were imaged using a micro-CT scanner which will be
discussed in mored details in the next section.

Vertebral Endplates

| I I
| }

Cranial Caudal

| T P11

L3| (L4 L5 L4 L5 Bl

I | I I | |
]

V1|V2[V3|V4[V5|VE([V7|V8|V9

Fig. 3.3 Flowchart showing the different categories of the VEP used, namely their position
with respect to the disc as cranial or caudal, their spinal level L3 to L6 and the area of the
VEP denoted by V1 to V9 which are shown in the right-hand side schematic.

From the grid of 9 samples, 14 circular regions of interest (ROIs) each of radius 2.5 mm

were used for analysis, as shown in Figure 3.4.
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Fig. 3.4 The grid lines represent the cutting line to make 9 separate samples, from which 14
ROIs were selected, as indicated by the red circles.

3.2.3 Micro-Computed Tomography Procedure

For this study, micro-computed tomography (micro-CT) was used to image the bone samples
for structural characterisation. Samples from the mature spines and the young spine were
scanned using a Bruker Skyscan 1172 micro-CT scanner. Following a "scout" scan, a voltage
of 65 kV and current of 153 A were used in this study. A 0.5 mm aluminium filter was
used to further reduce the beam hardening by absorbing low-energy X-rays to optimise
transmission. Samples were centered carefully on the stage within the apparatus. Before
scanning, flat-field correction was carried out to remove artefacts caused by variations of the
pixel-to-pixel sensitivity of the detector.

A compromise between the size and time of the scans was reached from the "scout" scan
and all further scans were taken with the camera in the medium range, a rotation step size of
0.4 °, frame averaging of 2 and exposure time of 7.5 seconds. To image the smaller features
of the bone architecture, a pixel size of less than 10 ym is recommended. In this study, the
scanner allowed for a pixel size of 4.89 um to be used.

Reconstructions of the scanned images were carried out using the software, NRecon.
Thresholding was kept constant (minimum: 0, maximum: 0.1) for all the scans to ensure
reliability for comparison purposes. NRecon allows smoothing, ring artefact reduction and
beam hardening correction. Based on trial runs, the optimum settings were one pixel, 20 %

and 10 respectively.
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3.2.4 Histomorphometric Properties of the Endplate

The structure of the VEP from the mature sheep spines only was quantitatively characterised
by the histomorphometric parameters which will be explained in this section. From the
images, the upper boundary of the VEP was identified as the clear contrast boundary between
bone and soft tissue as the latter is shown as empty space in the greyscale thresholding. The
lower boundary was chosen as the first marrow space encountered vertically underneath the

VEP in the trabecular bone of the vertebra.

Thickness

Thickness of the VEP was measured by loading the reconstructed images in the software
CTAnalyser (CTAn). Thickness varies greatly in the VEP, therefore for each of the 54
samples, 3 distinct regions were selected. On both sides of the 2D image, 0.5mm from the
edge was measured. Given that the radius of the circular ROI is 2.5mm, as explained in
Section 3.2.2, the middle point of the remaining length of 1.5mm was found. The 3 regions,
shown by the orange arrows, selected were therefore 1 in the centre and at 2 of them at
0.5mm from the edges, as shown in Figure 3.5. Vertical lines were drawn from the upper
boundary of the VEP to the lower boundary at each region, shown as white lines, and the
vertical height of each line represented the VEP thickness at that specific location. The
average thickness of the 3 regions was then used as the mean thickness of the VEP sample
and the standard deviation of the thickness for the 3 regions was calculated as the error in the
thickness measurement.

The VEP was split into 9 samples V1 to V9 but some of these samples have more than
one region of interest (ROI), such that V2 and V8 have 2 ROIs each and V5 has 5 ROIs. The
thickness measurements for these samples were therefore averaged for all their ROIs. The
schematic in Figure 3.6 shows the visual representation of the location on the VEP surface
for each data point used for plotting the data.
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Fig. 3.5 Schematic showing the location of the 3 different points where the thickness of the
VEP was measured. The orange arrows represent the locations where thickness was
measures, determined by the 0.5mm distance from the edges and the middle point. The
white lines indicate the thickness measured at these locations.
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Fig. 3.6 Schematic showing the 14 regions of interests from which VEP thickness were
measured and the visual representations of the 9 regions for which data points were plotted
in the following graphs.

Bone Volume Fraction and Porosity

Using the CTAn software, the reconstructed images of the VEP region were thresholded from
greyscale levels 80 to 255 to segment the foreground from the background, then the image

was de-speckled by removing all smaller objects created by background noise. Finally, the

bone volume fraction as a percentage (ﬁ) was generated, with the associated confidence
intervals, as the ratio of volume occupied by bone material (BV) to the total volume (TV) of
the region of interest. Porosity of the VEP was defined as the difference between full volume
fraction and bone volume fraction, as shown in Equation 3.1. The error associated with each
measurement was calculated from the confidence intervals.

BV

Porosity =100 — v (3.1
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The VEP was split into 9 samples V1 to V9 but some of these samples have more than
one region of interest (ROI), such that V2 and V8 have 2 ROIs each and V5 has 5 ROIs. The
porosity measurements for these samples were therefore averaged for all their ROIs. The
schematic in Figure 3.6 shows the visual representation of the location on the VEP surface
for each data point used for plotting the data.

Bone Mineral Density

For the case of bone mineral density (BMD), the X-ray attenuation of mineralised tissues,
such as bone, is dominated by, and therefore can be approximated as, the X-ray attenuation
of the mineral compound calcium hydroxyapatite (CaHa) [61]. Using 2 phantoms of known
CaHa densities, a high concentration and a low concentration, their corresponding X-ray
attenuation coefficients were measured and used to calibrate the CTAn software. This enabled
the measurement of CaHa density or bone mineral density in gem = of the VEP from their
corresponding attenuation coefficients measured from their micro-CT images.

BMD in this study was therefore defined as the density of calcium hydroxyapatite (CaHa)
per volume of bone tissue, expressed as gcm . The density measurement was restricted
to within the volume of the calcified bone tissue of the VEP only, excluding surrounding
soft tissue. The software generated the BMD values with their associated standard deviation

values for each of the ROI of the samples from the mature sheep spine.

Epiphyseal Ring

The average thickness, d, of the epiphyseal ring was measured, using Fiji ImageJ. The
reconstructed micro-CT images were loaded in the programme and a straight line was drawn
from the visible epiphyseal boundary and the edge of the sample, as shown in the schematic
in Figure 3.7. The whole VEP surface can be split into 4 sections: anterior, posterior, left and
right sides. Given that the VEP surface was sectioned into 9 distinct samples in this study,
the anterior section was therefore assumed to be made up of V1, V2, V3, the right section
consisted of V6, V9, the left section consisted of V4 and V7 while the posterior section was
made up of V8, as shown in Figure 3.7. For each of the V sections, 3 lines were drawn and
3 values of d measured. The average ring size was then calculated from all the V samples
making up the specific ring region, as shown in Table 3.2. The standard deviation of the
measurements for each of the 4 sections was also calculated.
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Fig. 3.7 Schematic showing the original 9 sections of the sectioned surface of the VEP on
the left. In the middle, the colours identify the 4 sections of the epiphyseal ring, labelled as
anterior, right, left and posterior. An example of the ring thickness d is also marked between

the boundary of the epiphyseal ring and the edge of the surface of the bone.

Ring region Region of VEP covered

Anterior V1, V2, V3
Right V6, V9
Left V4, V7

Posterior V8

Table 3.2 Summary of the 4 sections of the epiphyseal ring and the V regions of the VEP
surface which make up each of these sections.

Curvature

In order to measure the curvature across the sagittal and coronal planes, the images across
different samples had to be "stitched" back together to provide a continuous image of the
transverse plane of the VEP, which was discontinuous due to the VEP being cut into a grid
of 9 regions. As shown in Figure 3.8, the images were "stitched" together such that lines A,
B, C consist of samples V2, V5 and V8. Lines D, E and F comprise samples V4, V5 and
V6. As shown in Figure 3.8, curvature was measured at 3 sagittal lines (A to C) and at 3
coronal lines (D to F). Lines A, B and C measured the curvature from anterior to posterior
edges whereas lines D, E and F measure the curvature from right to left sides of the VEP,
as shown in Figure 3.9. A curve was drawn, mapping the curved surface of the VEP at the
specific line location and the curvature of each curve was measured using the Kappa Plugin
in Fiji. The average curvature and standard deviation in the measurements for anterior to
posterior for each VEP were then calculated as an average of lines A, B and C, and the
distribution of the data respectively. Similarly, the average curvature and standard deviation
in the measurements for right to left curvature for each VEP were calculated from lines D, E

and F. A summary of the analysis is shown in Table 3.3.
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Fig. 3.8 Schematic of the location of categories V1 to V9 of the VEP (left) and the sagittal
lines A, B and C shown in red, coronal lines D, E and F shown in green (right).
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Fig. 3.9 Left: Schematic showing the side view of the lumbar spine with a close up of the
curved edge of the VEP surface at the top and bottom of the vertebra from anterior (A) to
posterior (P) sides. Right: Schematic showing the front view of the lumbar spine with a
close up of the curved edge of the VEP surface at the top and bottom of the vertebra from
right (R) to left (L) sides.

Curvature Curvature of lines averaged Regions on VEP joined by the lines
Anterior-Posterior A, B, C V2, V5, V8
Right-Left D,E,F V4, V5, Vo6

Table 3.3 Summary of the curvature analysis of the VEP. The lines A, B and C join the
regions V2, V5, V8 of the VEP and therefore their individual curvatures can be averaged to
calculate the curvature from the anterior to posterior edges of the VEP. Similarly, line D, E

and F are drawn through regions V4, V5 and V6. Their individual curvatures can be
averaged to obtain the curvature of the right to left edges of the VEP.
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3.2.5 Analysis of the Trabecular bone of the Vertebrae

The upper boundary of the trabecular bone is at the boundary with the VEP. Therefore, a
cylindrical region of interest at Smm below this boundary of 10 mm in depth and 2.5 mm
cross-sectional diameter was selected, as shown in Figure 3.10. The cylindrical ROI was
always selected to be at the middle point of the sample to avoid edge effects. The samples
were then analysed using CTAn. The average thickness of the trabeculae (Tb Th), the average
distance (separation) between the trabeculae (Tb Sp), the bone volume fraction (BV/TV) and
the bone mineral density (BMD) for the trabecular bone of the vertebra were generated by

the software and recorded. This was carried out for the samples from the mature spines.

10 mm

2.5mm

Fig. 3.10 The white dotted outline shows the region of interest of the trabecular bone,
beneath the boundary with the VEP. The enlarged cylindrical region of interest on the right
shows the 10 mm depth and diameter of 2.5 mm selection for analysis of the trabecular bone.

3.2.6 Statistical Analysis

Statistical analysis was carried out using the software OriginLab to check for statistical
significance of the measurements for this study. Normality of the data distributions was first
checked, then a Levene’s test was used to ensure homogeneity of variances between the
different groups of data. If the data passed both tests, a one-way ANOVA parametric test was
used. If either one of the two conditions were not met, a non-parametric test, Kruskal-Wallis
ANOVA test was used instead. In both ANOVA tests, the data was considered statistically
significant only if the evaluated P-value was smaller than 0.05. When comparing 3 or more
groups of data, the ANOVA test identifies if the results are significant overall, but a post-hoc
Tukey test is carried out to identify exactly where those differences lie.
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3.3 Results

3.3.1 Imaging the Vertebral Endplates

The VEP was clearly identified as the denser layer of bone at the boundary between the soft
tissue of the disc and the hard tissue of the vertebra as shown in the coronal images of Figure
3.11. This layer showed marked differences from the spongy-type of bone observed in the
trabecular bone of the vertebra. The soft tissues of the disc, despite being still attached to
the VEP, was not visible on the CT images due to their naturally lower absorption of X-rays
compared to the mineralised bone tissues. The transverse section of the VEP appears smaller
than the one of the trabecular bone because of the curved nature of the top layer of the VEP.
Furthermore, a layer of cortical bone was observed as a dense layer of bone surrounding the
trabecular bone in the vertebrae, as indicated by the white arrows in Figure 3.11

There are considerable observed structural differences in the different VEP areas, for
example, samples from the central region of the VEP (sample marked as region V5) are seen
to be thinner than samples from the peripheral regions of the VEP (sample marked as V2).
A representative comparison is shown below in Figure 3.12. These differences are further

investigated and quantified for all samples in the next section.
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Fig. 3.11 Reconstructed images of the samples from 1.3/L.4 cranial VEP at the V2 cut section.
The white dashed lines show the slice location on the coronal (COR) and sagittal (SAG)
views exhibited in the corresponding transverse (TRA) view. The soft tissue of the disc are
still attached to the VEP but are not visible on the micro-CT images. The greyscale bar
represents the X-ray absorption with zero showing no absorption as white and 255 showing
maximum absorption as black and the scale bar shows 2 mm. Left: The trabecular bone is
shown as spongy with relatively large pores. Right: The VEP is shown as a dense layer of
bone with small pores. The VEP transverse slice appears smaller than the trabecular bone
due to the curved shape of the top layer of the VEP. The white arrows show the cortical bony
casing enclosing the trabecular bone in the vertebra.

VEP VEP

Vertebra
Vertebra

Fig. 3.12 Reconstructed micro-CT images from L3/L4 cranial VEPs from an anterior region
(V2) on the left and from the centre (V5) on the right. The anterior region has a thicker VEP
than the central one. The scale bar represents 2 mm for both images.

Samples from the young sheep showed the absence of clear boundaries delineating the
dense layer of bone of the VEP from the trabecular bone. However an area of tangled bone
projections was seen, extending from beneath the disc layer to eventually merge with the
trabecular bone as shown in Figure 3.13. These projections were absent in samples from the
mature sheep spine. In the latter case, VEP boundaries could be distinctively identified from

the trabecular bone and the disc surface, and was seen as a dense layer of bone.
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Fig. 3.13 A ROI from the central region of a caudal VEP at level L3/L.4 from the young
sheep spine (left) and a similar ROI from caudal VEP at level L3/L4 from a mature sheep
spine (right) were compared. The image slice from the ROI at the boundary with the disc

showed the presence of the dense layer of bone of the VEP in the mature sheep but was

absent in the young sheep sample. The slice further down the ROI further from the disc
showed the presence of the trabecular bone of the vertebra in the mature sheep but the
presence of bony protrusion in the younger one. Further down the cores, the slices showed
the sponge-like structure of the trabecular bone structure in both cores, although the struts
were further apart in the young sheep vertebra than the mature one.

3.3.2 Structural Properties of the Vertebral Endplates

Thickness

The distribution of VEP thickness across the VEP surface and along the spinal levels is
shown in Figure 3.14. Across all VEPs, the central regions were significantly thinner than
the surrounding areas. Cranial VEPs with respect to the disc were significantly thicker (P
< 0.05) than their caudal counterparts. Cranial VEPs also had thicker anterior regions than
posterior region but caudal VEPs had thicker posterior regions compared to the anterior ones.
The thickness of VEPs also increased moving down the spinal levels.
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The VEPs from L4/L5 of Spine 2 exhibited the same trends in thickness as the VEPs
from the same level in Spine 1, and the thickness measurements were of similar magnitudes.
The cranial VEPs were also significantly thicker (P < 0.05) than the caudal VEPs in Spine 2.

The thickness measurements with the associated standard deviations as error bars were
plotted in Figure 3.15. The thickest measured VEP was 1.010 £ 0.014 mm at the anterior
region at cranial side of L5/L6 and the thinnest VEP was 0.455 £ 0.025 mm at the central
region at caudal side of L3/L4.

Cranial to disc Caudal to disc

L3/L4

11
1.0

L4/L5

Spine 1

L5/L6

L4/L5

Spine 2

Fig. 3.14 The colour maps represent the thickness of specific regions of interest of the VEP
at different spinal levels and on different sides of the disc for the 2 mature spines used in this
study. The central regions of the VEP are always thinner than the peripheral regions. The
cranial VEPs are significantly thicker than the cranial ones at the same spinal level for both
spines 1 and 2. The anterior region of the VEP are thicker than the posterior ones in the
cranial VEPs, but the opposite is true for the caudal VEPs. The VEP samples from Spine 2
showed the same trends as the the VEPs from the same spinal level from Spine 1. The colour
bar on the right shows the thickness (mm) assigned to the colours.
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Fig. 3.15 The series of graphs shows the thickness variation of the VEP from the mature
sheep spine at different spinal levels, side of disc and region of the VEP. Thickness of the
VEP is always lowest at the central regions in all 6 graphs. The left hand side graphs show
that cranial VEPs are always thicker than their counter caudal VEPs, shown in the right hand
side graphs. Thickness increases down the spine from L3/L4 to L5/L6. Anterior regions are
thicker than posterior ones for the cranial VEPs but are thinner than posterior ones for caudal
VEPs. The error bars represent the standard deviation of the data. The schematic in Figure
3.6 shows the physical locations on the VEP surface of each point on the graphs, labelled
with different colours and shapes of markers.
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Porosity

Porosity of the VEP at different spinal levels and regions of the VEP are shown in Figure
3.16. Across all VEPs the central region was significantly the most porous compared to the
peripheral regions. The cranial VEPs were significantly less porous (P < 0.05) than their
caudal counterparts. Anterior regions of cranial VEPs were less porous than the posterior
regions but anterior regions of caudal VEPs were more porous than the posterior ones.
Furthermore, VEPs further down the lumbar spine (L5/L.6) were less porous than those
higher up (L3/L4).

The VEPs from L4/L5 of Spine 2 exhibited the same trends in porosity as the VEPs from
the same level in Spine 1 and the porosity measurements were of the same magnitudes. The
cranial VEPs were also significantly less porous (P < 0.05) than the caudal VEPs in Spine 2.

The porosity measurements with the associated standard deviations as error bars were
plotted in Figure 3.17. The schematic in Figure 3.6 showed the visual representation of the
location on the VEP surface for each data point plotted in the graphs below. The least porous
region of the VEP was measured as 13.46 + 1.67 % at the anterior edge of the cranial L5/LL6
VEP and the most porous was measured as 32.22 4+ 10.40 % at the central region of the
L3/L4 caudal VEP.
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Fig. 3.16 The colour maps represent the porosity of specific regions of interest of the VEP at
different spinal levels and on different sides of the disc for the 2 spines used in this study.
Porosity of the VEP is always highest at the central regions in all the VEPs. The cranial

VEPs were significantly less porous than their counter caudal VEPs. The VEP samples from
Spine 2 showed the same trends as the the VEPs from the same spinal level from Spine 1.

The colour bar on the right shows the porosity (%) assigned to the colours.
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Fig. 3.17 The series of graphs shows the porosity variation of the VEP from the mature
sheep spine at different spinal levels, side of disc and region of the VEP. Porosity of the VEP
is highest at the central regions in all 6 graphs. The left hand side graphs show that cranial
VEPs are always less porous than their counter caudal VEPs, shown in the right hand side
graphs. Porosity decreases down the spine from L3/L4 to L5/L6. Anterior regions are less

porous than posterior regions for the cranial VEPs but are more porous than the posterior
regions in caudal VEPs. The error bars represent the standard deviation of the data.The
schematic in Figure 3.6 shows the physical locations on the VEP surface of each point on the
graphs, labelled with different colours and shapes of markers.
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Bone Mineral Density

BMD measured from the reconstructed micro-CT images showed a significant decreasing
trend down the spine from L3/L.4 to L5/L6, as shown in Figure 3.18. At each spinal level the
cranial VEP had a significantly higher mean BMD (P < 0.05) than the corresponding caudal
VEP. There were no observed trends of the BMD at different locations (V1 to V9) on the
same VEP surface and therefore the measurements were plotted as box plots, to compare the
BMD values at different spinal levels and sides of the disc, as shown in Figure 3.19. The
measurements of the BMD at the 9 regions for each VEPs were averaged and the standard
deviation from the mean were shown as the whiskers.

The samples from Spine 2 showed the same trends, of significantly higher BMD (P <
0.05) in the cranial VEPs than caudal VEPs with no clear trend across the VEP surface.

However, the BMD values were smaller than the ones from the same L4/L5 level in Spine 1.
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Fig. 3.18 The colour maps represent the bone mineral density (BMD) of specific regions of
interest of the VEP at different spinal levels and on different sides of the disc for the 2 spines
used in this study. The VEP samples from Spine 2 showed the same trends as the the VEPs
from the same spinal level from Spine 1. The colour bar on the right shows the BMD
(gem™?) assigned to the colours.

There was a significant trend of decreasing BMD from L3/L4 to L5/L6 (P < 0.05).
The caudal VEPs had significantly lower mean BMD values (P < 0.05) than their cranial
counterparts at each spinal level, as shown in Figure 3.19.
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Fig. 3.19 The box plots show the distribution of the BMD for each VEP, with the whiskers

showing the standard deviation and the line in the middle of each box represents the median.

The mean BMD, shown by the square in the middle of each box plot, was lower for caudal
than for cranial VEPs at each spinal level and the BMD decreases from L.3/L4 to L5/L6.

Curvature

The curvature for the anterior-posterior (AP) line in the caudal VEPs were the highest
measured curvature in both spines 1 and 2 at the spinal level L4/L5. The AP curve was
significantly higher (P < 0.05)) for the caudal VEPs than the cranial ones in both spines.
Similarly, the right-left (RL) curvature was significantly higher (P < 0.05) in the caudal VEPs
than the cranial ones in both spines, as shown in Figure 3.20.
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Fig. 3.20 The curvature of the anterior-posterior caudal VEPs were highest in both spines, at
the spinal level L4/L5. The error bars show the standard deviation of the datasets. (AP:
anterior-posterior, RL: right-left)

The VEP has a concave shape, with the maximum curvature occurring at the center of
the VEP surface. The caudal VEPs showed significantly higher (P < 0.05) curvatures than

the cranial ones at all spinal levels, with the most curved surfaces along the anterior-posterior
lines, on both VEPs at the L5/L6 level as shown by the stitched reconstructed images in

Figure 3.21.
- ‘ Cranial VEP

Caudal VEP

Fig. 3.21 Single slices of each of the cranial and caudal VEPs from the L5/L6 level, along
the anterior-posterior line B, covering regions V2, V5 and V8 of the VEP, show the
maximum recorded curvatures in this study.
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The shape of the VEP surface was most curved from anterior to posterior, through the
central region, compared to the shape from right to left sides of the VEP. The mean curvature
increased from L3/L4 to L5/L6, as shown in Figure 3.22, but the curvature of the cranial
VEPs increased at a faster rate than the caudal ones, along both directions investigated in this
study.
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Fig. 3.22 The VEP surface exhibits a more concave shape along the anterior-posterior
direction compared to the right-left one across all spinal levels. Caudal VEPs are more
curved than their counter cranial VEPs in all cases. Curvature increases for all VEPs down
the spine from L3/L4 to L5/L6, with the cranial VEPs curvature increasing at a faster rate
than the caudal ones. The error bars represent the standard deviation of the measurements.

3.3.3 Epiphyseal Ring

The thickness of the epiphyseal ring was significantly highest (P < 0.05) in the anterior region
than the other regions of the VEP surface across all VEPs, as shown in Figure 3.23. The
posterior region of the ring, on the contrary, was the thinnest region across all VEPs (P <
0.05). Furthermore, the cranial VEPs had significantly smaller (P < 0.05) epiphyseal rings
compared to their caudal counterparts across all spinal levels. The ring on the right and left

sides of the same VEP surface exhibited similar range of sizes. The caudal VEPs had larger
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differences between the anterior and posterior ring sizes than for the cranial VEPs in both
spines. The size of the epiphyseal ring from the VEPs of the level L4/L5 of Spine 2 was in
the same range as the ones measured from the same spinal level in Spine 1.
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Fig. 3.23 The size of the epiphyseal ring was measured at 4 sections of the VEP: anterior,
posterior, left and right sides for the caudal and cranial VEPs. The anterior region showed
the largest size of the ring for all samples whereas the posterior region showed the smallest
size. The caudal VEPs had a larger total ring size than their cranial counterparts. The VEPs

from Spine 2 showed the same range of values for the size of the ring. The error bars
represent the standard deviation in the measurements.

3.3.4 Structural Properties of the Trabecular Bone

The bone properties of the trabecular bone calculated from the regions V1 to V9 showed
no trend for either of the histomorphometric properties measured. Instead, the effect of the
spinal level of the vertebrae and the side of the disc are therefore compared in this section.
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Porosity of Trabecular Bone

The porosity of the trabecular bone in the vertebrae showed no statistically significant
differences (P < 0.05) between caudal and cranial samples from the same spinal level, in both
Spine 1 and Spine 2 as shown in Figure 3.24. There was no apparent trend of the trabecular
porosity with respect to the side of the disc or the spinal level.
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Fig. 3.24 The box plots show the distribution of the caudal and cranial datasets, with the
whiskers indicating the standard deviation, the square in the middle shows the mean and the
horizontal line is the median. No significant differences was observed between the caudal
and cranial samples and down the spine from L3/L4 to L5/L6.

Bone Mineral Density of Trabecular Bone

The trabecular bone in the underlying vertebrae showed increasing BMD down the lumbar
spine, as shown in Figure 3.25, which is the opposite trend observed for the VEP in Section
3.3.2. However, the caudal samples had significantly smaller average BMD values (P < 0.05)
than cranial ones in both VEPs and the trabecular bone of the vertebrae, in both spines.
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Fig. 3.25 The box plots show the distribution of the caudal and cranial datasets, with the
whiskers indicating the standard deviation, the square in the middle shows the mean and the
horizontal line is the median. The BMD is observed to increase for both caudal and cranial

samples down the spine from L.3/L.4 to L5/L6 and the cranial samples have significantly
higher BMD than their caudal counterparts. The error bars represent the standard deviation

in the measurement.

Trabecular Thickness and Separation

The average trabecular thickness was 0.154 + 0.012 mm for both caudal and cranial samples
from Spine 1, as shown in Figure 3.26. The caudal samples had a trabecular separation of
0.35 £ 0.06 mm while the cranial samples were 0.34 + 0.05 mm, as shown in Figure 3.26.
Therefore, there are no marked changes in terms of trabecular thickness and separation across
all samples, irrespective of location with respect to the disc and spinal position.

The average trabecular thickness of Spine 2 was higher than Spine 1 but the opposite
trend was observed for the trabecular separation, as shown in Figure 3.26. The cranial and
the caudal samples had statistically significant differences for both parameters (trabecular

separation and thickness) with P < 0.05.
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Fig. 3.26 Top: The average trabecular thickness of the struts of the trabecular bone of the
vertebrae showed no clear trend for different spinal levels or sides of the disc. The samples
from Spine 2 had similar range of thickness. Bottom: The average trabecular separation of
the struts of the trabecular bone of the vertebrae showed no clear trend for different spinal

levels or sides of the disc. The samples from Spine 2 had similar range of thickness
measurements. The error bars represent the standard deviation of the measurements.
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3.4 Discussion

3.4.1 Imaging of the Vertebral Endplates

This study used the micro-CT as a non-invasive, high resolution 3D imaging tool for the
visualisation and structural characterisation of the VEP and its underlying trabecular bone.
Although micro-CT has been used previously for the characterisation of the VEP, the animal
models used were mice [63, 200], immature pigs [78] and rabbits [201] which were shown
to not be the best models for human spines due to their differences in terms of size and
characteristic features. These animal models have shown the presence of growth plates
which are absent in the mature human VEP, and the persistence of larger cartilage endplate
with smaller central bony endplate than the human VEPs [108]. Some studies used sheep
but imaging the VEP as one whole sample meant a limit to the resolution. Most studies
have used pixel sizes ranging from 7 yum to 25 um [104, 202, 203]. As discussed in more
details in Section 2.5.3. of the Literature Review, the ovine model has been shown to be a
close match with the human spine biomechanically, especially the VEP regions, with similar
weight range, bone and joint structure and remodelling processes [111-113]. Furthermore,
sheep spines are more readily available than human spines and are easy to handle. Although
sheep are quadrupeds, the loading of the spine has been shown to be by axial compression
and mainly along the long axis, matching the loading of the human spine [114]. This can be
explained by the additional tensile forces from surrounding muscles and ligaments acting to
maintain posture in a quadruped to resist bending.

This current study successfully used a pixel size as small as 4.89 um. Smaller pixel size
allows for high resolution imaging of smaller features on the sample. Moreover, previous
studies have focussed on the thoracic and cervical regions of the spine but the lumbar region
is most relevant when considering the lower back pain [202, 204]. The novel aspect of
this study is also the combination of several categories of the VEP such that samples were
collected from the same spine at different levels, both caudal and cranial VEPs and across
the whole VEP region. From the images, 3 distinct regions of hard tissue underneath the disc

were distinguished:
* The VEP as a dense bone layer lodged between the disc and the vertebra.
* The epiphyseal ring encasing the VEP.
* The sponge-like trabecular bone in the vertebra, underlying the VEP.

The structural properties of each of these 3 regions will be discussed separately, in terms

of how they vary with spinal level, side of the disc and location on the VEP surface. The
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findings will then be summarised to provide a holistic image of the interaction of the 3
regions with each other.

Furthermore, the presence of the bone projections seen in the younger sheep sample, as
shown in Figure 3.13, made the identification of the VEP layer uncertain. The observed
bony structure could be part of the growth plates, but this has not been confirmed in this
study. Growth plates have been shown to be present during the early years of animals,
using histological staining, acting as a growth front for the bone [105]. Influenced by
growth hormones, new cartilage is formed on one side of the growth plate, also known as an
epiphyseal plate, and damaged cartilage is removed or replaced by new spongy bone on the
other side. This ensures the continuous process of bone growth during early stages of growth
of mammals. At the end of the growth period, which varies for animals and humans and is
governed by the increased concentrations of sex hormones during puberty, the epiphyseal
plate thins until eventual replacement by trabecular bone [205]. The sheep spine has been
shown to attain skeletal maturity after 15 to 18 months [206] and given that the focus of this
thesis is the VEP, spines from mature sheep, 36 months old, were preferentially used for the

rest of the study to ensure maturity was reached.

3.4.2 The Vertebral Endplate

As discussed previously, the VEP has 2 main functions: providing a nutritional pathway to
the avascular disc and redistributing the mechanical loads across the vertebra. The trends
observed in the structural properties from this study reflected these functional requirements,

as will be discussed in more details in the next subsections.

Mechanical Stability of the Disc

During the diurnal loading of the vertebral column, the nucleus pulposus of the disc exerts an
evenly distributed strain onto the adjacent vertebrae. This is because the high water content
of the gel-like nucleus pulposus exerts hydrostatic pressure which reacts to compressive
loading [149]. The VEP evenly distributes the stresses from the discs onto the adjacent
vertebrae, providing biomechanical support [3]. The complex collagen fibres arrangement
provides strength in tension to the annulus fibrosus, preventing the nucleus from expanding
radially [30]. The pressure is mainly controlled through the slow water loss of the disc to
the vertebrae through the canal openings of the VEP [207]. The daily mechanical loading
of the spine causes an increase in the intradiscal pressure, or the hydrostatic pressure of the
fluid, of the intervertebral discs, and to counteract the pressure, water is forced out of the
disc. As water is expelled out of the disc, the swelling pressure within the disc increases until
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it balances out the loading pressure. The swelling pressure is osmotic pressure generated
by the proteoglycans in the nucleus pulposus which attract and bind to water molecules.
When equilibrium is reached, the flow of water out of the disc stops. When the load has been
removed from the spine, the swelling pressure increases and therefore water flows back into
the disc. As the disc rehydrates, the swelling pressure decreases and the intradiscal pressure
increases. Once again, once equilibrium is reached, the flow of water stops.

The spine of the sheep has been shown to be mainly loaded along its long axis, similar
to the human spine which is why the quadruped is a comparable model for spine research.
This is because spinal segments do not have the ability to withstand considerable bending
moments. Therefore additional tensile forces from adjoining muscles and ligaments provide
the necessary additional support to maintain the posture of the quadruped spine [114]. This
is why the sheep spine is loaded primarily by axial compression. Furthermore, the trabecular
bone in goat’s vertebrae have been shown to follow a horizontal course between the 2 VEPs
of the opposite edges, implying that the compression force is indeed in the axial direction of
the spine [208]. Given that similar size, weight and quadruped nature of the goats and sheep
and the fact that it has been shown that goat and sheep bones are very similar in architecture
and structural properties, it can be assumed that the trabecular bone follows the same course
in sheep vertebrae [209]. Given that the sheep spine is loaded along its long axis, similar to
the human spine, and that structural properties of bone are dominated by the directionality of
mechanical loading [210], the trends observed in this study will be compared to the trends
reported in the literature from other sheep models as well as human models.

The VEP thickness in this study ranged from 0.45 mm to 1.01 mm. Previous studies
investigating human VEP reported thickness ranging from 0.2 mm to 0.8 mm [53, 62, 76, 211].
As shown by Mageed et al., the structural properties of the sheep spine is comparable to
human ones in the VEP region [110]. According to Wolff’s law, bone being a highly
vascularised tissue has the ability to remodel in accordance with changes in mechanical
loading. An increase in mechanical loading will produce high strain which influences the
bone cells leading to an increased production of bone matrix, giving thicker and stiffer
bone to withstand the new load [212]. The reverse is also true for decreased mechanical
loading. The differences observed in the thickness of the VEP can therefore be explained by
the different loads experienced at different locations of the VEP. The central VEP for all 6
samples were thinner than their peripheral regions. The nucleus pressure is lower than the
maximum compressive stress experienced by the annulus fibres. Anatomically, this can be
explained by the annulus fibrosus fibres being deeply anchored to the peripheral regions of
the VEP. Rodrigues et al. showed that the fibres split into bundles and sub-bundles before

anchoring into the VEP. The subdivision of the fibres offers a higher interface area which



84 Investigation of the Structure of Sheep Vertebral Endplates and Vertebrae

reduces the shear stress at the disc-bone interface caused by the tensile forces in the fibres
during mechanical loading [69]. Thus, the thicker the VEP layer, the more surface there is
for anchorage of disc fibres and the higher the tensile forces that can be withstood before
disc failure or VEP pullout. Inoue et al. also concluded that the firm anchorage is why these
regions are able to withstand higher compressive strains and shear stresses than the central
region which is underneath the nucleus pulposus of the disc [213]. The fine collagen type II
fibrils of the nucleus pulposus on the other hand, insert into the cartilage endplate, therefore
not requiring a strong anchorage into the bony VEP [48].

Across the 3 spinal levels, the caudal VEPs were thinner than their cranial counterparts.
Compression of the spine is transmitted through tensile forces along the muscles, through the
pedicles to the vertebra. This means that the compressive load increases by intervals at each
pedicle, along the spine. Caudal VEPs to the disc are compressed by the disc above it and by
the muscles attached to the corresponding pedicle. Cranial VEPs are only loaded by their
corresponding discs. This could explain the asymmetry in thickness of caudal and cranial
VEPs, and the higher prevalence of VEP fracture in the caudal side [214, 215]. Furthermore,
the cranial VEPs exhibited higher BMD than the caudal ones, confirming the higher strength
of the cranial VEP as it has been shown previously that bone strength increases with an
increase in BMD, with a correlation of about 80 % [216]. Grant et al. also concluded that the
cranial, or inferior to the vertebra, VEPs are stronger than the caudal ones due to their higher
mineral content [68].

The anterior regions of the cranial VEPs were thicker than the posterior ones. However,
for the caudal ones, the opposite was observed. In the lumbar spine, the anterior sides of the
discs have been reported to be thicker than the posterior ones [207]. This is because during
daily movement, the anterior region withstands the highest torsion and bending. This has
been shown by Xie et al. using finite element modelling, as shown in Figure 3.27 [217]. The
thicker anterior disc provides flexibility to the lumbar spine and the thicker anterior VEP
cranially is required for strong anchoring of the increased density of annulus fibres to prevent
the disc from bulging out anteriorly. The mirrored symmetry in the caudal VEPs can be
explained by the requirement to counterbalance the anchoring of the disc to ensure the disc
is not pulled out from the VEP.
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Fig. 3.27 Hyperelastic finite element model of a healthy human disc under everyday loading
from walking and lifting showing the distribution of the von Mises stress and tissue
displacement. Both show the anterior region experiences the highest stress and displacement
during mechanical loading [217].

Thickness of the VEP was observed to increase from spinal level L3 to L6. The stress
distribution and the size of the vertebral body increase down the lumbar spine, as shown by
Zahaf et al. in Figure 3.28 [218]. This suggests that the VEP therefore needs to be thicker to
withstand the increased load.

Conversely, the BMD was seen to decrease along the spine from L3 to L6. Similar trends
have been reported previously by Wang et al. [62] in cadaveric human spine as shown in
Figure 3.29 but the reason for this trend is still unclear. The BMD ranged from 0.85-1.10
gem ™3 for the cranial VEPs which is higher than 0.39-0.46 gcm 3, reported by Wang et al.
The values for caudal VEPs were also higher in this study, and this could be because Wang
et al. used cadaveric human samples [62]. Furthermore, the differences seen in the absolute
values of BMD in samples from Spine 1 and Spine 2, could be explained by different breed,

nutrition and genetic effects of individual sheep, but the trends observed were the same.
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Fig. 3.28 Distribution of the von Mises stress in the human spine under posterior loading of
15 kg for the nucleus pulposus (NP), the intervertebral disc (IVD), cortical bone (CB) and
cancellous/trabecular bone (Cb) showing increasing stress in the lower lumbar region as
compared to upper regions. [218]
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Fig. 3.29 Graph showing the BMD for cadaveric human VEPs from L1/L2 to L5/S1. The
cranial VEPs have higher BMD than caudal ones and there is a clear trend of decreasing
BMD from L3/L4 to L5/S1 [62].
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The caudal VEPs were more concave than the cranial ones, exhibiting the opposite trend
that has been reported previously in the human spine [60]. This opposite trend highligths the
differences in the curved surfaces of the VEP between bipeds and quadrupeds, as reported
previously by Langrana et al. [219]. The highest curvature is along the anterior-posterior
direction of the VEP surface and this curvature increases along the spine. The area of highest
curvature is likely to be near the central portion of the VEP, but it is not apparent from this
study. Information of the surface curvature of the VEP could inform the design of surgical
implants of the disc, such that an implant will follow the same curvature of the endplate, to
avoid exerting additional compressive strains onto the neighbouring VEPs, or the creation of

localised weak points.

Nutritional Pathway to the Disc

The results showed an inverse relationship between the porosity and thickness of the VEPs.
Porosity refers to the percentage of hole volume of the bone sample, such that higher porosity
allows for more metabolite transport to the disc but reduced mechanical strength [13].

The central regions of the VEP, underlying the nucleus pulposus, have the highest porosity
for all VEPs. This could be explained by the high metabolic activity in the nucleus pulposus
of the discs. The observed trends of the porosity for anterior/posterior regions, caudal/cranial
sides and along the spine from L3/L4 to L5/L6 all follow an inverse trend to the thickness.
A study carried out by Zehra et al. using the caudal and cranial VEPs in human cadaveric
spines showed that porosity depends on thickness which in turn is highly dependent on the
mechanical loading of the spine [13]. They also showed the same trends of central VEP
being thinner and more porous than the peripheral regions. This implies that the thicker
and less porous regions of the VEP offer mechanical strength while the porous and thinner
regions of the VEP allow biochemical exchange to happen with the disc.

Physiologically, the pores in the VEP offer the pathway for the free transfer of water,
nutrients and oxygen to the disc and the removal of waste products, through diffusion and
convection as explained in the Literature Review. The water exchange with the disc ensure
the disc is able to withstand the load-induced pressure by swelling and regaining its original
size during rest. The nucleus pulposus of the disc is the epicentre for biochemical reactions
and has a higher water content than the peripheral regions [19]. Therefore, the higher density
of openings underneath the nucleus pulposus of the disc shown in this study could be related
to the increased exchange of nutrients at the central region of the disc. Furthermore, these
pores could also be hosting the ends or "buds" of blood vessels, which cannot be visualised

on the micro-CT images. This will be explored in more detail in Chapter 4.
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3.4.3 The Epiphyseal Ring

The thickness of the epiphyseal ring, also referred to as the apophysis or epiphysial ring,
increases along the spine from spinal level L3/L4 to L5/L6, as shown in Figure 3.23. The size
of the vertebral body has been shown to increase as a result of increasing mechanical load and
tension in the annulus fibres. Hongo et al. found that the caudal epiphyseal ring represented
a more densely packed region of annulus fibres from the disc than their cranial counterparts
[220]. Moreover, they also reported higher tensile strain in the caudal vertebral surface than
the cranial ones. As shown by previous studies [20, 221], the vertebrae widen cranio-caudally
into a trapezoidal shape down the lumbar spine, with the vertebra-disc boundary being larger
caudally, which could explain the larger ring area in the caudal VEP than the cranial ones as
an attempt to sustain the mechanical strains. The results from this study also showed these
structural differences between the ring size in caudal and cranial surfaces. Furthermore, the
increase in the size of the ring down the spinal levels was seen to be larger in the caudal VEPs
than in the cranial ones. This could also be explained by the fact that the vertebra widens into
a trapezoidal shape down the spine, implying the caudal surface of the vertebrae with respect
to the disc will widen at a higher ratio at consecutive spinal levels than the cranial ones. This
would explain why the ring sizes of the cranial surfaces showed smaller incremental increase
than the caudal ones.

The posterior VEP region had the thinnest ring area while the anterior one had the thickest
ring area for all VEPs in this study. The left and right sections also had larger areas than the
posterior ones, although still thinner than the anterior regions, for all VEPs. This could be
explained by the need to provide thicker annulus anchoring to withstand the lateral flexion
of the spine in the anterior regions of the disc whereas the posterior regions already have
additional support by the neural arch ligaments [222]. Furthermore, other structures such as
the facet joints coupled with muscles and ligaments act in conjunction to reduce the stress on
the posterior annulus fibres anchored in the epiphyseal rings. During flexion, ligaments are
stretched to provide stable but limited movement and therefore the posterior annular fires
are unaffected. During extension of the spine, the strain is endured by the anterior region
of the disc fibres and therefore this area of the ring needs to be able to provide additional
strength through dense anchoring. The lateral sections of the ring (left and right sections),
provide lateral flexion of the spine and being only supported by neural arch and surrounding
ligaments, they could be requiring thicker regions for the dense packing of the annulus fibres
[223].

It has been reported that posterior cranial ring region has the highest prevalence of fracture
[224, 225]. The thin ring area coupled with the higher tensile forces and the fewer fibre
attachment of the disc in the cranial area could explain this phenomenon. The epiphyseal



3.4 Discussion 89

ring could therefore be contributing to the overall dissipation of the mechanical stresses on

the disc during everyday loading of the spine and should be further investigated.

3.4.4 The Trabecular Bone of the Vertebra

From the previous sections, it has become apparent that the VEP and the epiphyseal ring
could be playing an important role in dissipating the mechanical strains during loading of the
spine caused by everyday movement. Therefore, they could be providing mechanical stability
to the trabecular bone of the vertebra. The health of trabecular bone not only depends on the
bone mineral density and porosity but also on the architecture of the sponge-like trabeculae,
which is defined by the trabecular separation and trabecular thickness.

The BMD ranged from 1.1 to 1.3 gcm ™3, which agrees with 1.15 gcm™3 reported by Wu
et al. previously for healthy sheep [226]. The results in this study showed that the BMD of the
trabecular bone increased along the spine, which is the opposite trend recorded for the VEPs.
As the vertebral body size have been reported to increase along the spine due to increasing
loads, the increased BMD of the trabecular bone could be contributing to the resistance
against these increasing loads down the lumbar spine. As explained in Section 3.4.3. there is
a direct correlation between BMD and strength of the bone. Therefore an increasing trend
down the spine implies providing the means to withstand increasing mechanical load.

The BMD of the VEP and of the underlying trabecular bone followed opposite trends,
as shown in the schematic in Figure 3.30. The caudal trabecular bone of level L3/L4 (with
respect to the disc)and the cranial trabecular bone of level L4/L5 are part of the same vertebra,
and Figure 3.25 shows that these 2 samples exhibited BMD values in the same range. This
trend was seen, especially in vertebrae L4 and L5 as samples from both the caudal and
cranial sides of these vertebrae were analysed in this study. Therefore, the BMD of the
trabecular bone of one vertebral body could be uniform throughout the length of the vertebra.
The increasing trend in the BMD of the trabecular bone down the spine could potentially
be explained by the requirement for the trabecular bone within the vertebra to remodel to
withstand the differences in mechanical strength of the VEPs at opposing ends of the vertebral
body. However, the reason behind the decreasing BMD in the VEP and increasing BMD in
the vertebra remains unclear at this stage.
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Fig. 3.30 Schematic showing the representation of the BMD values for cranial, caudal VEPs
and the trabecular bone in the caudal and cranial areas of the vertebra. The colour bar on the
right-hand side shows the colour assigned to each BMD values.

Trabecular porosity was measured to be 58-66 %, which is in the same order of magnitude
as values reported in previous studies, showing a range of 66-69 % for sheep spines [227, 228].
Porous bone does reduce the weight of the vertebra and makes the bone more compliant.
Therefore, it provides flexibility to the lower back, allowing the bone to absorb energy during
impact loading and lighter bone also helps movement of lower limbs [229]. The mean
porosity of trabecular bone did not change with the side of the disc or with spinal level.
This could be explained by the fact that the vertebrae experience uniform strain given the
fact that the VEP and the epiphyseal ring already possess adapted structures to withstand
the different bio-mechanical requirements at different locations in the spine. Furthermore,
trabecular bone in the vertebra is spatially heterogeneous [230], which means that the struts
are arranged in different directions and it has been shown that compressive load on vertebrae
is sustained primarily by the vertical trabeculae, whereas the horizontal trabeculae serve to
prevent buckling of the vertical trabeculae in humans [231, 232]. In the sheep, given the
horizontal nature of the spine in the quadruped but with the loading still along the long axis
of the spine, the opposite is likely to be true. Irrespective of the directionality of the load
bearing struts, the heterogeneous nature of the bone could be the factor withstanding the
different mechanical loads on the vertebrae which would not be detected by the porosity of
the bone only. Further quantitative information about the directionality of the trabeculae
struts, which were not available from the micro-CT images from the current study, could

contribute to the understanding of the bone mechanical stiffness.
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Vertebrae have adapted to a hyperboloid shape such that they are wider at both ends than
the middle section, in order to support the loading cycles of everyday activities [72]. For
a healthy spine, it has been reported that load transfer is carried out primarily through the
trabecular centrum (central part of the vertebra), outwards to the cortical shell of the vertebra
[233]. Further studies have reinforced this theory showing that the size of the vertebral
centrum increases cranio-caudally as the body weight increases [184, 234]. Studies have also
shown that the mid-section of the vertebral body has different properties to the edges, where
there is close proximity with the VEP [235]. The forces exerted by the vertebral discs have
been hypothesised to be mostly attenuated by the VEP and the trabecular bone right next
to the VEP such that it can be assumed that the optimal design of the middle section of the
vertebra is to have few but thick trabecular struts. From this study, the average trabecular
thickness and separation for the vertebral bone were 0.15 £ 0.03 mm and 0.34 + 0.02 mm
respectively, which are in the same order of magnitude but smaller than the values reported
by Kennedy et al., which were 0.24 + 0.02 mm for the trabecular thickness and 0.58 £ 0.09
mm for the trabecular separation of trabecular bone in ewes’ vertebrae [235]. However, the
values from this study showed no significant variation along the spine or between caudal and

cranial vertebrae.

3.4.5 Combined Effects

The 3 main areas identified in this study were the VEP, the epiphsyeal ring and the vertebra.
The fibres of the disc anchor into the VEP as well as the epiphyseal ring. The strength of this
anchoring could be determining the ability of the disc to withstand the biomechanical strains
of daily loading of the spine during extension and flexion. The disc is generally divided into
3 regions, the inner two-thirds and the outer third, as shown in Figure 3.31. The disc fibres of
the outer third region of the disc could be anchoring into the epiphyseal ring while the fibres
from the middle and central third regions would be anchored into the VEP [236].
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Fig. 3.31 Schematic showing the 3 regions of the disc. The disc fibres from the central and
middle third regions are anchored into the VEP while the fibres from the outer third region
are anchored into the epiphyseal ring.

The results from this study suggests that the central region of the VEP provides a thin
and porous barrier to the nucleus pulposus of the disc to allow for water exchange during the
loading-induced swelling of the disc, a nutritional pathway and a flexible layer to allow the
disc to swell and occupy space. Conversely, the results indicate that the peripheral regions of
the disc could be providing a thicker and less porous surface to the disc. This would ensure
proper anchorage of the fibres of the annulus fibrosus to accommodate for the higher tension
experienced by the fibres in this area of the disc. The VEP also showed highest curvature
through the central region, reinforcing the theories of adaptation to provide space for the
swelling of the nucleus pulposus.

The epiphyseal ring provides a thick region anteriorly for the Sharpey’s fibres, which
consist of collagen fibres and elastic fibres from the annulus of the disc, to anchor [237].
The epiphyseal ring would thus enable the spine to twist and bend without the disc slipping
out of place from the edges. The VEP and the ring could therefore be acting together like
a transitional boundary from the soft tissue of the disc and the hard tissue of the trabecular
bone. The disc therefore has to be considered alongside these 3 regions when trying to
understand the function of the disc during everyday loading of the spine, and also when

investigating the onset of physiological failures.

3.4.6 Relevance for Implant Design

A substantial number of disc implants and prostheses are tested in vivo in animal models,
to test for biological and mechanical responses. However, these implants are commonly
designed based on data collected from cadaveric human vertebrae and VEPs [219]. As

expected, this leads to considerable anatomical and biomechanical mismatch which in many
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cases eventually leads to failure of the implants during the animal testing stage. The failure
is not necessarily intrinsic to the implant but could be influenced by the mismatch between
human and animal spines. Although it is crucial to design implants based on data collected
from human VEPs and discs, it is also important to take into account the limitations of
these in vivo tests based on the mismatch with animal models. A better understanding of
the structural and mechanical properties of the VEP in animal models would enable the
mismatch limitations to be factored in, therefore, potentially improving the outcome and the
reliability of these in vivo tests.

Moreover, information pertaining to the curvature of the VEP surface in contact with the
disc will improve adhesion and physical fit of disc implants to the vertebral bone and ensure
a functional interface between the biological host and the implant. Furthermore, taking into
account the mechanical strength of the underlying trabecular bone of the vertebra and the
VEP would ensure that any implant would not cause resorption of the bone or subsidence into
the bone, due to overbearing mechanical loading, or the creation of localised weak points,
during interbody spinal fusion, as discussed in the Literature Review in Section 2.8.

Similarly, an in-depth understanding of the thickness, porosity and BMD of the VEP
will inform the design of future endplate implants, to successfully match the requirements to
withstand the mechanical loading of the spine and to still provide a permeable interface to the
disc. The trends observed from this study for the structural properties across the VEP surface,
between caudal and cranial VEP and along the spine from L3 to L6 are also crucial to take
into consideration. Implants for the VEP will therefore have to be tailor-made, depending on

where exactly in the spine they are being designed for.

3.5 Conclusions

This study used the micro-CT for the visualisation of the architecture of the VEP at very
high resolution. For the first time, VEP samples from the same spine were simultaneously
categorised based on their spinal level (L3 to L6), the side of the disc they were attached
to (caudal and cranial) and the spatial region of the disc they were connected to (central
and peripheral). Clear differences were observed in terms of thickness and porosity of the
VEP, depending on their location. The differences in the curvature of the VEP surface were
clearly identified. This study is also the first to have characterised the size of the epiphyseal
ring alongside the VEP at different spinal levels, to the best of the author’s knowledge.
Furthermore, the reconstructed images were used for the structural characterisation of the
VEP, quantifying the thickness, porosity, BMD and curvature. The bone quality of the

underlying trabecular bone in the vertebrae were also assessed, in terms of the porostiy, BMD
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and trabecular thickness and separation. Given that all 54 samples were harvested from the
same sheep spine, 18 more samples from 2 VEPs of a second spine were used to assess spine
to spine variability of the observations. This showed that some of the trends were statistically
relevant but some require further repeats before making conclusive remarks. The results
sugges that the structural properties are associated with the mechanical loading of the spine
and the biophysical demands of the disc, to enable the VEP to carry out its 2 main functions
of providing mechanical rigidity and a nutritional pathway to the avascular disc. The findings
of this study could also guide disc implant design for the purpose of in vivo animal testing.

This study showed that the healthy VEP has a unique structure which could be a result of
adapting to the mechanical loading it is subjected to, as part of one of its main roles: providing
mechanical stability. The second role of the VEP, providing a nutritional pathway to the
disc will be investigated in more details in the next Chapter. The conflicting biomechanical
requirements the VEP has to balance make it vulnerable to damage and thus reinforce the
theory that the VEP is prone to damage, which could be leading to disc degeneration and

therefore, back pain. The pathological onset of degeneration will be investigated in Chapter
5.

Key Points

The main findings from this chapter can be summarised as shown below:

* The central regions of the VEP were thinner and more porous than the peripheral ones.

* The cranial VEPs were thicker, less porous, less curved and had higher BMD than the
caudal VEPs.

* The anterior regions of the VEP were thinner and more porous on the caudal side.

* Along the spine from L3 to L6 the thickness of the VEP increased but the porosity and
BMD decreased.

* The epiphyseal ring is thickest in the anterior region of the vertebral surface and
thinnest in the posterior region, providing higher packing density of the disc fibre in

the anterior region.

* The trabecular bone of the vertebra showed increasing BMD along the spine, but no

changes were observed in the average porosity, trabecular separation and thickness.



Chapter 4

Qualitative and Quantitative Analysis of
the Nutritional Pathways in the Endplate

4.1 Introduction and Relevance

As discussed in the Chapter 2, the prevalence of low back pain has been closely linked
with intervertebral disc degeneration and that this is associated with inadequate or hindered
nutrient supply to the avascular disc [3, 238]. The main nutritional pathway to the disc is
through the canal network present in the vertebral endplates (VEPs) [168]. Although changes
to the structure of the VEP or the canal network will have direct impact on the disc health,
the topology of this network is still poorly understood.

The presence of the canal network and vasculature within this region has been observed
using scanning electron microscopy and vascular tracers [63, 239]. However, it is unclear
whether all the canals are filled with blood vessels, how the blood vessels are organised
within these canals, and specifically, how they terminate at the disc interface.

This chapter aims to image and characterise the topology of the canal network at different
locations of the VEP. The work in this chapter also investigates the presence and endings of
blood vessels in the canals. Having a clear understanding of the architecture of the canal and
their interaction with the blood vessels will provide a comprehensive picture of the nutritional

pathway to the disc in its healthy state.

4.2 Materials and Methods

The 54 samples used were the same as in the previous chapter, excised from one mature
sheep spine, at 3 spinal levels (L3 to L6), on both sides of the disc (cranial and caudal) and
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each VEP was divided into 9 distinct regions (V1 to V9). From the second mature spine,
18 samples were used, V1 to V9 from the cranial and caudal VEPs of level L4/L5 to assess
spine to spine variability of recorded trends.

Firstly, the structure of the 3D network was qualitatively characterised to elucidate the
architecture and the endings of the blood vessels into the disc. Secondly, the topology of
each canal was analysed quantitatively so as to make conclusive remarks on the trends of the
network’s architecture.

Furthermore, 4 vertebrae from spinal levels L3 to L6 of a cow tail (aged 24 months),
sourced from the animal farm of the University of Exeter, were also used as part of the

qualitative assessment of the structure and content of the canal network in the VEP.

4.2.1 Qualitative Analysis of 3D Canal Network
3D Rendering of the Canal Network

The reconstructed images of the samples following the micro-CT scanning from the previous
chapter were loaded into Simpleware ScanlP software (Synopsys) to create 3D rendered
images of the 3D canal network inside the VEP. The region of interest was defined such that
only the VEP was selected from the reconstructed images as shown in Step 1 of Figure 4.1.
The images were then thresholded from 80-250 to create a mask of the bone only. The mask
was then inverted to show the network of the "empty" spaces. The network was smoothed to
remove noise while preserving the features of the mesh using a Recursive Gaussian filter for
better visualisation and comparison between the different categories of the VEP. The flood fill
function, which determines the area connected to a given node in a multi-dimensional array,
was then used to ensure all the canals were connected to each other in the mask, eliminating
stand alone holes and pores. This process is summarised in Figure 4.1.
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Fig. 4.1 A step by step illustration of how the canals network are visualised from the VEP.

The reconstructed image of the VEP scan is loaded into Simpleware. A mask is created of

the bone by thresholding the bone with respect to the background. The mask is inverted to

show the canal network which is then smoothed using a Recursive Gaussian filter and noise

is pruned out using the remote island removal function. Finally, a flood fill function is used
to ensure all the canals are connected to form the 3D network observed.

Histology

The V5 samples were scanned in the micro-CT, fixed in formalin and sent to the Norwich
Research Park Biorepository for histological analysis where the samples were then decalcified
in 4% ethylenediaminetetraacetic acid (EDTA) and embedded in paraffin. Thin slices were
sectioned and stained with hematoxylin which stains cell nuclei blue, and eosin which
stains the extracellular matrix and cytoplasm pink. Other structures, depending on their
compositions appear as combinations of these colours. Histological analysis was carried
out to provide a general overview of the soft tissue’s structure attached to the boundary of
the VEP. The stained slices were then imaged by author with the assistance of Mr. Tom
Marjoram MBChB MRCS FRCS, using a ZEISS Observer Z1.
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Photoacoustic Imaging of Blood Vessels

A pair of cranial and caudal VEPs from the spinal level L4/L5 from a sheep spine was
separated by cutting through the soft tissue of the disc as shown in Figure 4.2. The red circles
show the area of focus for the laser for imaging. The 2 whole surfaces of the VEPs were sent
to the Bohndiek group at the Cancer Research UK Cambridge Institute, Cambridge. The

samples were embedded and imaged with the assistance of Lina Hacker, a PhD student in the

Bohndiek group.
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Fig. 4.2 Schematic showing the 2 VEPs used for the photoacoustic imaging. The VEPs were
the cranial and caudal ones to the disc at the L4/L5 level of a sheep spine. The red dotted
lines show the area of focus of the laser in the central region of the VEP.

The samples were imaged using the Raster Scan Optoacoustic Mesoscopy (RSOM)
system (RSOM Explorer P50, iThera Medical GmbH). In the RSOM, laser light is generated
by a 532 nm laser and delivered through a customized 2-arm fibre bundle (spot size: 3.5 mm
x 5 mm). Optoacoustic signals are detected by a spherically focused LiNbO3 detector (center
frequency: 50 MHz; bandwidth: 10-90 MHz; focal diameter: 3 mm; focal distance: 3 mm;
f-number: 1). The recorded data are amplified by a low noise amplifier of 63-dB gain. The
scanning head is attached to 2 motorized stages.

Images were acquired over a field of view of 12 x 12 mm (step size, 20 um) at 85 % laser
energy and a laser pulse repetition rate of 2 kHz. The scan head was coupled to the sample
surface by an interchangeable water-filled (2 ml) interface. For coupling of the sample to the
interface, phosphate buffered saline was used. The acquired imaging data were reconstructed
by the author using a beam-forming algorithm, which models the sensitivity field of the

focused detector and generates 3-dimensional images.

Lugol Staining

It is challenging to visualise the soft tissues of the vasculature walls on the micro-CT due to

the low X-ray attenuation of non-mineralised tissues. Contrast agents are commonly used



4.2 Materials and Methods 99

to counter this effect. Lugol-based dyes have been shown to be well suited for imaging
soft tissues in bone samples using the micro-CT [240-242]. Therefore, 10 % lugol’s iodine
solution (VWR Chemicals) was used for this purpose.

The central region of the caudal VEPs, identified as V5 previously, were shown to be the
most porous in the previous chapter. Therefore, the V5 samples from the 3 pairs of caudal
and cranial VEPs, from the spinal levels L3/L.4, L.4/L5 and L5/L6 from the previous chapter
were used in this lugol study. They were fixed in 10 ml of 10 % paraformaldehyde, then
soaked for 72 hours in excess solution of the prepared lugol solution on a shaker at 500 rpm.
The samples were then washed in distilled water and imaged using micro-CT at pixel size 4.5
um, with the same scanning settings and image reconstruction as described in Section 3.2.2.

The reconstructed images were loaded into the CTAnalyser software. A 3D analysis
process of the canal openings was carried out, using the Trabecular Separation technique
to create a file with images of the holes as opposed to the bone. These files were loaded,
alongside the original micro-CT files, into CTVox to create 3D rendered images of the
internal structure of the samples. The colours and the transparency were optimised, based on

a "scout scan", to isolate and image the soft tissues in the canal network.

Lugol Perfusion of Cow Tail

In order to investigate the closed system of blood circulation connecting the rest of the spine
to the VEP, a tracer was used to perfuse a whole bovine tail sample. This experiment was
carried out at the Physics Department at the University of Exeter with the assistance of
Ellen Green and Fay Manning. The bovine tail used in this study was investigated shortly
after slaughter, before the onset of blood clotting. The main artery (median caudal) in the
tail was immediately cannulated after excision and flushed through with PBS and heprin
solution. The main vein (median caudal) was similarly cannulated and the flushing procedure
was carried out until the fluid exiting the vein was clear. A syringe was then attached to
the arterial cannula and the 10 % lugol solution was slowly injected into the system. The

injection was stopped once the visible soft tissue underlying the tail skin appeared brown.
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» Cannula

Tail muscles contained
within fascia

; Median caudal vein
Median caudal artery

Skin removed till
vessels attainable

Fig. 4.3 Schematic of the bovine tail with the skin peeled back, far enough to expose the
median caudal vein and artery which were cannulated and secured with surgical thread [243].

The 4 vertebrae, from spinal level L3 to L6, were separated by incision through the discs,
wrapped separately and frozen at - 80 °C. This provided 4 pairs of caudal and cranial VEPs.
Using a Leica light dissection microscope fitted with a Mako camera (WILD M10 G231C
IRC PoE), wide fields images of the disc over a range of magnifications were taken by the
author. Layers of the discs, 2 mm thick, were then carefully sliced off using a scalpel to
image the endings of the canals from the VEP. The frozen samples were then transported
to Cambridge and imaged as a whole VEP using the micro-CT with the same settings as
described in Section 3.2.2.

4.2.2 Quantitative Analysis of 3D Canal Network
Canal Openings Analysis

The porosity analysis carried out in the previous chapter gave an indication of the porosity
across the whole thickness of the VEP. This porosity refers to canals which eventually end
at the VEP-disc boundary, appearing as holes, or canal openings. An analysis of the canal
openings distribution on the uppermost surface of the VEP, at the boundary with the disc,
would indicate the ease of biochemical exchange at the boundary between the VEP and the
soft tissues of the cartilage endplate and the disc.

The reconstructed images from the 54 samples were loaded into the CTAnalyser software.
A pore analysis was then carried out using the Individual Object Analysis in 2D function.
For each sample, the topmost 5 image slices were used to calculate average values and the
associated standard deviation. This analysis measures the number of openings. The openings
per unit area was then calculated as the ratio of number of openings to the surface area of the

VEP surface. This was repeated for the 18 samples from the second spine.
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The major and minor diameters of each opening were also measured to provide insight
into the cross-sectional shape of the openings and to compare with the size of blood vessels.
The major diameter is defined as the distance between the two furthest pixels in the openings.
The minor diameter is defined as the longest chord through the opening that can be drawn in
the perpendicular direction to the major diameter. The aspect ratio was then calculated as the

ratio between the major diameter and the minor diameter.

Centreline Analysis

The masks of the canals created in Section 4.2.1. for the 54 samples were used to quantify
and compare the structure of each canal. This analysis was repeated for the samples from the
second spine. The Simpleware software creates a network of centrelines, lines that run in the
middle of each canal with a node at each extremities and at junctions where the canal splits
into more than one branch. The canals were then manually pruned to ensure nodes were not
inserted in the middle of single lines and to remove loops and incongruent lines.

The length, best fit diameter, orientation with respect to the normal of the VEP surface
and vertical position of each line segment between 2 consecutive nodes were measured.

However, the data for each line segment does not clarify the structure of individual canals.
The line segments making up the structure of each canal were therefore joined together
using a python model created with the assistance of Malavika Nair from the Department of
Materials Science and Metallurgy in Cambridge, as shown in Figure 4.4. The model loops
through each segment sharing a single node, performing a pair-wise comparison of the angle
between each segment of interest and the adjoining lines at the given node. A connection was
made between two line segments where the spread between segments were characterised by
the smallest angle. Self-intersections were avoided by ensuring that the tolerance for angles
between the segment and line were greater than 1°.
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Fig. 4.4 Schematics showing an example of line segments that can be joined together by the
python model to create the full canal they represent. The original 5 line segments created
from the centerline analysis with their corresponding nodes are shown on the left. After the
application of the model, canal A was identified by joining line segments 1, 2 and 3 from the
originals, but 4 and 5 still remained as isolated line segments. Therefore the line segments 1,
2 and 3 were parts of the same canal.

The angle between 2 line segments were characterised as shown in Equation 4.1, as the
inverse cosine of the scalar product of the unit vectors of the 2 line vectors such that 6;;
always lies between O °and 180 °. The model calculated the angle between each of the line
segments at a node and joined the two with the smallest angle between them. Figure 4.5
exemplifies this with line segments 1 and 2 joined together post processing. Starting from
segment 1, at the node, the angle 6, is smaller than both 63 and 6,3. The pair 1 and 2
therefore are joined together to form a canal.

0;j = arccos(V;.V;) 4.1)

Fig. 4.5 3 line segments with their corresponding vectors are shown (left) with the
corresponding angles (right). 6,; being the smallest angle would mean that the model will
join line segments 1 and 2.
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Categories of Canals

The canals were classified into different categories depending on their start and end points,
their orientation with respect to the VEP surface’s normal direction, and their diameters. A
schematic diagram summarising the categories of canals is shown in Figure 4.6. Canals were
firstly separated into 2 groups, those starting at the surface of the VEP and those starting in
the middle of the VEP layer. Canals starting in the middle of the VEP layer, were subdivided
depending on their orientation with respect to the normal of the VEP surface. Canals in
the range of 70 °- 110 °to the VEP normal were labelled as "Transverse". Following a
comparison of the datasets produced in this study with pre-existing classifications of the
larger transverse canals in the literature [131], transverse canals with diameter larger than
0.24 mm were classified as "Large Transverse" canals, that is the cut off radius R, s was
0.12 mm. For all canals, their end positions, either back to the VEP surface where their start
position were, or in the middle of the VEP layer, or at the trabecular boundary, would also
play a role in their classifications. A summary of the criteria for each classification is shown
in Figure 4.7. For each category, a breakdown of the parameters in terms of length, diameter

and orientation were then compared.
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A: Surface to Surface
B: Surface to Middle
C: Surface to End

D: Transverse Middle to Middle

E: Transverse Middle to End

F: Transverse End to End

G: Large Transverse Middle to Middle
H: Large Transverse Middle to End

I: Large Transverse End to End

J: Longitudinal Middle to Middle
K: Longitudinal Middle to End
L: Longitudinal End to End

Fig. 4.6 Schematic showing the different categories of canals. The pink strip represents the
boundary of the VEP with the disc, which is referred to as the Surface. The blue strip
represents the boundary of the VEP with the vertebra and is referred to as the End. The

white strip in the middle is the VEP.
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4.3 Results

4.3.1 The Canal Network

Figures 4.8 and 4.9 are the representative masks of the anterior V2 section of the caudal
VEP from the L4/L5 spinal level. The VEP showed small canal openings distributed along
the boundary of the VEP and the disc, which is shown as the empty upper layer space in
Figure 4.8. The openings in the transverse slice A are seen to be much smaller than the large
pores present in the underlying trabecular bone, shown in slice B. From a side view, the
hole can also be seen to be distributed throughout the thickness of the VEP in the zoomed in
region C. These canal openings do not exist in the trabecular bone in the vertebra, as shown
in the region D, instead they are separated by large porous structures, characteristic of the
sponge-like trabecular bone.
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Fig. 4.8 The bone mask of V2 sample from caudal VEP of level L4/L5 shows the disc space,
represented by the empty space, the VEP and the trabecular bone of the vertebra. From the
ROI at the top, transverse slice A shows the distribution of well-defined openings in the VEP.
Slice B shows the trabecular bone in the vertebra separated by large openings. The ROI at
the bottom shows the side view and 2 zoomed in areas: C shows the openings distributed
across the whole depth of the VEP and D shows the larger pores of the trabecular bone.

When the mask is inverted to show the "empty" spaces, as shown in Figure 4.9, the canal
network becomes visible as shown by slices A and C. The openings can therefore be seen to
be connected into a complex 3D network, branching from the trabecular bone and sprouting
into the canal openings at the disc boundary.



108 Qualitative and Quantitative Analysis of the Nutritional Pathways in the Endplate
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Fig. 4.9 The inverted bone mask of V2 sample from caudal VEP of level L4/L.5 shows the

disc space, represented by the filled top layer, the VEP space and the trabecular space of the

vertebra. From the ROI at the top, transverse slice A shows the canal network connecting the

openings present in the VEP. Slice B shows the large trabecular spaces in the vertebra. The

ROI at the bottom shows the side view and 2 zoomed in areas: C shows the how the network

connects the trabecular spaces and open up into the disc and VEP boundary and D shows the
larger trabecular spaces of the trabecular bone.

Figure 4.10 shows the transverse masks of the canals of samples V1 to V9 of the caudal
VEP at the L3/L4 level. The central region of the VEP, represented by region V5, had the
highest density of canals. Most of the canals lie parallel to the disc and run in concentric
directions, as shown in regions V1, V3, V7 and V9. Similar observations were made for all

VEDPs, irrespective of spinal level or side of the disc.
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Fig. 4.10 The schematic at the top shows the locations of V1 to V9 on the VEP surface and
the white squares represent the regions of interest for which the canals are being shown. The
transverse sections of samples V1 to V9 for caudal VEP at L3/1.4 level are showing the
architecture of the canal networks. The central region, V5, has the highest density of canals

and most of the canals are seen to run in concentric directions, parallel to the disc. The

square surface of each region represents an area of 4 mm?.

Given that the central region of the VEP is the most dense with canals and where most
biochemical exchange happens with the disc [125], the V5 samples from all 6 VEPs were
compared, as shown in Figure 4.11. Moreover, the V5 samples from the second spine are
also included, shown in green. Comparing the caudal VEP at levels L3/L.4 and L5/L6, it was
apparent that the density of canals is lower in the latter. From spinal level L3/L.4 to L5/L6,
the density of canals appeared to decrease. Most of the canals lie parallel to the disc and run
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in circular directions around the central point of the disc. However, visually, it was hard to

make any conclusive remarks on the trends of the canal network at this stage.

Cranial VEP x X
Caudal VEP

A ‘ X
) ;.. j \"\} -h'§:|f‘.‘ \

§

L3/14

L4/L5

L5/L6

Fig. 4.11 The schematic at the top shows the location of the cranial and caudal VEPs at
specific spinal levels and V5 is the sample being shown here, with the red box showing the
region of interest. The canal networks in the central region of VEPs, V5, are compared at
different spinal levels, sides of the disc and from 2 spines. The networks in blue are from
Spine 1, the ones in green are from Spine 2. The regions are all densely populated with
canals running parallel to the disc. The patchy regions are due to the uneven surface of the
VEP boundary with the disc. The square surface of each region represents an area of 4mm?.
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4.3.2 Blood Vessels in the Canal Network
Histology

Histology of sample V5 from the cranial VEP of level L4/L5 from the second spine revealed
3 distinct regions of soft tissues that are not seen on the micro-CT scans, as shown in Figure
4.12. These are the calcified cartilage, the cartilage endplate and the disc fibres. A comparable
slice from the reconstructed CT images of the same sample can be seen on the right hand
side. There is no clear distinction between the bone endplate and the calcified cartilage in
the latter. The measured thickness of the visible VEP in the micro-CT image was 0.73 +
0.11 mm and from the histology image, the bony endplate region and the calcified cartilage
were 0.87 £ 0.27 mm in thickness. So it can be assumed, from the thickness comparison
and the lack of visualisation of 2 types of greyscales in the VEP on the micro-CT, that the
micro-CT images only showed the bony endplate region and the calcified cartilage layer was
not imaged in the CT scans.

Disc Fibres
Cartilage endplate
Calcified Cartilage

Bony endplate

Trabecular bone

Fig. 4.12 Left: Histology slide of sample V2 from the cranial VEP of level L4/L5 of Spine 2
showing 3 distinct regions of soft tissues. the calcified cartilage layer, the cartilage endplate
and the disc fibres, in addition to the bony endplate and the trabecular bone from the
vertebra. Right: Reconstructed micro-CT image of a similar slice from the same sample
showing only the bony endplate region, in comparison to the image on the left.

Lugol Staining

Lugol solution was used in an attempt to make the content of the canal network visible in the
micro-CT scans. As seen in the V5 sample from the cranial L4/L5 sheep VEP in Figure 4.13,
the big green pores show the bone marrow stained with lugol inside the trabecular spaces as
the bone has been made to appear transparent. The canal network in the VEP can also be
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seen poking out of the VEP boundary with the disc. The individual canals can be seen to

emerge from the boundary, into what appears to be a bud-like structure.

Soft tissue

Bony Endplate

Vertebral body

> 500 um <

Fig. 4.13 CTVox 3D rendered images of the canals and the trabecular spaces shown in green
from the V5 sample of the cranial L4/L5 sheep VEP. The bone has been made transparent
and the disc is shown as the red haze. The canals can be seen to be filled with dyed soft
tissue originating from the bone marrow and ending into bud-like structure, emerging out of
the VEP boundary with the disc. The dotted white outline shows a close-up canal emerging
out of the VEP surface.

This is also shown in Figure 4.14. From a top view of the VEP, several small green bumps
can be seen poking out of the bone into the red haze which represents the disc. Therefore, the
openings that were seen in the VEP boundary in Figure 4.8 are not empty holes and do not
contain disc fibres descending into the bone. They appear to be filled with soft tissue, which
could be blood vessels, lymphatic vessels or bone marrow, originating from the vertebra and
ending into bud-like structures near the disc surface.

>500 um <

Fig. 4.14 A top view of the CTVox 3D rendered images of the canals and the trabecular
spaces shown in green from the V5 sample of the cranial L4/L5 sheep VEP. The bone has
been made transparent and the disc is shown as the red haze. Several buds can be seen
emerging out of the VEP boundary with the disc and the white circles show 2 of these buds.



4.3 Results 113

Cow Tail Perfusion

The cow tail was injected with lugol solution to test whether the bud-like structures are filled
with blood vessels. The penetration of the stain was assumed to be successful given that
the inner side of the tail skin showed the blood vessels filled with the yellowish-brown stain
when the tail was skinned, as shown in Figure 4.15.

Fig. 4.15 Photograph showing the inner side of the skin of the cow tail post removal. The
yellow-brown stains, shown by the white arrows, show the successful penetration of the dye
through the small blood vessels on the outer extremities of the tail.

As shown in the top view of a dissection image of the cranial VEP surface from L5 with
most of the soft tissue of the disc cut off in Figure 4.16, there are several small reddish-brown
spots observed. The spots appear to be filled with a reddish-brown fluid which could either
be blood or lugol solution. However,the blood in the whole tail was washed out extensively
before the start of the experiment and given the timeframe, it is likely that blood would have
clotted by the time of imaging and not still be in liquid form. Therefore, the canals appear to
be filled with the lugol dye.

Using a scalpel, 2 mm of more soft tissue was cut off to expose more of the bud-like
structures, as shown in Figure 4.17. The white arrowheads in slices B and C showed the
presence of a potentially transverse flowing canal, appearing to be thicker than the canals

emerging at the surface, underneath the VEP surface, also filled with a reddish fluid.
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Fig. 4.16 The red square shows the central region of the VEP surface which is shown as a
close-up in slice A. A: Top view of the cranial VEP surface from L5 with the disc excised,
viewed in the dissection microscope. Some of the nucleus pulposus can be seen as the white
fibres at the centre of the image due to the uneven VEP surface. B: Close-up of the black
dotted rectangle in slice A, at 16x magnification showing the dots. C: Close-up of the yellow
dotted rectangle in slice A, at 80x magnification showing the dots do not look like clots but
filled with a liquid.

Fig. 4.17 A: Top view of the cranial VEP surface from L5 with an extra 2 mm of the disc
excised, viewed in the dissection microscope. B: Close-up of the black dotted rectangle in
slice A, at 16x magnification showing the dots. C: Close-up of the yellow dotted rectangle in
slice A, at 80x magnification. The white arrowheads in slices B and C show the presence of
a transverse thicker canal filled with reddish fluid underneath the upper surface of the VEP.
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The cow tail samples were loaded in the micro-CT and the scan of the whole caudal
VEP from L4/LS5 is shown in Figure 4.18. In the transverse image of the VEP surface, the
openings can be seen, however the image appears to be slightly blurry due to the lugol dye
interfering with contrast. The soft tissue in the canals cannot be seen in the micro-CT, they
still appear as "empty" spaces. Similarly for the trabecular bone in the vertebra underlying
the VEP, as shown in Figure 4.19, the internal soft tissues appear as "empty" spaces. The
lugol dye failed to stain the tissues enough to create contrast with the bone in the micro-CT.
The presence of growth plates were also seen in the vertebral bodies.

Fig. 4.18 The 3 orthogonal views of the caudal VEP from L5 with the underlying trabecular
bone is shown to have a distribution of small openings. However, the openings appear
"empty", implying the dye was not strong enough to create contrast with the bone. The

outlines of the openings are less well defined due to interference of the dye with contrast.

The red lines show the location of the transverse slice, the green line shows the coronal slice

and the blue line shows the sagittal slice. The white arrows show the presence of growth
plates.
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Fig. 4.19 The 3 orthogonal views of the trabecular bone in the underlying vertebra of the
caudal VEP from L5 show the open pores of the trabecular space. However, the openings
appear "empty", implying the dye was not strong enough to create contrast with the bone.
The outlines of the openings are less well defined due to interference of the dye with contrast.
The empty space in the middle of the vertebra is loss of pieces of bone material from the
sectioning of the samples. The red lines show the location of the transverse slice, the green
line shows the coronal slice and the blue line shows the sagittal slice. The white arrows show
the presence of growth plates.

Photoacoustic Imaging of Blood Vessels

The photoacoustic imaging of the sheep VEP showed the presence of haemoglobin, as shown
in red in Figure 4.20. This implies the presence of blood in the canal network of the VEP
layer. However, from the side view, red dots could be seen in the layer where the bony
endplate was but without connecting vessels with the vertebra. Even within the VEP, there
were no continuous vessels imaged, only isolated dots were seen. This could be because the
blood has clotted in the vessels from the cadaveric sheep spine, leading to the imaging of a

discontinuous blood flow in the vessels.



4.3 Results 117

Vertebra

Top view Side view

Fig. 4.20 The white dotted square represents the area of focus of the laser. The top view of

the VEP central region shows the presence of dispersed red dots, showing the presence of

haemoglobin. The side view shows the presences of isolated red dots in the curved central

region of the VEP with no connecting vessels. The white scale bars represent 1 mm in both
orthogonal directions.

4.3.3 Analysis of the Canal Openings of the VEP surface

Figure 4.21 shows the distribution of the number of openings per area for all 54 samples
from Spine 1 and the 18 samples from Spine 2. The central regions of the VEP have the
highest density of openings per area for all the VEPs. The canal openings density per area
also decreases down the spine from L3/L4 level to L5/L6 and at all levels the caudal VEPs
showed significantly more openings than the cranial ones. Samples from the second spine
exhibited the same trends as from the first, with opening density in the same range, as shown
in Figure 4.22.
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Fig. 4.21 Schematic with colour-coded opening density per unit area of each ROI for the 54
samples from Spine 1. The scale bar on the right shows the opening density per area
assigned to the colours. The central regions of each VEP, the higher spinal level L3/L4 and
the caudal VEPs showed higher opening density per unit area than their counterparts.

Cranial to disc Caudal to disc

N “

Fig. 4.22 Schematic with colour-coded opening density per unit area of each ROI for the 18
samples from Spine 2. The scale bar on the right shows the opening density per area
assigned to the colours. The central regions of each VEP and the caudal VEPs showed
higher opening density per unit area than their counterparts.

0 holes/mm?2
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The average major and minor diameters of the openings for each sample from both spines
are shown in Figure 4.23. No apparent trends can be observed, other than the majority of
openings not having a perfect circular shape. Few samples had an aspect ratio of 1.0 for their
openings implying the openings were close to being perfect circles.
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Fig. 4.23 Top Left: The average major diameters of the openings for each sample from both
spines are shown. There is no clear trend in how the diameters vary across different samples.
Top Right: The average minor diameters of the canal openings for each sample from both
spines are shown. There is no clear trend in how the diameters vary across different samples.
Bottom Left: The aspect ratio, ratio of the major to minor diameters, for each sample from
both spines are shown. Most of the openings appear to be in the range of 1.5 to 2.5, except
for a couple with clear to perfect circular shape. Bottom Right: The legend for all 3 graphs.

4.3.4 Quantitative Analysis of the 3D Canal Network

From the centreline analysis of the canal network, the canals were classified into categories as
explained in Section 4.2.2. From the results, across all the samples, no canals were classified
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as "Longitudinal End to End" or "Large Transverse End to End". The prevalence of each type
of the remaining categories can be seen in Figure 4.24. Across all VEPs, the central region
V5 showed relatively higher prevalence of the canals starting from surface of the VEP. This
implies that the canal network has higher concentration of canals that emerge out of the VEP
boundary in the central V5 region. The canals that did not start from the surface are split
between longitudinal and transverse canals. No transverse canals were seen in the last spinal
level of the VEPs and in the other VEPS, they represented less than 3 % of the total canals.

The "Longitudinal Middle to Middle" and "Transverse Middle to Middle" canals were the
most prevalent across all VEPs whereas the "Large Transverse Middle to End", the "Surface
to End" and the "Transverse Middle to End" were the least prevalent. The VEP samples from
the peripheral areas seemed to consist mostly of canals in the middle of the VEP layer, at all
angles, with few large transverse ones and few connecting to the VEP boundaries with the
disc and trabecular bone. No significant trends could be seen between caudal and cranial
VEPs or at different spinal levels from L3/L4 to L5/L6.
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Fig. 4.24 The prevalence of each type of canal as a percentage of the total number of canals
is shown for each region V1 to VO for the 6 VEPs. The 6 graphs represent the 6 VEP
locations with respect to the side of the disc and the spinal level.
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The canals were broadly classified into 3 groups for the purpose of in-depth analysis:
canals starting from the surface, longitudinal canals starting from the middle or the end and
transverse canals starting from the middle or end. For each of these 3 groups, the distribution
of the structural characteristics of the canals: length and radius, were plotted for the samples
V1 to V9 for the 6 VEPs. For the first group, canals starting from the surface of the VEP,
this distribution is shown in Figure 4.25. Across all VEPs, the data showed clustering near
the origin, implying that most of the canals were relatively short and thin. However, the
clusters were seen to be less condensed in the VEPs at lower spinal levels, such that the
distributions of lengths and radii were more varied. The concentration of canals which is
equivalent to the porosity of the VEP sample, has also been shown to decrease from L3/L.4
level to L5/L6 in Figure 3.17 from the previous chapter. The most prominent colour across
all the graphs was purple, showing the data points for central samples V5. The caudal VEPs
also showed an increased presence of longer canals, upto 2.0 mm. which were more sparse in
the cranial VEPs. For the second group, longitudinal canals starting from the middle or the
end, the distribution is shown in Figure 4.26. The canals showed a larger distribution in terms
of radius of the canal, compared to the surface canals shown in Figures 4.25. The canals
also showed a broader distribution of lengths of upto 2.30 + 0.12 mm. For the third group,
transverse canals starting from the middle or end, this distribution is shown in Figure 4.27.
The majority of canals seemed to cluster in the region of small radius and short length, with
varying concentration across the VEPs. The proportion of canals with radii larger than 0.12
mm decreased from spinal levels L3/L.4 to L5/L6, implying the number of large transverse
canals decreased, with none in the VEPs at L5/L6 level. However, there were no large and

long canals in any of the VEPs samples.
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Fig. 4.25 The distribution of the canals originating from the surface of the VEP according to
their length and radius are shown for samples V1 to V9 in each graph. The 6 graphs
represent the 6 VEP locations with respect to the side of the disc and the spinal level.
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Fig. 4.26 The distribution of the canals originating from the middle or end boundary of the
VEP and which were classified as longitudinal canals, are shown for samples V1 to V9 in
each graph according to their length and radius. The 6 graphs represent the 6 VEP locations
with respect to the side of the disc and the spinal level.
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Fig. 4.27 The distribution of the canals originating from the middle or end boundary of the
VEP and which were classified as transverse canals, are shown for samples V1 to V9 in each
graph according to their length and radius. The 6 graphs represent the 6 VEP locations with
respect to the side of the disc and the spinal level.
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Comparing the average values of length, radius and orientation for the 3 main categories
of canals can provide further insight on how they differ in architecture. This comparison was
done for V5 samples from the 6 VEPs as shown in Table 4.1. The large transverse canals
were omitted from this analysis so as not to skew the distribution. The data showed that
the surface canals were almost perpendicular to the VEP surface, and were shorter than the
longitudinal canals but of similar length to the transverse ones. This implies the surface
canals are emerging from the transverse canal network and therefore have similar radius but
shorter. The transverse canals are seen to be quite short, resulting from the samples being
truncated. Across the spinal levels and the caudal/cranial sides of the disc, there were no

significant differences or trends between the data for the V5 samples.

L3/L4 L4/L5 L5/L6
Cranial Caudal Cranial Caudal Cranial Caudal
Length (mm) 03+02 02401  02+£02 02+02 02£02  03+0.2
Surface Radius (mm) 0.05£0.02 0.04+£0.03 0.03£0.03 0.03+0.02 0.03+0.03 0.024+0.02
Orientation (°) 3347 24+6 24+4 20+10 2249 25+9
Length (mm) 0.340.1 0.6+0.4 0.6+0.4 0.7+£04 0.5+0.3 0.5+0.3
Longitudinal Radius (mm)  0.054+0.03 0.03£0.01 0.02+0.02 0.03£0.01 0.04£0.02 0.03+0.02
Orientation (°) 30+10 50+£20 60+£10 40£20 50£20 40+20
Length (mm) 04+02  03+02 04£03 02402 054+04  04+03
Transverse  Radius (mm)  0.044+0.03 0.03+0.02 0.03+0.03 0.03£0.02 0.03£0.03 0.03£0.02
Orientation (°) 80+ 10 90+20 90420 80+9 100£20 91+8
Table 4.1 Comparison of the length, radius and orientation with respect to the normal to the
VEP surface of the 3 main types of canals: surface, longitudinal and transverse, across the
V5 samples from the 6 VEPs. The values shown for each parameter are average values and
the standard deviation.

Canal Type Parameters

4.4 Discussion

This chapter investigated the role of the 3D canal network as a nutritional pathway to the disc.
The results of the qualitative analysis of the canal structure will be discussed first, followed
by the investigation of the terminations of the canals past the VEP boundary, the presence of
blood vessels in the canal network and finally the analysis of the architectural characteristics

of individual canals.

4.4.1 The Structure of the Canal Network

The results of this study showed that the canals in the VEP were all connected into a complex

3D network, originating from the trabecular spaces in the vertebral bone and connecting to
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the openings present in the boundary of the VEP with the soft tissues of the cartilage endplate
and the disc.

The canals, of varying length, sizes and orientations were thinner than the large sponge-
like pores present in the trabecular bone. The canals were seen to end into openings at the
boundary of the VEP and the disc, as shown in Figure 4.9. This network was similar to the
ones reported previously in literature [104, 131, 244]. However, Cao et al. also reported the
absence of canals in the central and anterior regions of the caudal VEPs in their mice samples,
which was not the case in this study [104]. This could be because of the differences in the
maturity of the animal models used in this study and in literature. The blood supply network
might be in its formative stages and therefore not completely established in the early years.
The canals across the VEP surface were seen to be organised in a circular pattern, running
horizontally in the VEP surface surrounding the central region, as shown in Figure 4.10,
parallel to the concentric lamellae present in the annulus of the intervertebral disc, with other
longitudinal canals connecting the canals from the trabecular bone to the VEP boundary at
the disc. Qualitatively, there were no significant differences in the organisation of the canals,
as shown in Figures 4.25, 4.26 and 4.27, however, there was a higher density of canals in the
central region V5 across all the VEPs. Given that the V5 sample is the middle third portion
of the VEP along both the short and long directions of the disc as shown in Figure 4.28, it
can be assumed that the V5 samples are the ones in direct contact with the central region of
the disc, the nucleus pulposus.

The nucleus pulposus of the disc is where most of the biochemical exchange happens
[22], therefore the V5 samples, which had the highest density of canals, are of key importance
and were compared for all the VEPs. In Figure 4.11, the canal network was seen to be more
dense in spinal level L3/L.4 compared to L5/L6. The fewer canals can be explained by the
decreasing porosity in the VEP as explained in Section 3.3, at lower spinal levels. The caudal
VEPs also have higher porosity than the cranial ones, as shown in Figure 3.17 but this was
not apparent from the qualitative data only because of the varying sizes and orientations of
the canals. Canals from the second spine showed similar architecture of the canals at level
LA4/LS.
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Middle Third

Middle Third

Fig. 4.28 Schematic showing the sides of the V5 sample represent the middle third portion of
the VEP surface along both the short and long directions.

After investigating the porosity of the VEP and the organisation of the canals within the
VEP, understanding the opening of these canals at the disc and VEP boundary will provide
the complete picture of the physical space occupied by the canals. Figure 4.21 reinforced
the idea of increased metabolic exchange at the central region of the VEP as the V5 samples
had the highest density of openings per area than the surrounding peripheral regions. The
openings density per area showed a decreasing trend from spinal level L3/L.4 to L5/L6 and
from the caudal VEPs to cranial ones. The VEP from the second spine showed similar values
for number of openings per area for the L4/L5 VEPs, higher than the L5/L6 VEPS but lower
than the L3/LL4 VEPs. These trends agreed with the ones shown for the porosity of the
VEP, therefore there is a correlation between the porosity of the whole VEP layer and the
number of openings at the top surface of the boundary between the VEP and the disc. These
openings are the openings of the surface canals that are emerging out of the VEP boundary
and therefore could either be the pathway for passive diffusion of nutrients and oxygen to the
disc tissues or the canals could be occupied by blood vessels passing through to the other side
of the VEP boundary for active diffusion. This will be discussed further in the next section.

To the best of our knowledge, this study is the first to investigate the canal network across
the whole VEP surface, at 3 different spinal levels and different sides of the disc, in a large
animal model. Cutting the VEP into 9 parts meant that part of the connecting canal network
was lost, but it enabled high resolution imaging of the network.

4.4.2 The Soft Tissues and Blood Vessels in the Canal

Histology showed the presence of 3 distinct layers above the VEP: the calcified cartilage, the
cartilage endplate and the disc, as shown in Figure 4.12. These layers have been identified

previously in different animal models and human cadaveric samples [108, 128, 245].
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The disc, made up of a microfibril network of collagen and elastic fibres that anchor into
the cartilage endplate, can be seen as a darker shade of purple in Figure 4.12. The cartilage
endplate is made of a hydrated proteoglycan gel reinforced by a network of collagen fibrils,
similar to the disc, with little to no mineral [246]. The tidemark, seen as the dark purple line,
separates the cartilage endplate from the calcified cartilage layer which is considered to be a
transition layer from the softer cartilage endplate to the hard bony VEP, as it has a similar
structure to the cartilage endplate but with higher mineral content [58]. The latter was seen
to be separated from the bony VEP by the cement line where there is a change of colour from
pink to purple.

Given that the micro-CT images primarily the hard tissue in the sample, it can be assumed
that the disc fibres and the cartilage endplate were not imaged in this current study. Comparing
the measurement of the thickness of the VEP of a pre-scanned sample with the thickness
of the bony endplate and the calcified cartilage layer confirmed that the calcified cartilage
layer was also absent in the micro-CT images. For the rest of this study it was assumed that
the only layer observed and under investigation in this study is the bony VEP. The canals
observed to be emerging from the VEP boundary could therefore be continuing into either
the calcified cartilage or cartilage endplate layers.

Shu et al. used histology to show blood vessels penetrating into the cartilage endplate of
Merino Wethers Sheep[247]. Therefore, the canals originating from the VEP, through the
boundary, could be continuing till the cartilage endplate, however, the architecture of any
blood vessel in the soft tissues still remains unclear.

The lugol study showed the presence of buds that exist outside of the VEP layer, emerging
through the canal openings identified earlier from the micro-CT. Lugol solution, or potassium
iodide (/>KI), has a high affinity for carbohydrates and polysaccharides in soft tissues [248].
Lugol’s differential affinities for different types of biological tissues would provide different
absorbance values and should therefore provide contrast between the soft tissues in the micro-
CT [240]. The different penetration depth and affinities of the stain enabled the visualisation
of the bone marrow within the trabecular spaces and the soft tissue contained within the canal
network in the VEP, as well as the disc. However, lugol stains blood intensely, according to
literature, and therefore it was hard to differentiate between the blood vessels and the bone
marrow in the VEP and trabecular bone [249]. This could be because the samples were from
frozen sheep spines and from the literature, the best results of vasculature staining were seen
with fresh specimens [248]. Furthermore, the defrosted samples have clotted blood which
would affect the staining time of the blood cells and also block the access of the stain to the
blood vessel walls, making visualisation of the blood vessels less clear. The quality of the

image was grainy and blurry which could be explained by the shrinkage of tissue caused by
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water leaving the tissues to the staining solution due to the osmotic gradient caused by the
stain. The presence of any remnant solution within the bone will also affect the quality of the
micro-CT image.

The stain was injected into the vascular network of the freshly harvested cow tail with
the aim of better staining and penetration of the blood vessels. The reason for using a cow
tail was the relative ease to obtain fresh cow tail, straight after the slaughter of the cow, with
the main arteries of the spine still intact. Therefore, cannulation of the spine section was
easy, to better visualise the complete blood network in the spine especially in the region
of the VEP. As for the sheep spines, the lumbar spine was delivered frozen, with skin and
surrounding soft tissues removed, therefore making cannulation impossible. The stain was
deemed successful given that the inner capillaries of the skin were shown to have been stained,
after removal of the skin. The images taken from the dissection microscope identified some
bud-like structures, matching the expected colour of lugol stained blood vessels. Given
that these images were taken about 6 hours after the time of death of the animal and that
blood starts to clot after the first 5 to 8 minutes [250], it is unlikely that the fluid observed
as buds in the VEP to be remnant blood after the washing procedure. The fluid seen had a
spreading behaviour when the surface was cut, reinforcing the idea that it cannot be blood.
This confirms that the canal network in the VEP is the pathway for blood to reach the disc
and therefore the main nutritional pathway. The shadow of a larger transverse canal was also
imaged in deeper layers of the VEP, however, the central region showed fewer buds than
expected and some regions of the VEP showed no bud-like structures. The reason for this
observation could be the presence of blood clots in the vascular network, not visible in the
VEP, or slow penetration of the stain, which did not have enough time to reach the small
vessels in the VEP.

The micro-CT of the lugol stained samples from the cow tail were unsuccessful in
identifying the blood vessels in the VEPs. The openings in the VEP surface still appeared as
holes, such that the content of the canals were not stained enough to create visible contrast
on the micro-CT scans. This suggests that the concentration of the lugol solution was too
low. The constant perfusion of the stain could also be causing regions of high pressure in the
small vessels, causing them to burst and disrupting the continuous network of blood vessels.
It has also been suggested that staining in steps, with incremental concentration of the lugol
solution can refresh the concentration gradient aiding the absorption of the stain. Given that
the approved and allotted time for this experiment was limited at the host institution in Exeter,
optimisation of this experiment was unfortunately not possible at this time.

The lugol solution experiments have therefore shown the presence of bud-like structures

emerging out of the VEP into the soft tissues which could be part of the loops which
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were reported by Crock and Goldwasser and Oki et al., as discussed in Section 2.6.1. of
the Literature Review [123, 137]. These isolated buds as shown in Figure 4.14 could be
considered as dead ends given the lack of any connections in between them in the soft tissues.
However, blood vessels need to have an inlet and an outlet as blood is finite and needs to
be sent back to the heart and lungs for the next cardiac cycle. Blood cannot just exist in a
bud or pool without being constantly pumped in an out, to avoid formation of clots. Possible
explanations of the bud-like structures are shown in Figure 4.29. The blood vessel could
either be looping in the VEP layer, before reaching into the bud protrusion, or looping inside
the bud, past the VEP boundary. It is also possible that the bud is occupied by a lymph
canal instead. Given that lugol solution has been shown to stain several types of soft tissues
[242, 249], with different extents of absorption of the stain, it can be assumed that if lymph
vessels were present, they would also be stained in this study.

A JULIEIN Buds B
Soft tissue Soft tissue
BV
—
—

Fig. 4.29 Schematic showing potential pathways of the blood vessels and the content of the
bud-like structures. A: The blood vessel (BV) loops within the canal but before the VEP
boundary. B: The BV loops inside the bud, past the VEP boundary. C: The bud is occupied

by a lymph canal with a closed end (LC) instead, with the BV running parallel.

Histology of the sheep VEP with the appropriate vasculature stain would help identify
which of scenarios A or B is true. The presence of vasculature in the calcified cartilage
or the cartilage endplate would identify scenario B as most likely. However, in this study,
the histology lab was unable to acquire the relevant sheep specific stains or antibodies for
vasculature commonly used for the purpose of staining the endothelial cell lining of blood
vessels, such as CD31, CD34, von Willebrand factor [251]. Therefore, it is not possible to
confidently conclude on which of the two scenarios has the highest likelihood.



132 Qualitative and Quantitative Analysis of the Nutritional Pathways in the Endplate

Scenario B would also mean having two blood vessel per bud, such that the hole size
would be twice the size of a blood vessel. Given that the blood vessel in the VEP layer have
been shown previously to be capillaries connected to arterioles and venules, [76, 124], the
comparison of the sizes of the openings measured in this study at the VEP surface can be
compared to the size of these blood vessels. Capillaries have been reported to be 8 um wide,
venules are about 20 um and arterioles are around 30 um [207]. From Figure 4.23, the range
of major diameters of the openings were 22 um to 84 um and from 15 to 46 um for the
minor diameters. The minor diameters of the openings are comparable to the sizes of blood
vessels but the major diameters are considerably larger than only one blood vessel per canal,
so it could imply a blood vessel loop. The aspect ratio of blood vessel lumen have been
reported to be 2.8, exhibiting slight elliptical cross-sectional area, which enables the blood
vessels to withstand the pressure during blood flow [252]. An aspect ratio of 1.0 implies a
perfect circle and a ratio of 3.0 refers to an ellipse. The ratios of the openings in this study
were all in the range of 1.0 to 3.0, with the majority of openings in the range 1.5 to 2.0,
further reinforcing the theory that the majority of the openings might not be occupied by
single blood vessels as the aspect ratios do not match those reported previously in literature.

Scenario C suggests the presence of lymph canals. The lymph network runs in parallel
to the blood network and Rudert and Tillmann reported the presence of the lymphatic
network near the intervertebral discs [124]. However, the distinction between lymph and
blood vessels was not achieved in this study. The lymphatic vessels can have "dead-ends".
As discussed in detail in the Literature Review, they act as a drainage system for waste
materials and water and therefore work alongside the blood flow for normal functioning
of cells. Lymphatic capillaries are the terminal canals of the lymph networks and allow
free movement of interstitial fluid into the lymphatic system. These vessels are usually
intertwined around venules and arterioles of the blood system, in the soft tissue of the body
[253]. It would therefore be plausible for the bud-like structures seen protruding out of the
VEP to be occupied by lymph capillaries. They could be the main pathway for effective
drainage of fluid from the disc during the compression of the spine during daily activities
while the blood vessels would offer oxygen and nutrients through passive diffusion from the
canals running parallel to the surface of the disc. Lymph capillaries also have the ability to
regulate backflow during low pressure situations with their endothelial flaps, which would
play a vital role in the movement of water in and out of the disc during loading. However, the
presence of lymph vessels in the VEP has not been confirmed yet and remains a challenge
due to the complexity of the different types of tissues, and the proximity of the two types of

networks makes differentiation harder.
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From Figure 4.20, it is clear that blood is present in the VEP layer of the sheep spine.
The photoacoustic imaging showed the presence of haemoglobin as red dots in the layer
of the VEP. However, the images do not provide distinction between hard and soft tissues,
therefore it is likely that the red dots shown are present in both the bony endplate and the
cartilage endplate. This confirms the theory that the canals are occupied by blood vessels.
However, the dots were seen to be isolated and no continuous vessels were imaged. There
could be 2 explanations for this. Firstly, given the timeframe for acquiring the cadaveric
sheep spine after the time of death, it is very likely that the blood has already formed clots,
hindering the visualisation of continuous blood flow. Secondly, the resolution of the imaging
tool could be too low to visualise the smaller connecting canals in the VEP. Given that the
resolution of the imaging tool was 10 um and the majority of the canals were seen be larger
than 20 um across the VEPs, even if the smaller canals would not be imaged, the majority of
blood vessels are large enough to be picked up by the imaging tool. Therefore, it is likely
that the reason for the imaging of isolated dots instead of continuous vessels could be the
presence of blood clots. Injecting the spines with anticoagulant agent, such as heparin, to
prevent blood clots from at the time of death of the animal might improve the outcome of the
imaging technique.

In the initial trial for this experiment, the excised V5 sample from the central region of
the VEP was used preferentially as the associated micro-CT image was also available for
comparison purposes. However, very sparse red dots could be seen from the photoacoustic
images. Given that the cutting procedure of the VEP includes a constant stream of water, it is
likely that the content of the canals is also being washed out resulting in the loss of blood
content in the canals. For this reason, a whole VEP surface was used instead to image the
undisturbed vessels. However, this meant the inability to compare the photoacoustic images
with a pre-scanned micro-CT image of the same samples, as a whole VEP cannot be scanned
at the required resolution of 4 um to visualise the vessels.

Summary of Findings on the Blood Vessels and Buds

As summarised in Figure 4.30, the findings from this study showed the presence of bud-like
structures emerging out of the openings on the bony endplate surface into the cartilage
endplate, and the presence of haemoglobin in the VEP. The bud-like structures show that the
holes in the VEP are not occupied by descending fibres from the disc but instead are occupied
by soft tissue protruding out of the VEP-disc boundary. The nature and composition of these
buds are still unclear but several hypotheses have been suggested. The functions of these
buds are hypothesised to provide closer proximity for the disc cells to the blood supply in the

VEP for nutritional exchange. It is also still unclear if all the canals in the VEP are occupied
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by blood vessels, or if lymph vessels are present. The arrangement of the blood vessels in

the canals is also still unclear.
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Fig. 4.30 The schematic shows the summary of the findings from this study of the content of
the canals in the VEP. A: Schematic showing the canal network in the bony endplate with the
ends appearing like buds protruding out of the boundary with the cartilage endplate. B: A
close-up schematic of the bud-like structure shown by the lugol experiments. C: The
presence of haemoglobin within the canals have been shown by photoacoustic imaging,
however it was imaged as isolated dots instead of continuous flowing vessels.

4.4.3 The Individual Canals

Centreline analysis was used to investigate the individual canal of the 3D network in the VEP.
The canals were classified into 3 main groups, those starting from the surface of the VEP
boundary with the disc, the others were further split into longitudinal and transverse ones.
These 3 categories were further split into a total of 12 categories.

The central region of the VEP samples, V5, for the 6 VEPs had higher proportion of
surface starting canals than the other samples, as shown in Figure 4.24, closely followed
by the neighbouring samples V4 and V6. This can be correlated with the higher density
of openings per area in V5 seen in Figure 4.21, such that the canals emerging out of the
VEP boundary are in higher numbers. Biologically, it reinforces the concept that the nucleus
pulposus requires higher rate of biochemical exchange and therefore, an increased number of
surface canals would mean higher volume of oxygen and nutrients exchanged. The surface to
middle canals were the most prevalent ones and they matched the description of canals seen
previously by Crock and Goldwasser [123]. They described these canals as being "sessile
discoid terminations". The surface starting canals were seen to cluster in the region of radius
smaller than 0.05 mm and length shorter than 0.8 mm in Figure 4.25. The opening density
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has been shown to decrease for VEP at lower spinal levels which would explain the reduced
number of canals seen in the surface canals graph in Figure 4.25.

The longitudinal middle to middle and middle to end canals showed the highest prevalence
across all the regions of the 6 VEPs. This represents canals which occupy the central portion
of the VEP layer and run parallel to the direction of the normal to the VEP surface. These
canals showed a wide variation in radius, as shown in Figure 4.26, from very close to zero to
0.10 mm, except for the L4/L5 spinal level. The canals in this category were in a very similar
range of radius as the surface starting canals but majority of the canals were longer in the
former category. This implies that the longitudinal canals are connecting the surface ones
to other canals and to the trabecular spaces in the vertebra while the surface ones are short
protrusions.

The third most prevalent canals were the transverse middle to middle canals. As seen
in Figure 4.27, these canals were seen to have a dispersed distribution of the lengths of the
canals but smaller distribution of radius. These canals match the description of the capillary
bed reported in literature, which runs in concentric circles perpendicular to the VEP surface
normal, made up of canals of varying lengths but small range of radii [104, 123]. The
prevalence of transverse canals with a radius larger than 0.12 mm was very low, and absent
in the L5/L6 level. However, the large transverse canals seen in this study were associated
with short lengths. This contradicts previous reports, which showed the presence of long and
large transverse canals which represent the veinous draining canal for the blood system [131].
One of the reasons for this discrepancy could be the immature nature of the rabbit samples
used in literature compared to the mature sheep model used in this study. Furthermore, the
VEP was cut into 9 separate samples in this study, which would lead to a proportion of the
canals to be sectioned or broken. Similarly, the region of interest used for the application of
the centreline analysis also added a limiting factor to the consideration of whole canals.

The aim of characterising the individual canal structure was to add a different dimension to
the porosity of the VEP and therefore further understand the permeability of the VEP. Several
types of canals were identified, specifically the 3 main ones showed different topologies
and prevalence but architecture of the individual canals appeared to be independent of the
location of the VEP, based on the data shown in Table 4.1 within the limits of biological

variability.

4.4.4 The Role of the Canal Network as a Nutritional Pathway

The results from this study identified the canal network in the VEP, the presence of bud-like
protrusions past the VEP boundary and the different topologies of the canals. However, the
role of the canal network as a nutritional pathway is still unclear.
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It is known that the disc needs oxygen and nutrients and needs the drainage of waste
material. The main pathways for this are through the blood vessels surrounding the annulus
of the disc but mainly through the VEP to the vertebra. The presence of the canal network
supports this concept. However, the exact mechanism and pathway is unclear. Potential
mechanisms could be active or passive diffusion processes, as discussed in Section 2.6.1. of
the Literature Review, from the nearest source of blood flow, in this case in the VEP layer.

The previous sections explored the potential ways the blood and lymph networks could
be occupying these buds and providing the pathway for passive diffusion across the thin
walls of the capillaries or the open-end of the lymph canals. Ayotte et al. used fluorescent
dye to show that fluid flow to the disc followed the path through the canal network in the
VEP, through the openings at the surface [151]. However, the tracers have the ability to
diffuse out of the the blood vessels to the disc and therefore the tracers were not indicative of
blood vessels path. This could provide a different theory, whereby the bud-like protrusion
seen in the current study are not occupied by blood vessels but instead are occupied by
blood marrow extending from the trabecular spaces of the vertebra and provide a medium
for the diffusing solutes. The lugol injection done in this study was unable to elucidate
this because the lugol molecules are too large to pass through capillary walls, making it
ideal for blood vessel staining, but it cannot identify the path of the nutrients which diffuse
from the blood vessels. However this implies a longer distance for solutes to diffuse across.
In contrast, the bud-like protrusions are closer to the anchoring fibres of the disc, making
the diffusing distance relatively shorter and the diffusion process more efficient. Further
histological analysis and staining investigations should be carried out to test the potential
pathways suggested from the findings of this study.

The porosity and the density of the openings at the surface of the VEP sample changed
depending on the location of the VEP with respect to the disc and the spinal level. Although
the density of canals changed, the proportion of each type of canal and the architecture of
individual canals of specific categories do not change considerably at different locations
of the VEP. Furthermore, the experimental methods developed in this study can be used
to investigate the effect of age and pathological degeneration on the canal network and the
topology of the canals.

4.5 Conclusions

This chapter aimed to elucidate the role of the VEP as a nutritional pathway to the disc.
This was carried out in 2 parts: the qualitative analysis of the 3D canal network and the

quantitative analysis of the individual canals and their openings.
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The canal network was successfully isolated and imaged for all the regions of the VEP
surface, at different spinal levels and different sides of the disc. The individual canal analysis
showed 3 main types of canals, originating from the surface, transverse and longitudinal
canals with different functions and characteristic properties but these properties and the
prevalence of the canals were not dependent on the VEP location and spinal level. The only
exception being the higher prevalence of surface canals in the central region of the VEP.
The density of openings per area on the surface of the VEP showed correlation with the
porosity of the VEP layer. The V5 samples, directly opposite the nucleus pulposus of the
disc, showed highest porosity and number of openings and highest prevalence of the surface
starting canals, reinforcing the concept of increased rate of metabolic exchange in the central
region of the disc. The capillary bed reported previously in smaller animal models was also
successfully imaged, as the transverse canals of varying lengths and longitudinal canals were
also identified as longer connections between the VEP boundary and the trabecular bone.

The canal openings were shown to be filled with soft tissue emerging out of the VEP
boundary into bud-like structures in the cartilage endplate and calcified cartilage layer. It has
been hypothesised that these buds could be filled with blood vessels or lymph vessels but
the actual content of the buds remain unclear at this stage. These buds could be filled with
blood vessels loops, similar to the ones reported by Oki et al. [137]. Further investigation is
required to elucidate the questions raised in this study about the "dead-ends" imaged.

Although the lugol injection experiment was unable to create strong contrast to visualise
the blood vessels, it still proved that the dye in the blood system used the canal network in the
VEDP, confirming the role of the VEP network as a nutritional pathway. However, the diffusion
mechanism across the VEP boundary remains unclear owing to the lack of understanding of

the organisation of the blood or lymph vessels in close proximity to the disc.

Key Points

The main findings from this chapter can be summarised as shown below:

* The density of openings on the surface of the VEP was highest in the central region of
the VEP, in contact with the nucleus pulposus of the disc.

* The 3D network of canal in the VEP layer has a complex structure which was indepen-
dent of the spinal levels or location with respect to the disc.

* The canal network connects the trabecular spaces of the vertebra to the openings seen
at the boundary of the VEP and the soft tissues.
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The canal openings of the VEP were shown to be filled with soft tissues which formed

bud-like structures protruding from the bony endplate into the cartilage endplate.

The canals were shown to contain haemoglobin, confirming the theory that the canals

are filled with blood vessels.

The individual canals could be broadly classified into 3 groups, the ones starting from

the surface, the transverse canals and the longitudinal canals.

The canal network and the bud-like protrusion play a key role as a nutritional pathway
to the disc.



Chapter 5

The Effect of Degeneration on Human
Vertebral Endplates

5.1 Introduction and Relevance

The previous chapters investigated the structural properties of the vertebral endplates (VEPs)
and the role of the canal network in the VEP as a nutritional pathway to the disc. These
studies were carried out using a sheep model, of healthy VEP. They were categorised as
healthy based on the absence of punctured discs and the preserved discal heights. The VEPs
also showed no signs of traumatic fissures or abrasions. Given that the VEP has to balance
conflicting biophysical requirements, being strong to provide mechanical stability while also
being porous to provide a nutritional pathway to the disc, they are vulnerable to damage.
There have been several published reports identifying VEP damage as a precursor for chronic
low back pain [174, 254]. However, VEP damage is poorly visualised by current diagnostic
imaging [3], as opposed to disc degeneration, which has also been shown to be a precursor
of chronic back pain [255]. The effects of degeneration on the structural properties of the
VEP therefore remains poorly characterised. Currently, patients suffering from back pain
are diagnosed and classified into categories according to the Modic types seen on Magnetic
Resonance Imaging (MRI), the Pfirrmann grades of the disc and the VEP erosion grades.
The complexity and range of the aetiology of pathological degeneration coupled with
the anatomical differences between humans and animals make the identification of a repre-
sentative animal model challenging [256]. Although human cadaveric samples have been
used in the past, the preservation methods and incomplete medical history can interfere in

the complete understanding of the study. This chapter introduces a novel way of assessing
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the effect of pathological degeneration on the VEP, using samples harvested from patients

undergoing spinal surgeries.

5.2 Materials and Methods

5.2.1 Patient Population and Surgical Harvesting

Ethics Approval for this study was obtained from the NHS Research Ethics Committee
(Reference Number:16/EE/0103). The clinical assessment of patients and collection of
specimens were carried out by orthopaedic spinal surgeons Mr. David Sharp and Mr. Saaj
Khaleel in the Spinal Unit of The Ipswich Hospital NHS Trust.

Patients undergoing anterior lumbar spinal surgery as a treatment plan for their degen-
erative spine conditions were invited to take part in the study. The surgery involved the
implantation of a cage and plate to permanently fuse certain segments of the spine that have
a degenerated disc causing pain. The cage is normally held in place with the addition of 3
screws. Patients suffering from spinal infections, tumours and with previous metal fixation
of the spine were excluded from the study. As part of the pre-operative assessment of the
patients, MRI scans, both T1-weighted and T2-weighted images, of the lumbar spine were
recorded by the hospital. From the MRI scans, the protocol for clinical assessment of the
degenerative changes of the spine were classified and a grading system was used to record
the severity of these observed changes. The protocols for these grading systems will be
explained in more details in Sections 5.2.3 to 5.2.5.

During the surgery, a drill was used to make holes for the screws used as part of the
normal operative procedures to stabilise the intervertebral cage inserted, as shown in Figure
5.1. For the purpose of sample collection for this study, a 3 mm trephine was used instead
of the drill. The slight change in the surgical technique had no impact on the patient. This
provided cylindrical specimens with a cross-sectional diameter of 3 mm, each approximately
20 mm in length with the VEP layer sandwiched between a thin layer of disc fibres and
trabecular bone from the vertebra. On average, 3 screws are inserted per cage, therefore 3
cores of specimens could be harvested from each patient on average. Care was taken to make
clean cuts of the bone samples without creating debris or scratching the VEP. The samples
were then wrapped in cling film and stored separately at -70 °C in sterile plastic pathology
specimen bottles. The samples were then delivered to the University of Cambridge for further
studies. 12 patients were included in this study, as shown in Table 5.1. However, the surgery
was not carried out eventually for Patient IPSOS5, resulting in no samples from this patient.



5.2 Materials and Methods 141

Samples taken from patient IPSO8 were classified as control samples based on their

medical history.

Fig. 5.1 A: Schematic of the cage after insertion with the 3 screws in place. B: Cage with 2
screws on the top surface and 1 on the bottom one. C: Cage with 1 screw on the top surface
and 2 on the bottom one. Schematic adapted from OrthoAxis Magnify’s website.
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Patient Number Gender Age Spinal Level Side of disc Postion on VEP

IPSO1 M 44 L4/L5 Cranial Left
L4/L5 Cranial Right
L4/L5 Caudal Center
L5/S1 Cranial Left
L5/S1 Cranial Right
L5/S1 Caudal Center
1PS02 F 44 L5/S1 Caudal Left
L5/S1 Caudal Right
IPS03 M 37 L5/S1 Caudal Left
L5/S1 Caudal Right
IPS04 M 52 L4/L5 Caudal Left
L4/L5 Caudal Right
L4/L5 Cranial Center
IPS05 No Sample
IPS06 F 33 L5/S1 Caudal Center
IPS07 M 35 L5/S1 Caudal Left
L5/S1 Caudal Right
L5/S1 Cranial Center
IPSO8 F 29 L5/S1 Caudal Left
L5/S1 Caudal Right
L5/S1 Cranial Center
1PS09 F 42 L5/S1 Cranial Left
L5/S1 Cranial Right
L5/S1 Caudal Center
IPS10 M 51 L5/S1 Cranial Left
L5/S1 Cranial Right
L5/S1 Cranial Center
L5/S1 Caudal Center
IPS11 F 40 L5/S1 Caudal Left
L5/S1 Caudal Right
L5/S1 Cranial Center
IPS12 M 40 L5/S1 Cranial Left
L5/S1 Cranial Right
L5/S1 Caudal Center

Table 5.1 The samples obtained from the 12 patients in this study are shown with
information of the spinal level, the side with respect to the disc, position on the VEP surface,
age and gender (M: male, F: female).
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5.2.2 Control Samples Harvesting

Control samples from a human cadaver at the Norwich Research Park, with no degenerative
condition of the spine, were collected by orthopaedic surgeon Mr Tom Marjoram, following
the same pre-operative MRI scanning and similar harvesting protocol as explained in Section
5.2.1. The NHS Research Ethics Committee approval was obtained for the sample collection
(Reference Number: 08/h0304/85+5). Table 5.2 shows the characteristics of the 9 samples
obtained from the human cadaver.

Patient Number Gender Age Spinal Level Side of disc Postion on VEP

Cadaver F 62 LA4/L5 Cranial Right
L4/1L5 Cranial Left
L4/L5 Caudal Right
L4/L5 Caudal Right
L4/L5 Caudal Left
L5/S1 Cranial Right
L5/S1 Cranial Left
L5/S1 Caudal Right
L5/S1 Caudal Left

Table 5.2 The samples obtained from the human cadaver in this study are shown with
information of the spinal level, the side with respect to the disc, position on the VEP surface,
age and gender (F: female).

5.2.3 Comparison of the Sheep Model

The structural properties of the control samples in this study were compared with those of
the sheep samples, to assess the validity of the sheep model as one for healthy VEP.

The extracted lumbar spine from a mature sheep spine (3 years old) was sent to The
Ipswich Hospital NHS Trust where the radiologists did the MRI scanning of the spine.
Images were sent back to the author for reconstruction and analysis.

For the human VEPs, samples from the cadaver and from the control patient IPSO8 were
used and classified as cranial and caudal. For the sheep VEPs, the samples from the anterior
region were used, to match the anterior samples harvested during surgeries from patients, as
shown in Figure 5.2. Therefore samples V1, V2 and V3 were used from levels L3/L.4, L4/L5
and L5/L6, categorised as caudal and cranial.
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Fig. 5.2 Left: Schematic showing the location of V1, V2 and V3 from sheep VEPs. Right:
The 3 red spots show the location of surgical harvesting of samples from the human VEPs.

5.2.4 Assessment of Modic Types

Modic classifications of the vertebral body and the VEP in degenerative conditions of the
disc are characterised according to the signal intensity from both the T1-weighted and T2-
weighted images, which have been described in more detail in Section 2.7.2 of the Literature
Review [190].

Modic type I changes were hypointense on T1-weighted imaging but hyperintense on
T2-weighted imaging and were shown to represent bone marrow oedema (swelling due to
fluid accummulation) and inflammation. MRI images are in black and white with shades
of grey. A hyperintensity is an area that appears lighter in colour than the surrounding
tissues; a hypointensity would be darker in colour. Type II changes were hyperintense on
T1-weighted imaging, slightly hyperintense on T2-weighted imaging and were associated
with conversion of normal red hemopoietic bone marrow into yellow fatty marrow as a result
of marrow ischemia, or an inadequate blood supply. Modic type III changes were described
as hypointense on both types of imaging and were thought to represent subchondral bone
sclerosis which is the formation of new bone. Certain cases of mixed Modic changes, such
as I/IT and II/III have also been reported, suggesting that these changes can convert from one
type to another and that they all present different stages of the same pathologic process [191].
The absence of Modic changes represent a normal anatomic appearance of the disc and VEP
on the MRI.

Figure 5.3 summarises the characteristic intensities of each Modic type. The Modic types
of each VEP level for this study were recorded by radiologists at the Ipswich Hospital.



5.2 Materials and Methods 145

Modic Types
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T1-weighted
MRI scan
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Fig. 5.3 Schematics showing the different types of signal intensities in the T1-weighted and
T2-weighted MRI images, characteristics of each Modic type. Adapted from the description
of Modic’s paper [190].

5.2.5 Assessment of Disc Degeneration

From the MRI imaging, Pfirrmann classification grades were assigned to the degenerate discs
by a radiologist at Ipswich Hospital. Pfirrmann et al. identified 5 incremental levels of disc
degeneration, based on the homogeneity of the structure of the disc, the distinction between
the nucleus pulposus and annulus fibrosus of the disc, and the disc height, as seen on the

T2-weighted MRI images [77]. This is summarised in Figure 5.4.
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Fig. 5.4 Assessment algorithm used for the classification of the Pfirrmann grades for each
disc in this study, from their respective MRI images. Adapted from the description of the
Pfirrmann grading system in literature [77, 257].

5.2.6 Assessment of Endplate Erosions

The presence of 3 incremental levels of VEP erosions in degenerative conditions of the spine
have been reported in the literature [258]. The description of these grades is shown in Table
5.3 and samples from this study were assigned VEP erosion grades by radiologists at the
Ipswich Hospital.

Endplate Erosion Type Description of Affected Area

I Central portion of endplate
IT Peripheral portions of endplate
111 Whole endplate surface

Table 5.3 The characteristic of each type of VEP erosion is shown with the description of the
VEP area affected for each based on the description found in literature [258].
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5.2.7 Micro-CT Imaging

The frozen samples, of both human and sheep, were defrosted overnight in the fridge,
wrapped in phosphate-buffered saline (PBS) soaked tissue paper and transferred into sterile
15 ml centrifuge tubes under the fume hood. The samples were then individually scanned, at
a pixel size of 4.89 um, in the micro-CT. The imaging and image reconstruction were carried
out following the same protocol as described in Section 2.2. The reconstructed images were
transformed into 3D rendered images using the Simpleware software, as explained in Section
4.2.1.

5.2.8 Structural Analysis of the Vertebral Endplates

The thickness, porosity and bone mineral density (BMD) of the VEP layer were measured for
each sample following the same protocol as described in Section 3.2.3. The measurements
were classified as the cadaveric control samples, the patient control samples from IPSO8 and
the remaining patients with degenerative disc disease (DDD). The canal openings density
per area and distribution of the openings sizes for the VEP surface boundary were also
measured following the protocol described in Section 4.2.2. Given that the VEP has to
balance conflicting biophysical demands from the disc to be porous but strong, it is prone to
damage and degeneration. Therefore, the structural properties of the VEP were compared to

all 3 degeneration classifications: Modic changes, Pfirrmann grades and VEP erosions.

5.2.9 Analysis of the Trabecular Bone in the Vertebrae

The porosity, trabecular thickness, trabecular separation and BMD of the trabecular bone in
the vertebra were measured following the protocol described in Section 3.2.4. The vertebral
bodies are mostly characterised by Modic changes and therefore the structural properties

were compared to the latter.

5.2.10 Statistical Analysis

Statistical analysis was carried out using the software OriginLab to check for statistical
significance of the results. Normality of the data distributions was first checked, then a
Levene’s test was used to ensure homogeneity of variances between the different groups of
data. If the data passed both tests, a one-way ANOVA parametric test was used. If either
one of the two conditions were not met, a non-parametric test, Kruskal-Wallis ANOVA test
was used. In both ANOVA tests, the data was considered statistically significant only if the

evaluated P-value was smaller than 0.05. When comparing 3 or more groups of data, the
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ANOVA test identifies if the results are significant overall, but a post-hoc Tukey test is carried

out to identify exactly where those differences lie.

5.3 Results

5.3.1 MRI Imaging

The MRI images showed the presence of Modic Types I, II and III in the patients population,
as shown for 3 patients and the cadaver in Figure 5.5. The MRI of the cadaver showed no
change in signal intensities in either T1 or T2-weighted images, confirming the absence of
degeneration in the lumbar spine. For the classifications of Modic Types I, II or III, the signal
intensity profiles seen on T1 and T2-weighted scans were compared to the ones described in

Figure 5.3 according to Modic’s rules [190].
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T1l-weighted T2-weighted
Image Image

Human Cadaver
No Modic Type

Patient IPS11
Modic Type 1

Patient IPS02
Modic Type 2

Patient IPS10
Modic Type 3

Fig. 5.5 Both T1 and T2-weighted MRI images are shown for the cadaver, and 3 patients
showing the differences between no Modic changes and Modic types I, II and III. The white
arrows show the VEP from which samples were collected and the area of signal intensities
used to assess the Modic changes. Imaging carried out by a radiologist at Ipswich Hospital.
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5.3.2 Degeneration Classification

Based on the degeneration assessment from the MRI scans, the different Pfirrmann grades,
VEP erosions and Modic types for all patients were assessed by Mr. Tom Marjoram, as

reported in Table 5.4.

Patient Disc Level Modic Type Pfirrmann Grade Endplate Erosion

1PSO1 L4/L5 II v None
1PSO1 L5/S1 II v III
1PS02 L5/S1 II v None
1PS03 L5/S1 None v None
1PS04 L4/L5 None v 1
IPS06 L5/S1 None v I
1PSO7 L5/S1 I v 1T
1PS08 L5/S1 None I None
1PS09 L5/S1 I v I
1PS10 L5/S1 III v II
IPS11 L5/S1 I v II
1PS12 L5/S1 II v II
Cadaver L4/L5 None I None
Cadaver L5/S1 None | None

Table 5.4 The degenerative classification for each disc level from which VEP samples were
harvested for all patients and the cadaver are shown based on the Modic types, Pfirrmann
grades and endplate erosions.

5.3.3 Co-Prevalence of different types of Degenerative States

The Pfirrmann grading of Modic changes of intervertebral discs is shown in Table 5.5. Modic
type Il and Pfirrmann grade V were the most prevalent in this patient population, at 37.9 %
and 55.2 %. For the highest grade of Pfirrmann grade, Modic type II was the most prevalent
(27.6 %) and Modic type III and no modic changes were the least prevalent at 6.9 %.
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Pfirrmann Grade

I m o Iv v Total
Modic Type 0 n(%)  3(10.3) - - 3(10.3) [2(69) 8(27.6)
Modic Type I n(%) - - - 3(103) M@ERY  7(24.1)
Modic Type II n(%) - - - 33103 [EEEEN 11379

Modic Type ITI n(%) - - - [H@®H BE9)  3(103)

Total n(%) 3(103) - - 10(34.5) 16(55.2) 29(100)

Table 5.5 Relationship between Modic changes and Pfirrmann grades of vertebral disc
degenerative changes, where n represents the number of samples and the representative
percentage as a ratio of the total number of samples is shown in brackets. The red colour
represents the highest values, followed in descending order by orange, yellow and finally the
green colour representing the lowest values.

The Pfirrmann grading of VEP erosion changes of intervertebral discs is shown in Table
5.6. Erosion grade II and Pfirrmann grade V were the most prevalent in this patient population,
at 27.6 % and 55.2 %. For the highest grade of Pfirrmann grade, erosion type II was the most
prevalent (20.7 %) and erosion grade zero and I were the least prevalent at 10.3 %.

Pfirrmann Grade
I I III v A\ Total
Erosion Grade 0 n(%) 3(10.3) 5(17.2)| 3(10.3) 11(37.9)
Erosion Grade I n(%) - - - - 3(10.3) 3(10.3)

Erosion Grade II n(%) - - - e BEEN 327.6)
Erosion Grade I1I n(%) - - - 3(103) [4@38y 7(24.1)
Total n(%) 3(10.3) - - 10(34.5) 16(55.2) 29(100)

Table 5.6 Relationship between VEP erosion grades and Pfirrmann grades of vertebral disc
degenerative changes, where n represents the number of samples and the representative
percentage as a ratio of the total number of samples is shown in brackets. The red colour
represents the highest values, followed in descending order by orange, yellow and finally the
green colour representing the lowest values.

The VEP erosion grading of Modic changes of intervertebral discs is shown in Table 5.7.
Erosion grade zero and Modic type II were the most prevalent in this patient population, both
at 37.9 %.
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VEP Erosion Grade
0 I 11 I Total
Modic Type 0 n(%) [5(17:2) 26.9) [1(34) - 8(27.6)
Modic Type I n(%) - - 269 [5(172) 7(24.1)
Modic Type IIn(%) [GBOEY] [1G4) 269 269 11(37.9)
Modic Type ITI n(%) - - 3(10.3) - 3(10.3)
Total n(%) 11(37.9) 3(10.3) 8(27.6) 7(24.1)  29(100)

Table 5.7 Relationship between Pfirrmann grades and Modic changes of vertebral disc
degenerative changes, where n represents the number of samples and the representative
percentage as a ratio of the total number of samples is shown in brackets. The red colour
represents the highest values, followed in descending order by orange, yellow and finally the
green colour representing the lowest values.

5.3.4 Micro-CT Imaging

The micro-CT images of all the control samples from the cadaver showed a thin layer of VEP
with sparse but large openings as shown in a representative sample from L5 cranial VEP
in Figure 5.6. Across all the cadaveric samples, the trabecular bone in the vertebra beneath
the VEP surface showed thin trabeculae separated by large distances. The micro-CT images
of the L5 cranial VEP from Patient IPSO8 with no degenerative conditions had a thicker
VEP than the cadaveric control and thicker trabeculae in the vertebra as shown in Figure 5.6.
The comparison of the absolute values of the thickness of VEPs will be discussed further in

Section 5.3.6. For both samples, the openings on the VEP surface showed a range of sizes.
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Cadaveric Control Control Patient

Sagittal View

Transaxial View

Fig. 5.6 The micro-CT images show the sagittal and transaxial views of 2 VEPs samples
both from L5 cranial VEP, one from the cadaveric control (left) and the other from the
control patient IPSO8 (right). The scale bar represents 1 mm. The trabecular in the patient
were thicker than the ones seen in the cadaver and the VEP was thinner in the latter, with
openings of varied sizes.

Comparing the VEP from 3 patients (IPS02,07,10 respectively), which displayed Modic
types I, I and II respectively showed variations in thickness and openings distribution on the
VEP surface, as shown in Figure 5.7. In Modic I, the VEP showed a high concentration of
openings at the surface, with larger openings connecting the middle of the VEP layer to the
boundary, as shown by the dotted white circles. In Modic II, the VEP was seen to be thicker
than the one with Modic I but was also more porous, with large pores extending all the way
to the VEP boundary with the disc, from the vertebra. The presence of fissures could also be
seen in the transaxial view of the VEP layer, as indicated by the white arrow. In Modic III,
the VEP was thick, showing two different shades of grey, indicating different type of bony
structure. The transition line between the 2 areas are annotated by the white arrow heads.
The surface of the VEP showed irregular thresholding, with varied sizes of openings. The

VEP surface also appeared to be rough at the edge.
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Modic | Modic Il Modic Ill

Sagittal View

Transaxial View

Fig. 5.7 The micro-CT images show the sagittal and transaxial views of VEPs samples from
3 different patients, IPS02, 07 and 10, with Modic types I, II and III respectively. In Modic I,
the VEP showed a high concentration of openings at the surface, with larger openings
connecting the middle of the VEP layer to the boundary, as shown by the dotted white
circles. In Modic II, the VEP was thicker and more porous than the one with Modic I, with
large pores extending all the way to the VEP boundary with the disc, from the vertebra, as
shown by the dotted white circle. The presence of fissures could also be seen in the
transaxial view of the VEP layer, as indicated by the white arrow. In Modic III, the VEP was
thick, showing two different shades of grey. The transition line between the 2 areas are
annotated by the white arrow heads. The surface of the VEP had openings of varying sizes.
The scale bar represents 1 mm.

5.3.5 3D Rendered Images of the VEP

The 3D rendered images of the caudal VEPs from L4 from both the cadaveric control and
patient IPSO8 showed structural differences. As shown in Figure 5.8, the surface of the VEP
appeared rougher, with more bony protrusion in the cadaveric samples than in the healthy
patient. Furthermore, the trabeculae of the vertebra appeared thinner and further apart in the
cadaver than in the patient. Both showed openings on the VEP surface, of different sizes.



5.3 Results 155

Transaxial View of VEP surface Lateral View of VEP and Vertebra

Cadaveric
Control

Patient
1PS08

Fig. 5.8 The 3D rendered images of the L4 caudal VEPs from the cadaver and patient IPSO8
are shown. The transaxial views show higher roughness and more bony protrusions on the
surface of the cadaveric VEP. Both VEPs showed the presence of large openings on the
surface. The lateral views show the trabeculae of the vertebra from the cadaver to be thinner
and further apart than in the patient. The scale bar represents 1 mm.

The comparison of the VEP surface for different grades of VEP erosion is shown in
Figure 5.9. With no erosion grade, the VEP from patient IPS02 showed a relatively smooth
surface with dispersed holes of small to medium sizes. With VEP erosion Grade I in the
central L4 VEP from patient IPS04, the openings appeared larger and covered most of the
VEP surface. The LS5 peripheral VEP from patient IPS10 showed VEP erosion grade II,
characterised by even larger openings than grade I, covering all of the VEP surface. Finally,
grade III erosions showed the loss of the VEP’s structural integrity, shown by the missing
chunk in the middle of the VEP surface and several bony protrusions as seen in the S1 VEP
from patient IPSO7.
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EP Erosion Grade |

Fig. 5.9 The 3D rendered images of VEPs from 4 different patients with increasing VEP
erosions grades are shown. Patient IPS02 showed no erosion grades, with relatively small
openings dispersed on the VEP surface. The central VEP from L4 in patient IPS04 had grade
I VEP erosion and displayed larger openings covering most of the VEP surface. The
peripheral L5 VEP sample from patient IPS10 had grade II VEP erosion, characterised by
even larger openings, covering the whole VEP surface. In patient IPSO7, the S1 VEP erosion
grade III showed loss of the structural integrity of the VEP surface, with a chunk of VEP
missing and the presence of bony protrusions. Each VEP rectangular region of interest was
1.0 mm x 1.5 mm.

5.3.6 Thickness of VEP

The average thickness of caudal and cranial VEPs with respect to the disc showed no
statistical difference (P > 0.05), as shown in Figure 5.10. Similarly, the thickness of VEPs
at different spinal levels showed no significant differences (P > 0.05). Therefore, while
comparing the effect of degeneration on structural parameters of the VEP, the spinal level

and position with respect to the disc were not considered.
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Fig. 5.10 The average VEP thickness showed no statistical differences between cranial and
caudal VEPs or at different spinal levels for all patients samples. The error bars represent the
standard deviation.

The thickness variation of the VEPs with Modic types is shown in Figure 5.11. The
samples with Modic type II were significantly thinner (P < 0.05) than the VEPs of patients
with DDD exhibiting no Modic changes and Modic type I. Conversely, samples with Modic
type III were significantly thicker (P < 0.05) than samples with Modic type II. The thickness

of the cadaveric control were low compared to the control patient and the patients with DDD.
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Fig. 5.11 Graph showing the variation of the VEP thickness with the Modic changes
observed on the MRI images. The cadaveric controls showed the thinnest VEPs, compared
to the control patient and the patients with DDD. The VEP thickness of the patients with
DDD showed a decrease from no Modic changes to Modic II, but a significant increase in
thickness for Modic III. The error bars represent the standard deviation for each sample.
(DDD: Degenerative Disc Disease)

Thickness of the VEP was shown to be higher in the samples with Pfirrmann grades of
degeneration compared to normal discs, but the thickness differences between the grades did
not show statistical significance (P > 0.05), as shown in Figure 5.12. However, this study
only had discs with Pfirrmann grade IV and V and none with II and III. The VEP thickness
showed a similar range of thicknesses for both grades IV and V, with a couple of thicker
samples in grade IV.
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Fig. 5.12 Graph showing the distribution of VEP thickness with the Pfirrmann grade of the
disc. Samples from patients with DDD showed higher thicknesses than the control ones,
with a subtle decreasing trend from grade IV to V influenced by couple of thicker VEP

samples from grade IV. The difference in thickness measurements was not statistically
significant, with P > 0.05, between the different Pfirrmann grades. The error bars represent
the standard deviation for each sample. (DDD: Degenerative Disc Disease)

Thickness of samples with the same Modic types and Pfirrmann grades were averaged to
provide simultaneous comparison to both the Modic changes and the Pfirrmann grades, as
shown in Table 5.8. The lowest thickness was recorded for Modic type III at both Pfirmann
grades IV and V. It appears that the thickest VEPs were the ones with no Modic changes or
type I with the Pfirrmann grade IV, but these were even thicker than the healthy samples with
no sign of degeneration. However, there was no clear trend of how thickness was changing
with advancing stages of degeneration.
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Pfirrmann Grade

I v \%

No Modic Type (mm) [0:37£0.05 [DGZEN0NE 042+ 0.07
Modic Type I (mm) - _ 0.50 £+ 0.06

Modic Type IT (mm) - 0.36 £0.06  0.45 + 0.06
Modic Type III (mm) - 0.51 £ 0.08 0.49 £+ 0.06

Table 5.8 Table comparing the thickness of the VEP, taking into account the Modic types and
the Pfirrmann grades for each sample. The thickness values are shown as average values of
samples with the same combination of Modic and Pfirrmann with the associated standard
deviation. The red colour represents the highest values, followed in descending order by
orange, yellow and finally the green colour representing the lowest values.

Thickness of the VEP did not show any clear trend with different grades of VEP erosions
and the thickness difference was not statistically significant with P > 0.05, as shown in Figure
5.13.
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Fig. 5.13 Graph showing the VEP thickness distribution with the VEP erosion types. The
thickness difference was not statistically significant, with P > 0.05, between the different
VEP erosion types. The error bars represent the standard deviation for each sample. (DDD:
Degenerative Disc Disease)
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5.3.7 Porosity of VEP

The differences in average porosity of caudal and cranial VEPs with respect to the disc
showed no statistical significance. Similarly, the porosity of VEPs at different spinal levels
showed no significant differences (P > 0.05), as shown in Figure 5.14. This means that the
trends observed in VEPs on different sides of the disc and at different spinal levels showed
no significant trends. Therefore, while comparing the effect of degeneration on the porosity
of the VEP, the spinal level and position with respect to the disc were not considered.
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Fig. 5.14 The average VEP porosity showed no statistical differences between cranial and
caudal VEPs or at different spinal levels for all patients samples. The error bars represent the
standard deviation.

The porosity variation of the VEPs with Modic types in Figure 5.15 showed no clear
trend, with no significant differences across the different Modic types, although Modic types 1
and III had a larger distribution of data compared to the others, with some samples exhibiting
very small porosity values, up to 9 + 7 % in Modic type 1I .
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Fig. 5.15 Graph showing the variation of the VEP porosity with the Modic changes observed
on the MRI images. The differences in porosity were not statistically significant, with P >
0.05, between the different Modic types. Samples with Modic types greater than zero
showed larger distribution of porosity, with some samples exhibiting very small porosity
compared to the controls. The error bars represent the standard deviation for each sample.
(DDD: Degenerative Disc Disease)

Similarly, porosity of the VEP showed no clear trend or significant differences with
Pfirrmann grades of degeneration, as shown in Figure 5.16. The data for grade V showed a
larger distribution of the data as the majority of the samples used in this study were harvested
from patients needing surgery due to the worst state of their disc. Samples with grade V also

showed the most and least porous samples in this study.
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Fig. 5.16 Graph showing the distribution of VEP porosity with the Pfirrmann grade of the
disc. Samples from patients with DDD showed a larger distribution of porosity than the
control ones, with grade V samples showing the smallest and largest porosities of this
sample population. The differences in porosity data was not statistically significant, with P >
0.05, between the different Pfirrmann grades. The error bars represent the standard deviation.
(DDD: Degenerative Disc Disease)

Porosity of samples with the same Modic types and Pfirrmann grades were averaged to
provide simultaneous comparison to both the Modic changes and the Pfirrmann grades, as
shown in Table 5.9. The highest porosity was recorded for Modic type III and Pfirmann grade
I'V. However, there was no clear trend of how porosity was changing with advancing stages
of degeneration, implying changes in porosity are not directly correlated with increasing

degeneration.
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Pfirrmann Grade

I v \%
No Modic Type (%) [35£7 [3824 [30L4

Modic Type I (%) - 32+8 [27£6
Modic Type IT (%) - 31+£7 3347
Modic Type III (%) - B 33+7

Table 5.9 Table comparing the porosity of the VEP, taking into account the Modic types and
the Pfirrmann grades for each sample. The porosity values are shown as average values of
samples with the same combination of Modic and Pfirrmann with the associated standard

deviation. The red colour represents the highest values, followed in descending order by
orange, yellow and finally the green colour representing the lowest values.

Porosity of the VEP did not show any clear trend or significant differences with different
grades of VEP erosions either, as shown in Figure 5.17.
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Fig. 5.17 Graph showing the VEP porosity distribution with the VEP erosion types. The
porosity data was not significantly different, with P > 0.05, between the different VEP
erosion types. The error bars represent the standard deviation for each sample. (DDD:

Degenerative Disc Disease)
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5.3.8 Bone Mineral Density of VEP

The average BMD of caudal and cranial VEPs with respect to the disc showed no significant
differences. Similarly, the BMD of VEPs at different spinal levels showed no significant
differences, as shown in Figure 5.18. This means that the trends observed in VEPs on
different sides of the disc and at different spinal levels showed no significant trends and
therefore, while comparing the effect of degeneration on the bone mineral density of the VEP,

the spinal level and position with respect to the disc were not considered.
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Fig. 5.18 The average VEP BMD showed no statistical differences between cranial and
caudal VEPs or at different spinal levels for all patients samples. The error bars represent the
standard deviation.

The BMD variation of the VEPs with Modic types in Figure 5.19 showed an increasing
trend from Modic type I to type 111, and the differences were statistically significant (P < 0.05).
The BMD of the samples from Modic type III closely match the ones for the control samples
from both the cadaver and patient IPSO8. The error bars represent the standard deviation for
each subgroup of samples as the standard deviation for each sample’s measurements were
too small to be apparent.
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Fig. 5.19 Graph showing the variation of the VEP BMD with the Modic changes observed
on the MRI images. There is an apparent increasing trend from Modic type I to III, with
samples from the subgroup of Modic type II having bone densities in close range to the

control samples. The data showed a significant increase, with P < 0.05, from Modic type I to

type III. The error bars represent the standard deviation for each subgroup of samples.
(DDD: Degenerative Disc Disease)

The BMD of the VEPs was shown to be significantly higher (P < 0.05) in the control
samples from both the cadaver and patient IPSO8 than the samples with degenerate discs
of Pfirrmann grades III and IV, as shown in Figure 5.20. Samples with Pfirrmann grade V
showed a wide distribution of BMD, with the majority of samples exhibiting bone densities
lower than the controls, but no significant differences between samples with grades IV and V
were seen. The datasets with grade I was statistically different from the degenerative ones.
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Fig. 5.20 Graph showing the variation of the VEP BMD with the Pfirrmann grades of the
intervertebral discs. The datasets with grade I was statistically different from the
degenerative ones. The error bars represent the standard deviation for each subgroup of
samples. (DDD: Degenerative Disc Disease)

BMD of samples with the same Modic types and Pfirrmann grades were averaged to
provide simultaneous comparison to both the Modic changes and the Pfirrmann grades, as
shown in Table 5.10. There was a clear observation of highest BMD of samples shown at
Modic type III and Pfirrmann grade V. The highest BMD was therefore measured at the
worst case of degeneration while the lowest BMD measured were for samples with no Modic
changes but the lowest Pfirrmann grades included in this study: IV and V. The samples with
no degeneration showed a BMD higher than those of Modic types I and II, but lower than
those with Modic III.
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Pfirrmann Grade

I v A\

No Modic Type (gcm—>) [0:125 £ 0,009 [0:113 £0.004 [0.113 = 0.005
Modic Type I (gcm™3) - 0.113 £0.005 0.118 -+ 0.008
Modic Type II (gcm—3) - 0.117 £+ 0.005  0.119 + 0.006

Modic Type I (gem ) - 0.137£0.006  0.139 £ 0.006

Table 5.10 Table comparing the BMD of the VEP, taking into account the Modic types and
the Pfirrmann grades for each sample. The BMD values are shown as average values of
samples with the same combination of Modic and Pfirrmann with the associated standard
deviation. The red colour represents the highest values, followed in descending order by
orange, yellow and finally the green colour representing the lowest values.

The BMD of the VEP did not show any clear trend or significant differences with the

different grades of VEP erosions, as shown in Figure 5.21.
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Fig. 5.21 Graph showing the variation of the VEP BMD with the VEP erosion grades. The
datasets showed no statistically significant difference with each other. The error bars
represent the standard deviation for each subgroup of samples. (DDD: Degenerative Disc
Disease)
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5.3.9 VEP Canal Openings Analysis

The distribution of the canal opening density per unit area for the samples is shown with
respect to the Modic types in Figure 5.22. There is an apparent trend of decreasing openings
per area from Modic type II to type III, however no statistical significance was found between
the different subgroups of no Modic type, and Modic types I, II and III.
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Fig. 5.22 Graph showing the variation of the openings density per area with the Modic
changes observed on the MRI images. There is an apparent decreasing trend from Modic
type II to III. The datasets showed no statistically significant difference with each other. The
error bars represent the standard deviation for each sample. (DDD: Degenerative Disc
Disease)

The distribution of the openings density per unit area for the samples is shown with
respect to the Pfirrmann grades of the intervertebral discs in Figure 5.23. There was no
clear trend or significant difference in terms of how the openings density changed with the
Pfirrmann grades.
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Fig. 5.23 Graph showing the variation of the openings density per area with the Pfirrmann
grades of the disc. There is no clear trend observed. The datasets showed no statistically
significant difference with each other. The error bars represent the standard deviation for

each sample. (DDD: Degenerative Disc Disease)

The distribution of the canal openings density per unit area for the samples is shown with
respect to the VEP erosion grades in Figure 5.24. VEP erosion grade II was in the same range
as the control samples but grade I and III showed larger distributions of the openings density.
Samples from patients with DDD with no erosion showed similar openings density as the
control samples. The data did not show any significant differences between the subgroups of

different VEP erosion grades.
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Fig. 5.24 Graph showing the variation of the openings density per area with the VEP erosion
grades. There is no clear trend observed but samples from patients with DDD but with no
erosion showed similar openings density as the control samples. The datasets showed no

statistically significant difference with each other. The error bars represent the standard
deviation for each sample. (DDD: Degenerative Disc Disease)

The variation of the average major diameters of the canal openings for each sample
with respect to the Modic changes are shown in Figure 5.25. The cadaveric control samples
showed large distributions of the opening diameters, compared to the patient IPSO8. There
was a subtle trend of increasing diameter from Modic type I to III, but the differences between

the Modic types showed no statistical significance.
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Fig. 5.25 Graph showing the variation of the major diameter of the openings on the VEP
surface with the Modic changes observed on the MRI images. There is an apparent
increasing trend from Modic type I to III, however the datasets showed no statistically
significant differences with each other. The error bars represent the standard deviation for
each sample. (DDD: Degenerative Disc Disease)

The variation of the average major diameters of the openings for each sample with respect
to the Pfirrmann grade of the intervertebral discs are shown in Figure 5.26. The range of
diameters showed no significant differences with grades IV and V of degeneration.
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Fig. 5.26 Graph showing the variation of the major diameters of the openings on the VEP
surface with the Pfirrmann grades of the disc. There is no clear trend observed. The datasets
showed no statistically significant difference with each other. The error bars represent the
standard deviation for each sample. (DDD: Degenerative Disc Disease)

The variation of the average major diameters of the openings for each sample with respect

to the VEP erosion grades are shown in Figure 5.27. The openings in EP erosion III were

significantly larger than the ones from EP erosion I and II, matching the size of the openings

in the cadaver.
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Fig. 5.27 Graph showing the variation of the major diameter of the openings in the VEP
surface with the VEP erosion grades. The canal openings in type III were significantly larger
than the ones from grade I and II, matching the size of the openings in the cadaver. The error

bars represent the standard deviation for each sample. (DDD: Degenerative Disc Disease)

5.3.10 Effect of Ageing on the VEP

The thickness of the VEP did not show a clear trend with increasing age of the patient or
cadaver. However, the control samples from the cadaver, aged 62 years old, had thinner VEPs
than the control samples from patient IPSOS8, aged 29 years old. This is shown in Figure 5.28.
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Fig. 5.28 Graph showing the VEP thickness distribution with age of the patients and cadaver.
The error bars represent the standard deviation for each sample. (DDD: Degenerative Disc
Disease)

Porosity of the VEP did not show a clear trend with increasing age of the patient or
cadaver. However, the control samples from the cadaver had more porous VEPs than the

control samples from patient IPSOS8. This is shown in Figure 5.29.
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Fig. 5.29 Graph showing the VEP porosity distribution with age of the patients and cadaver.
The error bars represent the standard deviation for each subgroup of samples. (DDD:
Degenerative Disc Disease)

The BMD of the VEP did not show a clear trend with increasing age of the patient or
cadaver. However, the control samples from both the cadaver and IPS08 showed high BMD
compared to the patients with DDD, with the exception of the patient IPS10 (51 years old),
who was diagnosed with Modic type III and therefore bony sclerosis, as shown in Figure
5.30.
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Fig. 5.30 Graph showing the VEP BMD distribution with age of the patients and cadaver.
The error bars represent the standard deviation of each subgroup of samples. (DDD:
Degenerative Disc Disease)

5.3.11 Structural Properties of the Trabecular Bone from the Vertebra

The porosity of the trabecular bone from the underlying vertebra was seen to be highest in
the samples from tge cadaveric control, and significantly (P < 0.05) higher than the samples
from control IPSO8. The variation of the trabeculae porosity with Modic changes is shown
in Figure 5.31. There were no clear difference between Modic types I and II but samples
with type III showed significantly lower porosity than the other Modic types. Samples
from patients with DDD but with no Modic changes closely matched the porosity of the
non-diseased patient IPSO8.
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Fig. 5.31 Graph showing the distribution of the porosity of the trabecular bone with Modic
changes seen on the MRI scans. Samples from the cadaver showed the highest porosity.
Patients with DDD but exhibiting no Modic changes closely matched the porosity of samples
from the control patients. Samples with Modic type III showed the smallest porosity. The
error bars represent the standard deviation for each subgroup of data. (DDD: Degenerative
Disc Disease)

The BMD of the trabecular bone showed the same trends as the variation of the BMD
of the VEP (Figure 5.19) with the Modic changes as shown in Figure 5.32. The cadaver
and the control patient showed similar BMD values, significantly higher than the patient
with DDD showing no Modic changes, Modic types I and II. Samples with Modic type
III showed significantly higher bone densities than types I and II, in the same range as the
control samples.
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Fig. 5.32 Graph showing the distribution of the BMD of the trabecular bone with Modic
changes seen on the MRI scans. Samples from the cadaver and the control patients showed
the highest bone densities. Samples with Modic type III showed higher bone densities than
types I and II, in the same range as the control samples. The datasets showed no statistically
significant difference with Modic types. The error bars represent the standard deviation for

each subgroup of data. (DDD: Degenerative Disc Disease)

The distributions of the trabecular thickness and separation of the trabecular bone with
Modic changes are shown in Figure 5.33. The cadaveric samples showed the thinnest
trabeculae, separated by the largest distances. Conversely, samples with Modic type III
showed the thickest trabeculae packed closest. Samples from patients with DDD but with
no Modic changes showed the same range of thickness and separation as the control patient
IPS08.
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Fig. 5.33 Top: Graph showing the distribution of the trabecular thickness of the trabecular
bone with Modic changes seen on the MRI scans. The cadaveric samples showed the
smallest thickness while Modic type III showed the thickest trabeculae. The datasets showed
no statistically significant differences with Modic types. Bottom: Graph showing the
distribution of the trabecular separation of the trabecular bone with Modic changes seen on
the MRI scans. The cadaveric samples showed the largest separation while Modic type I1I
showed the closest trabeculae. The datasets showed no statistically significant difference
with different Modic types. (The error bars represent the standard deviation for each sample
and DDD means Degenerative Disc Disease)
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5.3.12 MRI and Micro-CT Imaging of Sheep VEP

MRI scanning of the ex-vivo sheep spine showed the healthy states of the discs and VEPs
in the lower lumbar region, as seen in Figure 5.34. The discs appeared grey in T1-imaging
and bright in T2-imaging, indicating intact and hydrated discs. The boundaries of the VEP
appeared smooth and unbroken. The large white shadow is a fluid-filled bag attached to the
spine to provide contrast to the ex-vivo spine.

A B

Cranial VEP

Caudal VEP

Vertebra

Disc
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Cranial VEP
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Vertebra

Disc
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Fig. 5.34 T1-weighted and T2-weighted MRI images of ex-vivo sheep spine showing intact
and healthy discs, and intact VEPs. A: T1-weighted MRI scan of the sheep spine is shown.
B: A zoomed-in section from the scan in A shows the intact disc as grey and the boundaries
of the VEPs can be seen as intact. C: The T2-weighted MRI scan of the sheep spine is
shown. D: A zoomed-in section of C shows the disc as bright compared to the bones, and the
VEP boundaries are intact. The fluid-filled bag was used to provide contrast to the sample.

A representative sheep VEP (V1 from caudal L.3/L4 to represent anterior region) micro-
CT image is shown in Figure 5.35. The VEP can be seen as a thick layer of much denser bone

than the underlying trabecular bone, with a distribution of small openings on the surface.
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Fig. 5.35 3D rendered images of anterior region of Caudal L3/L4 sheep VEP showing clear
demarcation of the denser, thick layer of VEP from the trabecular bone in the side view, with
openings on the surface of the dense VEP, in the top view. The scale bars represents 2.5 mm.

5.3.13 Structural Properties of Sheep VEP and Human VEP

From this preliminary study, the sheep VEPs were thicker, less porous with less BMD than
the VEPs from the healthy control human samples. The average thickness of the VEPs
from the sheep spine were significantly different (P < 0.05) from both the cadaveric and
non-cadaveric human samples, for both caudal and cranial subgroups, as shown in Figure
5.36. The cadaveric and non-cadaveric human samples showed no statistically significant
difference between the caudal and cranial VEPs.
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Fig. 5.36 The average thickness data for caudal and cranial VEPs are shown for the sheep
spine, the cadaveric human and non-cadaveric human spines. The * represent statistical
significance for the 2 bars of the sheep spine with P < 0.05, compared to both human spines.
In all 3 categories, cranial VEPs were thicker than caudal ones. There were no statistically
significant differences between the 2 types of human spines. The error bars show the
standard deviation for each dataset.

The average porosity of the VEPs from the sheep spine were significantly different (P <
0.05) from the porosity of both types of human spines, for both caudal and cranial subgroups,
as shown in Figure 5.37. The cadaveric and non-cadaveric human samples showed no
statistically significant difference between the caudal and cranial VEPs.
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Fig. 5.37 The average porosity data for caudal and cranial VEPs are shown for the sheep
spine, cadaveric and non-cadaveric human spines. The * represent statistical significance for
the 2 bars of the sheep spine with P < 0.05, compared to both human spines. In all 3
categories, cranial VEPs were less porous than caudal ones. There were no statistically
significant differences between the 2 types of human spines. The error bars show the
standard deviation for each dataset.

The average BMD of the VEPs from the sheep spine were significantly different (P <
0.05) from the average BMD of both types of human spines, for both caudal and cranial
subgroups, as shown in Figure 5.38. The cadaveric and non-cadaveric human samples showed
no statistically significant difference between the caudal and cranial VEPs.
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Fig. 5.38 The average BMD data for caudal and cranial VEPs are shown for the sheep spine
and the healthy human samples. The * represent statistical significance for the 2 bars of the
sheep spine with P < 0.05, compared to both human spines. In all 3 categories, the cranial
VEPS were more dense than the caudal ones. There were no statistically significant
differences between the 2 types of human spines. The error bars show the standard deviation
for each dataset.

5.4 Discussion

This chapter investigated the effect of pathological degeneration on the VEP in humans. This
study is the first to investigate the effect of degeneration on the VEPs and the underlying
trabecular bone, using samples from patients, making the correlation between laboratory
findings and clinical data possible. The observed effects of degeneration on the structural
properties of the VEP will be discussed first, followed by the effect on the trabecular bone of

the vertebra and finally analysis of the changes on the nutritional pathway will be discussed.



186 The Effect of Degeneration on Human Vertebral Endplates

5.4.1 Prevalence of Degenerative State

The extent of Modic changes was associated with the severity of disc degeneration of the
adjacent intervertebral discs, as shown in Table 5.5. This agrees with previous findings by
Jensen et al. and Kokkonen et al. [259, 260]. The highest prevalence was seen for Modic
IT and Pfirrmann grade V, implying that Modic III is a stable phase compared to Modic II,
where peak degeneration occurs.

Although there were close associations between high Pfirrmann grades and VEP erosion
grades and between the advanced Modic types and VEP erosion grades, as shown in Tables 5.6
and 5.7, this study only had samples from patients with highly degenerated discs and healthy
discs. Therefore the study did not include samples with less advanced degeneration, making
it harder to make conclusive remarks on the association between different degeneration

grades.

5.4.2 Effects of Degeneration on the Structural Properties of the VEP

Samples from patient IPSO8 were classified as healthy as they showed no Modic changes on
the MRI scans and showed healthy disc with Pfirrmann grade I and no VEP erosion grade.
The patient was undergoing corrective surgery for their spine alignment and therefore did
not suffer from pathological degeneration. Given that in this study, the healthy condition is
defined as no Modic change, disc Pfirrmann grade 1 and no VEP erosion grade, the samples
from the patient satisfy all the requirements and were therefore also used as controls.
Furthemore, 9 samples from a cadaver were also used as controls. However, the cadaveric
samples showed different structural characteristics than samples from IPSO8 on the micro-CT,
as shown in Figure 5.6. The thickness of the VEPs from the cadaver were 0.23 + 0.06
mm, which were thinner than the 0.77 4+ 0.04 mm and 0.69 4 0.04 mm reported previously
in literature [261, 262]. Although the VEPs from the cadaver were thinner with rougher
surfaces and larger openings, the VEP samples showed the same range of porosity, opening
density at the disc boundary, and BMD to the samples from the healthy patient. Samples
from both control groups showed no statistical difference between the distributions of the
VEDP thickness, porosity and bone densities. Similarly, the vertebrae from the cadaver were
more porous with thinner trabeculae but with similar bone densities. The thinner VEP and
trabeculae could be explained by the advanced age of the cadaver, 62 years old, compared to
the patients. Age-related bone loss and osteoporosis in older people have been reported by
several studies [263-265]. Owing to the incomplete medical history of the cadaver, these
observations could have also been caused by other medical conditions such as osteoporosis.
However, the BMD values of the trabecular bone of the cadaver, 0.133 + 0.003 gcm’3, do
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not indicate osteoporosis given that they closely matched the BMD of the samples from the
healthy patient: 0.135 + 0.006 gcm 3. The BMD values of vertebrae reported by Bruno et
al. in the literature using quantitative computed tomography were 0.137 + 0.001 gecm > for
healthy men and 0.150 & 0.001 gcm > for healthy women [266]. Furthermore, using the
same methods, Gezer et al. reported BMD values of 0.119 4 0.003 gcm ™3 in the lumbar
region [267]. Therefore, the BMD values for the non-degenerate samples from this study
was in the same range as values previously reported in literature and the cadaveric samples
can be assumed to be exhibiting healthy BMD.

Samples classified as caudal/cranial with respect to the intervertebral discs showed no
statistical difference for all of the structural properties of the VEP. The samples harvested
during surgery were all from the anterior region of the VEP, either from the central anterior
region or the peripheral anterior region. Therefore it was not possible to compare the
structural properties of the VEP across the whole VEP surface. Furthermore, no statistical
difference were seen for samples from the middle or peripheral regions of the VEP. This could
be explained by the degenerative states of these VEPs. Therefore, the structural analysis for
the rest of this study did not take into account the physical location of the VEP as defined by
caudal/cranial and central/peripheral, but only the degenerative classifications.

Variation with Modic Changes

According to Modic, the presence of Modic type I refers to inflammation and oedema which
is acute swelling due to accumulation of fluid in the bone marrow [190]. Oedema is usually
a response to an injury, and it has been reported that in Modic I, mechanical trauma can lead
to disruption of the disc or appearance of fissures in the VEP which lead to the development
of vascular granulation tissue causing oedema as a result of the trauma [268].This leads to
higher vascular permeability and innervation of the VEP which explains the high prevalence
of back pain in patients with Modic type I [269]. Pro-inflammatory material from the disc
nucleus may diffuse into the adjacent marrow, through the more porous VEP, leading to a
cascade of inflammatory mediators, further oedema, and neo-vascularization (formation of
new blood vessels). From Figure 5.15, no significant differences were observed between
the porosity changes across the different Modic types, but from Figure 5.7, for Modic I, the
samples showed increased interconnectivity between the pores which would support the
clinical descriptions. The BMD was lowest in the samples with Modic change I, which is
explained by the close association between loss of bone mineral and inflammation as the
latter affects the bone remodelling cycle [270]. The bone remodelling cycle refers to the
coordinated interaction between osteoclasts and osteoblasts to remove an area of existing

bone and replace it with new bone matrix. However, inflammation stimulates osteoclasts
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production, therefore increasing the rate of bone resorption but also inhibits osteoblasts
formations therefore slowing down the process of bone formation.

Modic type II represents the conversion of bone marrow to fatty marrow as a result of
ischaemia, which is the restriction in blood supply to the tissue. Modic type II is considered
a more stable and chronic phase of the degenerative state, in contrast to the inflammatory
stage of Modic type 1. From this study, samples with Modic II were seen to be thinner
than those with Modic I, with the presence of fissures in Modic II, however no significant
differences were recorded for porosity. The BMD of VEP samples with Modic type II was
higher than Modic type I but lower than the control samples with no Modic changes. The
higher bone densities than Modic I can be explained by the absence or reduced concentration
of inflammation mediators, therefore less bone loss. It was not possible to compare the values
of BMD of the VEP measured in this study as previous studies in the literature has reported
BMD of samples with Modic changes measured by the dual-energy X-ray absorptiometry
(DEXA), in different units: kgecm™2 [271, 272] and there were no studies reporting the
changes in the BMD of VEPs with deterioration of Modic changes. It has been shown that a
sample with Modic type I can convert to type Il and vice versa [190]. This could explain the
closely similar range of porosity seen in Modic II to Modic I as it could be resultant porosity
during the previous stage of Modic I. The presence of fissures as seen in the micro-CT scans
of Modic II samples as shown in Figure 5.7 provides further evidence to the transitional
nature of the Modic changes as they are similar to the ones expected in Modic I, which could
be the result of biomechanical trauma leading to the onset of degeneration.

In Modic III, the VEP was thick, showing two different shades of grey, indicating
deposition of a new layer of bony structure, as shown in Figure 5.7. This stage of degeneration
is assigned to bony sclerosis which is the deposition of new bone mineral, leading to the
stiffening of the cartilaginous tissues near the VEP. This would explain the increased thickness
observed in this study, as shown in Figure 5.11 and the high bone mineral density seen in
Figure 5.19.

It has been suggested in literature that all Modic changes represent different stages of
the same pathological process and mixed Modic changes can be assumed to develop before
the conversion from one Modic type to another [273, 274]. There has been recent evidence
showing the presence of bony sclerosis, in varying degrees, in all the Modic types [268]. The
mixed effects of oedema, fat and sclerosis and the overlapping nature of the Modic types
make the identification of structural trends hard to see. Samples were collected from people
of different ages, with different levels of physical activity and lifestyles which could also

explain why no clear trends could be seen in the thickness and porosity variations 5.11.
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Variation with Pfirrmann Grades

The results from this study did not show any conclusive correlation between the structural
properties of the VEP, thickness, porosity and BMD with the Pfirrmann grades. Given that
patients undergoing surgery in this study only reported Pfirrmann grades IV and V, it was
not possible to investigate the stepwise progression of degeneration from grade I to V. At
grade IV, the boundary between the nucleus pulposus and the annulus fibrosus of the disc
is lost and the disc height is decreased. At grade V, the disc has completely collapsed [77].
This degeneration grading system is based on the structural integrity of the intervertebral
disc and this study showed no significant trend with the changes observed in the structure of
the VEPs.

Although, it is not possible to infer causality in this study, the evidence from literature
suggests that VEP microfracture can initiate disc degeneration, and the reverse is less likely to
be true [77, 275]. This is because degenerated discs are collapsed, with reduced discal heights,
such that the discal pressure is lower than in healthy discs. This means that compressive
forces during mechanical loading of the spine will be transmitted through the annulus of
the disc instead of through the VEP, where it is less likely to cause damage to the VEP. As
structural integrity of the VEP is key to providing mechanical stability and a nutritional
pathway to the disc, it is reasonable to assume the VEP defects could be the initiator for the
disc degeneration and ultimately back pain.

Co-variation of Modic Changes and Pfirrmann Grades

As shown in Table 5.10, there was a clear trend of highest BMD observed in the worst
degenerative states, which were in Modic type III and Pfirrmann grades IV and V. On the
contrary, the lowest BMD was seen in the absence of Modic changes but at high Pfirrmann
grades. The healthy samples, with no Modic changes and Pfirrmann grade I, exhibited BMD
in the range between samples with Modic type II and type III. Therefore, the BMD drops
with increasing Modic changes from the healthy state, but then increases at Modic III, which
is in line with the current understanding of the Modic types.

From Table 5.8, the data showed a general decreasing trend with incremental degenerative
conditions but the trend was not conclusive. Conversely, in Table 5.9, the data showed an
increasing trend of porosity with increasing degenerative conditions. However, given the
lack of all the Pfirrmann grades, it is not possible to have conclusive trends at this stage.

Furthermore, the results from this study show that considering only the Pfirrmann grade
of the disc does not provide a holistic image of the pathology involved. Samples exhibiting
the same Pfirrmann grade showed different structural properties depending on their Modic
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changes. Therefore, it is crucial to consider the degenerative states of both the disc and the

vertebra when assessing their combined effect on the VEPs.

Variation with Endplate Erosions

The results from this study suggest that VEP erosions are closely associated with adjacent
disc degeneration, as shown in Table 5.6. The data showed that greater affected VEP area
of lesion, that is higher grades of VEP erosions, were associated with higher Pfirrmann
grades of the adjacent discs. Similarly, as shown by the data in Table 5.7, VEP erosion was
present across all Modic types, with a high prevalence of 17.2 % for VEP erosion grade II1
and Modic type I. This supports previous work in the literature suggesting close association
between VEP erosions and back pain [276]. Modic type I is strongly associated with back
pain. The central portion of the VEP and the adjacent vertebral marrow are innervated, in
contrast to the nucleus pulposus of the disc [174, 277]. Therefore, lesions and erosions of the
VEP expose these sensory receptors, producing pain. Moreover, the inhomogeneous VEP
boundary with the disc and inflammation can lead to altered stress distributions which could
in turn lead to the innervation of the VEP. These suggested mechanisms for degeneration
could explain the occurrence of pain.

The inhomogeneous nature of the VEP-disc boundary as a result of VEP erosion made
it hard to see any clear trend in the structural properties of the VEP with different grades
of VEP erosions. The disruption of the VEP’s structural integrity could be initiating the
degenerative conditions of the disc. The nucleus pulposus is likely to protrude into the
vertebra through the eroded VEP causing a loss of water and proteoglycan of the disc and
loss of discal heights, all contributing to the degeneration of the disc [278]. Furthermore, in
an attempt to repair the VEP erosions, the bone remodelling cycle could lead to obstruction
of the vascular network in the VEP, leading to limited nutrition to the disc.

5.4.3 Effects of Degeneration on the Trabecular Bone of the Vertebra

To assess the effect of degeneration on the trabecular bone, only Modic changes were
considered as the Pfirrmann grades of the disc and the VEP erosion grades affect the disc and
the VEP only, but Modic changes also affect the trabecular bone in the verterbra. Comparing
the structural properties of the underlying trabecular bone in the vertebra with Modic changes
showed no clear trends for the types I and II. The BMD of the controls and samples with
Modic type III were highest. As explained in the previous section, this increase in BMD
from Modic type II to type III could be explained by bony deposition or mineralisation
of the cartilage tissues due to the pathological nature of Modic type III. The cadaveric
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samples had the highest porosity and therefore the largest trabecular separation and thinnest
trabeculae. This further implies that the cadaver must have had other pre-existing medical
conditions which would explain the uncharacteristic structural properties of the samples,
despite having no disc degeneration. Conversely, samples with Modic type III showed the
lowest porosity, with thickest trabeculae and smallest trabecular separation. This could mean
that sclerosis or bone deposition is happening throughout the vertebra as the cells involved in
the bone remodelling cycle could be infiltrating through the damaged VEP-disc boundary
and reaching the trabecular bone in the vertebra. This agrees with the findings of Perilli et al.
showing increased bone volume and trabecular thickness compared to Modic I and II, which
they explained by increased bone formation and reduced bone resorption [279]. Another
explanation could be that the samples with Modic type III, given that they are all from the
same patient, could be an individual characteristic of this particular patient, therefore making

it harder to make conclusive remarks at this stage.

5.4.4 Effects of Degeneration on the Nutritional Pathway of the VEP

It is still unclear whether the VEP or the disc is the initiator of degeneration. However, as
discussed in the previous sections, given that the VEP provides a nutritional pathway to
the avascular disc, it is hypothesised that hindrance of this blood supply would lead to the
degeneration of the disc. In this study, the nutritional pathway was characterised by the
openings density per area on the surface of the VEP in contact with the disc and the sizes of
the openings. The effects of degeneration on these parameters will be compared for each of

the degeneration categories.

Variation with Modic Changes

The cadaveric samples showed lower canal openings density than the healthy patients but
had larger openings, the major diameter of the openings were actually largest for the cadaver,
as shown in Figure 5.25. Samples with Modic I showed the largest spread for openings
density, with the values higher than other Modic types, as shown in Figure 5.22. This is
because oedema present in Modic I is accompanied by an increased vascular density along
with an increase in the number of nerve endings as a result of the VEP microcracks [191].
Conversely, samples with Modic III had the lowest openings density per area, which implies
that sclerosis could be obstructing some of the openings. The diameters of the openings did

not show considerable variations across all Modic types.
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Variation with Pfirrmann Grades

The openings density per area and the diameter of the openings showed no specific variation
with the disc Pfirrmann grades, as shown in Figures 5.23 and 5.26. This implies that the
degeneration grades of the disc are not contibuting factors to the normal functioning of the
nutritional pathway of the VEP. Given that samples were excised from patients undergoing
surgery, their discs were at higher grades, Pfirrmann grades IV and V. Therefore this study
had no samples from grades II and III, making it harder to make a conclusive remark on the

effect of Pfirrmann grades on the nutritional pathway.

Variation with Endplate Erosions

The canal openings density per area showed no clear trend with VEP erosion grade, as shown
in Figure 5.24. This is because of the different extents of influence from the different types
of degeneration as well as individual characteristics of each patients. However, the openings
in samples with Modic type III had larger diameters than the ones in types I and II, which
is also reflected in the 3D rendered images shown in Figure 5.9. The standard deviation of
the diameters were also large in Modic III, implying the openings are of very different sizes,
with some very large ones, due to the loss of the VEP’s structural integrity. The diameter of
the openings in VEP erosion type II were also larger than the ones in type I which shows
the openings get larger with increasing erosion of the VEP. These larger openings are the
result of the VEP layer being eroded and might not necessarily contain vascular vessels but
could be filled with bone marrow and descending matrix of the nucleus pulposus of the disc
[258, 280].

5.4.5 Clinical Significance

Modic changes have been associated with the presence of external pressure from the loading
of the spine, hindrance of the nutritional pathway and genetic factors by Emch et al. [281]
whereas Crock et al. linked Modic changes with the inflammation in the VEP resulting from
disruption of the intervertebral discs [175]. From this study, we saw a close association
between Modic changes and the structural properties of the VEP. It has been reported
that lumbar spinal segmental instability, which occurs when an applied force produces
displacement of part of a motion segment exceeding that found in a normal spine, could play
a major role in the onset of the pathological degeneration of the disc [282]. Furthermore,
degenerated discs also contribute to the spinal segmental instability, worsening the condition.
It has been shown previously that Modic I is more prone segmental instability, which explains

the conditions worsening to Modic II in some patients [283].
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It is not possible to make conclusive remarks about the effect of only the Modic changes
on the structural properties of the VEP due to varying degrees of Pfirrmann grades and
VEP erosions in the samples from this study. Furthermore, the Pfirrmann grading system
does not take age into consideration, given that it was devised with a sample group with
average age 40 years [77], and there is also inter-observer disagreement on grades II and
III due to the ambiguity of the description provided for the grading system. It has also
been shown that there is considerable variation in discal heights, making the grading system
relatively non-discriminatory for grades III and I'V. To address these shortcomings, Griffith
et al. devised a modified Pfirrmann grading system, adding grades VI to VIII, expanding
the visual representation and description of the new grades [284]. Yu et al. showed that
there was a significant difference in the Pfirrmann grade and the modified Pfirrmann grade
among Modic type 0, I and II changes [282]. Therefore, hospitals and radiologists should
consider using the modified Pfirrmann grades to assess degeneration levels of the discs. This
could have provided a clearer picture of the association between the Modic changes and the
Pfirrmann grades in this study.

Similarly with the Modic changes, due to the occurrence of mixed Modic types and
transitional phases between Modic I and II, modified Modic classification has been suggested
[285]. However, it is still undecided which of the two grading systems have better inter
and intra observer reliability. Therefore, it might be essential to improve the sensitivity and
precision in assessing MRI signal changes of VEPs, given that the Modic classification was
devised in 1988.

Regarding the VEP, morphological changes were evident with advancing age but also
in association with pathological changes of the intervertebral discs in incremental stages
of degeneration. In early stages of degeneration, fissures were seen on the VEP with
increasing porosity. These were assumed to be linked to increased blood vessels during the
inflammation stages, as a result of the ossification of the VEP and the cartilage endplate in
the more advanced stages of degeneration.

Brown et al. showed the proliferation of vascularity and sensory nerves in the VEP
region and the vertebra adjacent to the degenerate discs. This increase in nerve endings
was linked with an increase in blood flow, perhaps as an attempt to increase the nutrition of
the degenerated disc [176]. The neuropeptides responsible for the innervation process are
also pain transmitting. Therefore, the increase in sensory nerves and the presence of VEP
erosions strongly suggest that VEP are sources of pain. In conclusion, the VEP plays an
important role in maintaining the healthy conditions of the disc and the spine. From this

study, we have a better understanding of the VEP and the structural changes that occur as
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part of degeneration. The VEPs have to balance physiological challenges which contribute to
its failure. However, the exact cause and initial stages of degeneration still remain unclear.
Although disc degeneration is not the only cause of back pain, the findings from this study
strongly support previous results from literature which highlighted the strong correlation
that exists between the two. As a result of the increased understanding of the cellular
processes that lead to disc degeneration and the structural properties of the VEP, there is
also more development in the field of regenerative medicine. The regenerations of the VEP
under development involve the disc as a whole, due to the complex interactions between the
individual components of the disc and the VEP [286]. However, these approaches should take
into account several factors such as the individual patient’s weight, activity, other medical

conditions and a clearer understanding of the progressing stages of degeneration is required.

5.4.6 Physiological Degeneration of the VEP

According to literature, the physiological degeneration of the VEP with age would mean a
decrease in thickness, an increase in porosity and a increase in the BMD [129]. This can
be explained by the constant loading of the spine leading to a decrease in discal thickness
and therefore VEP thickness [104]. Furthermore, with age, the cartilage VEP undergoes
calcification, therefore increasing the BMD of the VEP which can impede the nutritional
pathway, leading to an increased porosity as a coping mechanism.

The results from this study also indicated a decreasing trend for the VEP thickness, with
the cadaver at 62 years old having the thinnest VEP, as shown in Figure 5.28. The porosity
showed a less clear trend. For the BMD, shown in Figure 5.30, the control patient and cadaver
had the highest values and a generally increasing trend for the other samples. Because these
samples were excised from patients with different degrees of disc degeneration, with different
levels of physical activity and lifestyles which are all contributors to the structural properties
of the VEP, finding a trend with age proved to be hard. The physiological degeneration is not
the biggest factor in determining the structural properties of the VEP, in this study.

Given that the VEP provides the main nutritional pathway to the avascular disc, it would
make more sense for this pathway to be first hindered, causing the eventual degeneration to
the disc. It is less likely for the disc to degenerate first, causing a blockage of the nutritional
pathway. Moreover, the degeneration grades of the disc, assessed by the Pfirrmann grading
system, did not show any clear trend with the structural properties of the VEP. However, the
VEP showed clear trends with the Modic changes, which are based on the bony changes
of the VEP and the trabecular bone. The occurrence of fissures, as shown in the micro-CT
images in Figure 5.7, from constant loading of the spine could lead to disruption of the
mechanical stability of the VEP which in turn affect the calcification and bone remodelling
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processes. This could lead to the changes observed in the porosity and nutritional pathway
of the VEP, eventually leading to the degeneration of the disc. However, this still remains a
theory, requiring further investigation into the pathologies involved in the different levels of
disc degeneration.

5.4.7 Validity of the Sheep Model

From the MRI scans of the sheep spine in Figure 5.34, the discs and VEP were shown as
healthy and therefore are comparable to samples from the cadaver and from the healthy
patient IPSO8. However, the VEP in the sheep are thicker with smaller openings on the
surface as shown in the 3D rendered images in Figure 5.35. The defining structural properties
of the VEP, namely the thickness, porosity and BMD of the sheep samples were significantly
different from the control human samples. The cadaveric and healthy patient samples were
considered separately and there were no significant differences between these two groups,
as shown in Figure 5.36, 5.37 and 5.38. This further reinforces the validity of the cadaveric
samples as control in this study. However, the results from this study indicate that the sheep
model does not provide an accurate representation of the human spine. Although the trends
with respect to cranial and caudal VEPs might be similar, the actual values are different, given
the size difference of the spine and the fact that sheep are quadrupeds. Therefore, it is safe to
say that using a sheep model is a good way of perfecting experimental protocols and is useful
to understand the trends in the structural properties and the nutritional pathway of the VEP.
However, they have limitations and should be used with extreme caution for comparison with

data from human spines or for designing implants due to the size differences.

5.5 Conclusions

This chapter aimed to assess the effect of pathological degeneration on the VEP, using a novel
approach comparing the laboratory findings with clinical observations of samples harvested
from patients undergoing spinal surgeries.

The results successfully showed a direct association between disc degeneration and VEP
structure. Although Modic changes and Pfirrmann grades are useful grading systems to assess
the progress of the degenerative state of the disc, they are still limited in their description
making targeted identification of a specific grade less specific. However, the VEP samples
showed expected trends with the Modic changes, showing increased porosity and decreased
BMD with inflammation in Modic I and II but increased BMD and increased thickness of
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the VEP in Modic III, highlighting the bony sclerosis. However, the lack of samples from
each incremental grade of degeneration in this study made the findings inconclusive.

Similarly, the VEP erosion grades showed a direct association with the size of the
openings on the surface of the VEP in contact with the disc, both on the micro-CT images
and in the quantitative analysis of the openings. It was clear that with advancing erosion
grade, the openings get bigger in size, leading to loss of the structural integrity of the VEP in
the worst cases. The VEP erosion grades showed correlation with the Modic and Pfirrmann
changes, however, due to the lack of samples from all grades, it is not possible to make
conclusive remarks on the trends from this study. Furthermore, the underlying trabecular
bone in the vertebra showed the same trends in structural properties as the VEP, in both
healthy samples and samples with Modic type III, implying the cells causing the pathological
degeneration could be breaching the damaged disc-VEP boundary and infiltrating the VEP
and the vertebra. It also became clear in this study that the weight, level of physical
activity, smoking and drinking habits and other pre-existing medical conditions should all
be considered before making assumptions about the trends with disc degeneration. The
cadaveric samples, for instance, qualified as healthy samples based on the assessment of
disc degeneration but clearly showed some uncharacteristic features compared to samples
from the healthy patient. Therefore, all factors have to be taken into account before making
conclusive remarks.

The sheep model showed the same trends as the ones seen for cranial and caudal VEPs in
both the cadaveric and healthy patient samples, however, there was a significant difference in
the magnitude of the results. Therefore, sheep models can be used for perfecting experimental
protocols and predicting trends, however, absolute values are not comparable to those from

human spines.

Key Points

The main findings from this chapter can be summarised as shown below:

* The results of this study suggest that the hindrance of the nutritional pathway of the
VEP as the initiator to disc degeneration, rather than the degenerated disc causing
changes in the VEP.

* Increased BMD and increased thickness of the VEP in Modic III could be caused by

the pathological process of bony sclerosis.

* The Pfirrmann grading system and the Modic changes are limited in their assessment

of degenerative states.
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» With advancing VEP erosion grades,the size of the canal openings on the surface of
the VEP in contact with the disc were seen to be larger, both on the micro-CT images

and in the quantitative analysis of the openings.

* The underlying trabecular bone showed the same trends in structural properties as the

VEP, in healthy samples and samples with Modic type III.

* The sheep model is valuable for perfecting experimental methods but the structural
properties are significantly different in magnitude to those measured in the healthy

human samples.



Chapter 6

Conclusions and Future Work

6.1 Summary of Main Findings

The work presented in this thesis described the experimental investigations of the vertebral
endplate (VEP) with respect to its structural properties and main biophysical functions.
Furthermore, the effect of degenerative conditions of the intervertebral disc on the structural
properties of the VEPs were also investigated. In each of the experimental chapters, the
methods developed and used, the results obtained, and the discussion of those results were

presented. The main findings will be summarised below.

Structural Properties of the Endplate

In Chapter 3, a characterisation protocol was optimised for the sheep VEPs, using the micro-
CT imaging technique. The novel aspect of this study was the simultaneous assessment
of different structural properties of the same VEP, and the comparison of different VEP
locations from the same spine on the structural properties. The VEP was shown to have
structural properties, adapted to enable it to fulfil its 2 main biophysical functions of providing
mechanical support and a nutritional pathway to the disc. The central region of the VEP
was thinner and more porous to allow for increased biochemical exchange with the nucleus
pulposus of the disc while the peripheral regions were thicker and less porous to enable better
anchorage of the fibres from the annulus pulposus of the disc. The VEP has been shown to be
part of a complex multi-component systems, consisting of the epiphyseal ring, the vertebra,
the cartilage endplate and the intervertebral disc. The size of the epiphyseal ring also adapted
to the loading of the spine, being thicker in the anterior region of the spine to allow the
spine to bend and twist without slippage of the disc by providing strong anchorage of the

discal fibres. Furthermore, the VEP was also shown to have different structural properties
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depending on their location with respect to the disc and the spinal level. The cranial and
caudal VEPs had different properties, as did the VEP at higher spinal levels compared to
those at the lower ones of the lumbar spine. The cranial VEPs were thicker, more porous and
showed higher BMD than their caudal counterparts. The thickness of the VEP increased from
spinal level L3 to L6, whereas the porosity and the BMD decreased in the same direction.
This once again highlights the close correlation between the loading of the spine and the
structural properties of the VEP.

The bone health of the trabecular bone in the underlying vertebra was also investigated.
Although there were no significant changes in the average porosity, trabecular thickness and
separation in different vertebrae, the BMD increased from spinal level L3 to L6. Given that
all 54 samples were harvested from the same sheep spine, this study provided a reliable

means of assessing the effect of locations on the structural properties of the VEPs.

Nutritional Pathway within the Endplate

An intricate 3D network of canals was found in the VEP layer, which was imaged, isolated
and analysed. This study was the first to quantitatively characterise the structure of the
individual canals, and simultaneously investigate the contents and the endings of these canals.
The canals originated from the trabecular bone and ended at the boundary of the VEP with
the soft tissues of the disc. Chapter 4 introduced a new method using the centreline analysis
for the quantitative analysis of the individual canals in the VEP. The canals were classified
into 3 groups, the ones starting from the surface of the VEP, the transverse canals with respect
to the normal direction to the VEP surface, and the longitudinal canals. The canals emerging
at the surface of the VEPs were in high concentrations at the central region of the VEP, which
was also indicated by the higher density of canal openings in the same region. This reinforces
the theory of a higher rate of biochemical exchange with the nucleus pulposus of the disc
from the central region of the VEP.

The ending of these canals were shown to emerge as bud-like, soft tissue structures into
the cartilage endplate. Furthermore, this study successfully showed the presence of blood
in the VEP layer, within the canal network. Therefore, it can be assumed that the canal
network within the VEP layer is host to the capillary network carrying blood close to the
disc. However, blood capillaries do not possess the ability to be open-ended or intertwined
into bud-like structures. Given the requirement of blood systems to be closed ones, the blood
flow in the VEP, especially at the boundary with the soft tissue of the cartilage endplate and
the disc remains unclear. Therefore, it is known that nutrients and oxygen reach the disc

through the blood vessels which flow within the canal network in the VEP. However, the
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mechanism of exchange at the VEP-disc boundary and the architecture of the endings of the

blood vessels are still unclear.

Degenerative Conditions of the Endplate

The study in Chapter 5 showed a novel approach for the comparison of the clinical assess-
ments of disc degenerations, from magnetic resonance imaging (MRI) scans, to laboratory
characterisation of the human VEP from micro-CT imaging, using samples from patients
undergoing elective surgeries.The results identified the VEP as being more likely to be the
cause of disc degeneration rather than the effect. Given that it provides nutrients and oxygen
and provides mechanical support to the disc, it plays a crucial role in maintaining the healthy
state of the disc. Therefore, it is likely that hindered nutritional exchange will lead to degen-
eration of the disc. The structural properties of the VEP were seen to change with different
levels of disc degeneration, assessed by Modic types, Pfirrmann grades and VEP erosion
grades. Modic types I and II are the result of inflammation and oedema in the trabecular
bone while bony deposition is characteristic of Modic type III. Modic types I and II were
characterised by higher porosity and lower BMD than healthy VEPs, while Modic type II1
was characterised with high BMD and low porosity, and increased thickness. The Pfirrmann
grading system, being limited in its assessment of ascending levels of disc degeneration, did
not show clear association with the changes seen in the VEP structure. Conversely, advancing
VEP erosion grades showed a strong correlation with the size of the openings and the VEP
area corroded. Therefore, the degeneration in the VEP structure showed correlation with
the clinical assessments of the degeneration in the trabecular bone (Modic changes) and the
VEP itself (VEP erosion grades), but not with the state of the disc, which could be due to
the efficiency of the grading system or the complexity of the pathological process of disc
degeneration.

The findings from this study also showed that the sheep model is not a realistic repre-
sentation of the human spine. The magnitude of the absolute values were higher than those
measured in the human spine, due to the larger size of the sheep spine. It provided a good
means for identifying the main trends in terms of the structural properties of the VEPs with

respect to their physical location and for optimising the testing protocols.

Overall Implications

The VEP has been underappreciated in its role in the normal functioning of the spine, and
in its role in the occurrence of back pain. The results from this work have highlighted the

importance of the VEP in maintaining the healthy functioning of the intervertebral disc and
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has provided evidence for changes in the structural properties of the VEP in degenerative

conditions of the spine. In relation to the aims of this thesis, the findings have successfully:

* characterised the structural properties of the VEP,

* isolated and quantitatively characterised the nutritional canal within the VEP,
* identified the presence of blood in the 3D canal network,

* imaged the endings of the canals out of the bony VEP as bud-like structures

* showed significant changes in some of the structural properties of the VEP in degener-

ative conditions of the spine, characterised by clinical observations.

Given that the VEP has been shown to provide mechanical support to both the disc
and the vertebra, and to provide a nutritional pathway to the disc, it should be given due
consideration during diagnosis of back pain. Unfortunately, current diagnostic tools do not
identify subtle VEP damage associated with innervation, and consequently the role of VEP
damage in the onset of back pain may be underappreciated. Therefore, more research is
needed to clarify the role of VEPs in disc degeneration and discogenic pain. Ultimately, the
association between clinical observations from back pain patients and scientific investigations
of the disc cells, structural and biomechanical properties need to be investigated in greater
details.

Furthermore, the VEP has to be considered as part of disc implant design and surgical
procedures, such as in the case of interbody spinal fusions, as discussed in Section 2.8. The
results from this thesis showed how the structural properties change with spinal level, side of
the disc and association with central or peripheral regions of the disc. Therefore, implants
for the disc or the VEP have to be tailor-made depending on specific locations where they

are meant to be fitted into the spine.

6.2 Future Work

The work from this thesis has highlighted the importance of the VEP in providing mechanical
stability and a nutritional pathway to the disc, and identified the role of the VEP in degen-
eration of the spine. However, it has also highlighted many interesting questions to further
clarify the role of the VEP in the spine. Future work should be focused on 3 main goals:
correlating the mechanical properties of the VEP with the structure, clarifying the blood
flow within the VEP layer and understanding the mechanism for the onset of pathological

degeneration of the disc.
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6.2.1 Mechanical Properties of the Endplate

Given that the structural properties of the VEPs have been associated with the mechanical
loading of the spine, it is important to understand the mechanical strength of the VEPs.
Furthermore, a clearer understanding of the mechanical properties of the VEP is essential to
ensure the development of new implants have the potential to minimise or avoid subsidence of
the implants into the bone, causing further damage. An in-depth knowledge of the hardness,
stiffness and Young’s modulus would enable clinicians to assess the risk of subsidence related
complications post surgerical interventions. It would also improve the identification of the
optimal implant placement to avoid areas of low mechanical strength of the VEP [287].

Several studies have investigated the mechanical strength of the VEP, at the microscopic
level, for example measuring the modulus of the VEP using nano- and micro-indentations
of the microstructures of the bone tissues [68, 288, 289]. However, the findings from these
studies do not accurately represent the behaviour of the VEP at the macroscopic level, or
how the microstructural properties translate to the likelihood of subsidence of implants into
the VEP [287]. Studies including indentation techniques at the microscopic level do not take
into consideration the combined effects of VEP thickness, the bone health of the underlying
trabecular bone or the presence of bone defects. However, other studies have considered
the stiffness of the VEP at the macroscopic level but this property is not directly relatable
to implants materials and is dependent on the geometry of the indenter used in the study
[288, 290].

The in-situ compression testing stage in the micro-CT scanner offers a useful means of
observing changes to the microstructure as a result of pressure in situ and of identifying the
nucleation points of cracks and damage before failure of the bone sample. In the case of the
VEP, this would enable the correlation of measured mechanical properties at the microscopic
levels with observed changes in the bone. It would also provide a representation of the
compressive pressure of implants to model the point at which subsidence occurs and the
weak areas of cracks nucleation in the VEP.

6.2.2 Blood Flow within the Endplate

A crucial extension of the current study on the nutritional pathway within the VEP layer
involves finding evidence of blood vessels in the VEP and imaging the endings of these
vessels at the VEP-disc boundary. A few of the techniques that could be used will be
discussed briefly below.
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Histology

Histological staining would provide a useful way of identifying the presence of blood in the
different layers of the endplate: the bony endplate (VEP) and the cartilage endplate. Using
the appropriate staining for blood vessels, and a series of incremental histological slides,
it would be possible to identify the presence of blood vessels in the different layers of the
endplate. Furthermore, if coupled with pre-scanning of the sample in the micro-CT it would
be possible to correlate the architecture of the 3D canal network in the VEP layer with the
presence of blood vessels from histology to assess whether all the canals are filled with blood
vessels or not.

Staining methods could also be used to investigate the presence of lymph vessels in the
VEP. Lymph vessels are generally lined by one cell layer. Morphologically, if a red blood
cell can be seen within a lumen, then it is very likely to be a capillary and not a lymph vessel.
However, if white blood cells can be seen, that is indicative of a lymph vessel. Podoplanin
has been used to stain lymphatics. However, podoplanin also stains a small proportion
of capillaries and there is no absolute immunohistochemical marker that has the ability to
accurately differentiate blood vessels and lymphatics [291, 292]. Therefore, this would be a
challenge to find a reproducible way to differentiate the stains for the blood vessels and the

lymph vessels.

Photoacoustic Imaging of Blood Flow

The photoacoustic imaging used in Chapter 4 to visualise the blood vessels within the VEP
was shown to be useful for showing the presence of haemoglobin but was limited by the
cadaveric nature of the VEP samples. In order to visualise the continuous flow within the
blood system present in the VEP, especially at the VEP-disc boundary, anti-coagullants, such
as heparin or ethylenediaminetetraacetic acid injections could be used [293, 294]. This would
ensure the blood does not form clots and therefore a continuous 3D flow of the blood could
be visualised. This could also be compared with the canal structure seen from pre-scanning
of the VEP in the micro-CT. This would provide an approach to understand the endings of
the blood vessels and the blood flow within the VEP layer.

Computational Modelling of Blood Flow

An understanding of the deformation and flow of blood within the canals of the VEP can
provide an understanding of how nutrients and oxygen are carried to the disc and waste
products removed, giving an insight into the vulnerable areas for the onset of degeneration.

Investigations of the macroscopic blood properties consist of rheometric experiments. Com-
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putational modelling offers a method to simulate the hemorheology of the VEP, which is
the study of the interactions between blood components and the endothelial cells lining the
blood vessels. Studies have shown that uncharacteristic hemorheological properties can be
strong indicators of inhibited circulation or pathological interference [295].

The canal networks obtained from the analysis of the micro-CT images through the
Simpleware software could be turned into a finite element model. This model could then
be used in the COMSOL software to create a simulation of the blood flow within the canal
network. Simulations are based on restricted domains with only a few vessels from a network
of blood circulation. Therefore, an understanding of the nature of the endings of the blood
vessels at the VEP-disc boundary is crucial to provide the artificial boundary conditions of the
model. Another challenge is to estimate the model parameters of the VEP bone, such as the
vessel wall compliance, from measurements or preliminary simulations. The non-Newtonian
nature of blood as a fluid, the viscosity and the different components of blood also have to be
included into the model. The interaction of patient specific geometry and physiological flows
often leads to a complex flow, creating numerical instabilities at the artificial boundaries.
Therefore, the model used should be able to handle this complexity, perturbing as least as
possible the natural flow. Important information such as the vessel wall shear stress can
be computed from the model. The effect of increased pressure on the VEP and clogged
pores on the blood flow within the VEP could also be investigated this way, leading to an

understanding of the onset of pathological degeneration of the disc.

6.2.3 Pathological Mechanism of Degeneration

The pathology of disc degeneration is still unclear, despite having been extensively investi-
gated. From the results in this study, it has been suggested that various factors are at play
in the aetiology, including mechanical loading, compressive forces, shear stress, as well
as ageing and genetic factors. However, there is still no clear evidence indicating whether
ageing or repetitive injury has a greater influence on degeneration. Mechanical factors can
trigger biochemical reactions which can lead to the initiation of biological changes of the
normal ageing process. This process can also be accelerated by genetics. Degradation of
the structure of the disc as part of the ageing process also makes the disc more susceptible
to mechanical injuries. Which factors initiate the degenerative cascade is a question that
remains unanswered, but most evidence points to an age-related process influenced primarily
by mechanical and genetic factors [296].

Given that the Modic changes, the Pfirrmann grade and the VEP erosion grade can be
assessed based on MRI scans, the correlation between these observed degenerative states
could provide a clearer picture of the aetiology of degeneration. A clinical based study
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could be carried out with a considerably large group of patients with chronic back pain,
with long-term follow-up and normalized measurement. The study would only require the
MRI scans and would therefore be non-intrusive. It would also enable the inclusion of
patients with early stages of chronic back pain, not requiring surgical interventions, which
was not available in the present study. The statistical dependence of the different states
of degeneration could provide an insight on the aetiology of degenerative conditions. For
example, if the presence of advanced endplate erosion grade is seen in patients with early
onset of Pfirrmann grade or Modic change, it would imply the VEP is the initiation point of
degeneration. Furthermore, the age, genetic factors and other pre-existing medical conditions

should be factored into the study to ensure reliability of data.

6.2.4 Summary of Future Avenues of Investigation

Understanding the healthy state of the VEP is crucial to identifying the causes leading to the
degenerative states of the VEP. In this study, the structural properties have been characterised
in depth. However, there are still many important avenues for further investigation. Inves-
tigating the mechanical properties of the VEP would provide further information on how
the VEPs are able to fulfil their biophysical functions in relation to providing mechanical
support to the intervertebral disc. Furthermore, imaging and quantifying the blood flow in
the VEP layer will provide an understanding of the nutritional pathway to the disc and the
biochemical exchange of nutrients, oxygen and waste products with the disc. Equipped
with the right knowledge of the structure and functions of the VEP, it will be possible to
identify the areas prone to damage and therefore the aetiology of degeneration can be clarified.
Further investigations of the degenerated VEPs will provide evidence concerning the sites
of initiation of degeneration. If it can be shown that the VEP is the initiation point of disc
degeneration, for example by identifying the hindered nutritional pathway to the disc as the
cause for the disc to degenerate, novel targeted treatments of back pain might be designed.
Previously, the VEP has been underappreciated in the literature and clinical assessment of
back pain. The work in this thesis highlights the importance of a holistic understanding of
the role of the VEP in the normal function of the spine and could lead to the improvement
of diagnostic tools to take into account the health of the VEP, as well as the disc and the

vertebra.
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