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ABSTRACT

The aim of the current study was to investigate the multi-dimensional characteristics of lumbar
endplate defects in humans in relation to disc degeneration and other MRI phenotypes as well as
their role with pain and disability. 108 subjects were recruited and underwent 3T MRI of the
lumbar spine. Structural endplate defects were identified and their dimensions were measured in
terms of maximum width and depth, and were then standardized to the actual width of the
endplate and depth of the vertebral body, respectively. Both width and depth of all endplate
defects in each subject were added separately and scores were assigned on the basis of size from
1 to 3. Combining both scores provided “cumulative endplate defect scores.” Disc degeneration
scores, Modic changes, disc displacement, HIZ and facet joint changes were assessed. Subject
demographics, pain profile and Oswestry Disability Index (ODI) were also obtained. Endplate
defects were observed in 67.5% of the subjects and in 13.5% of the endplates. All dimensions of
endplate defects showed significance with disc degenerative scores, Modic changes, and
posterior disc displacement (p<0.05). Maximum width (p=0.009) and its standardized value
(p=0.02), and cumulative endplate defect scores (p=0.004) increased with narrow facet joints.
Cumulative endplate defect scores showed a strong positive association with ODI (p<0.05)
compared to disc degenerative scores. Large size endplate defects were strongly associated with
degenerative spine changes and more back-related disability. Findings from this study stress the
need to assess endplate findings from a multi-dimensional perspective, whose role may have
clinical utility. This article is protected by copyright. All rights reserved
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INTRODUCTION

The vertebral endplate is essential for maintaining the morphological and functional
integrity of the lumbar intervertebral discs. The endplate provides a route for nutritional
exchange and helps distribute compressive stress from the disc onto the trabecular network of the
vertebral body. Despite having two components, osseous and cartilaginous, the endplate is not a
perfect design. The relatively thin, perforated structure of osseous component, unable to bear
compressive stresses for long, is vulnerable to fracture and defect; hence, this structure is termed
as the “weak link” of the lumbar spine.

Several imaging techniques, such as plain radiographs, computed tomography (CT) scans
and magnetic resonance imaging (MRI) are able to visualize the endplates.®®® Among them,
MRI is considered the most sensitive and effective modality to detect even a little alteration
within the structure of the endplate. It is also able to reveal the “biological reaction” to endplate
defects (i.e. abnormality, breaks, damage, disruption or discontinuity of the structural endplate
morphology) that have been commonly associated with and can lead to Modic changes. Modic
changes are signal intensity changes in the subchondral vertebral bone marrow extending from
the endplate.'**® It is assumed that endplate defects can facilitate communication and a constant
cross-talk between the disc and vertebral body, which can lead to a persistent inflammatory state
of the vertebral bone marrow; thereby, becoming an important pain generating source.*>%’

Endplate damage is closely linked with lumbar disc degeneration. According to Mok et
al, the presence of endplate defects was significantly associated with the severity of lumbar disc
degeneration. Experimental evidences suggest that defects in the endplate cause significant
reduction in the disc’s proteoglycan content and can lead to elevated catabolic enzymes, pro-
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inflammatory cytokines, and pro-apoptotic proteins in the disc, resulting in degenerative
changes.!81° Furthermore, endplate defects allow nucleus material to invade the vertebral body,
causing reduced pressure in the nucleus and appearance of stress peaks within the anterior and
posterior annulus.?%?! The altered mechanical stresses adversely affect the disc cell metabolism
and may be a factor leading to “endplate driven disc degeneration”. Such evidences suggests that
endplate defects are likely involved in the initiation or progression of disc degeneration.

Owing to the highly innervated nature of the endplate, any injury or defect is highly
susceptible to pain but the role of these endplate defects in discogenic back pain is still
debatable. Similar controversy also exists with disc degeneration and back pain. It becomes more
challenging and difficult to distinguish the potential source of back pain when both endplate
changes and disc degeneration co-exist. VVarious studies focusing on endplate lesions determined
a strong link with low back pain.’®?* Furthermore, it has been noted that endplate pathologies
perhaps are more densely innervated as compared to disc pathologies; thereby, representing an
important pain generating source.*®? Though some endplate findings, such as Schmorl’s nodes,
are not strongly linked with back pain,?®?’ absence of pain may be explained by subsidence of
inflammation as a part of the healing process or that there are sub-phenotypes of endplate
findings that are more associated with pain. As such, variations in the size or shape of the
endplate defect may cause different pain profiles. This possibility has been explored by few
previous studies and they were able to demonstrate that ‘large’ sized endplate defects are more
closely associated with disc degeneration and pain as compared to ‘small’ sized ones.?42829
Another recent study by Farshad-Amacker et al®® was able to demonstrate that endplate defects

occupying >50% of the endplate area were more likely a risk factor for disc degeneration and

This article is protected by copyright. All rights reserved

4



Modic changes, but all these attempts were merely a qualitative grading rather than precise
measurements. A recent quantitative measurement of the cadaveric endplate defect dimensions
with micro CT revealed that larger and multiple defects were significantly associated with
decreased intradiscal pressure and increased severity of disc degeneration. However, how this
morphological variability of the endplate defect dimensions affects other spinal phenotypes, such
as high-intensity zones (HIZ), disc displacement and facet joint changes is still unknown.
Likewise, the implication of such phenotypes upon the development of pain and disability is also
important and needs to be explored. In light of these limitations and gap in knowledge, the
current study aimed to address endplate defect size on MRI from a multi-dimensional

perspective and to determine its association with other MRI phenotypes and clinical profile.

METHODS

Study participants

One hundred and eight Southern Chinese subjects were recruited. Subjects were identified from
a list of volunteers of a previous cohort (approximately 3,000 subjects).}323* All the subjects of
this previous cohort were found to be representative of the general Hong Kong population, the
details of which have been reported elsewhere.*3"-* Complete medical history, detailed clinical
profile, and imaging assessment were performed on all of subjects. The current study sample of
108 subjects were recruited from this cohort by stratified random sampling, after institutional
review board approval, to get an equal number of males and females. This sampling was done
without any bias to the presence or absence of pain. The sample size of 108 subjects was based

on available funding and represents a new imaging cohort. All subjects provided written
This article is protected by copyright. All rights reserved
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informed consent to participate in the current study, whereby they underwent concomitant
imaging and clinical assessment. Age (years), sex-type, body weight (kilograms/kg), body height
(meters/m) and body mass index (BMI: kg/m?) were noted for every individual. The visual
analogue scale (VAS) was used to measure the severity of low back pain. The subjects were
asked this question in a standardized manner as presented in written text form. The subjects
were provided with a form having a straight horizontal line of fixed length (100 mm) with the
following question: “How severe is your low back pain / sciatica today? Place a vertical mark on
the line below to indicate how bad you feel your pain is today. The ends of the horizontal line
are defined as the extreme limits of pain, oriented from right to left, marked as no pain---- to very

severe pain.”

Oswestry Disability Index (ODI) scores of all subjects were also obtained. At the same
time, all subjects underwent imaging assessment via sagittal T2-weighted MRI of the lumbar

spine.

MRI Parameters

All subjects underwent imaging of the lumbar spine via a 3T MRI scanner (Achieva,
Philips Healthcare, Best, The Netherlands). Sagittal T2-weighted (T2W) MRI was acquired
using a standard spin-echo imaging sequence with the following parameters: field of view (FoV)
=28x24cm, slice thickness=5mm, acquisition matrix=400x232, and echo time/repetition time
(TE/TR) =110ms/3000ms. Axial T1-weighted (T1W) MRI was also obtained with the following
parameters: field of view (FoV) =18x18cm, slice thickness=4mm, and echo time/repetition time
(TE/TR) =9.5ms/500ms.

This article is protected by copyright. All rights reserved
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MRI Assessment

The T2W MRI sagittal images of the endplates of the lumbar spine motion segments
were assessed from L1/L2 to L5/S1 (n=1,080) in all subjects. Any endplate structural defects
with definite margins were identified and their width and depth were measured using RadiAnat
DICOM software in all the slices with defects and maximum values were considered for analysis
(Figure 1). These values were also standardized with the actual width of the endplate and depth
of the respective vertebral body to give the standardized width and depth values. Both of these
values were scored 1-3 based on their size; score 1 was given to the values <0.2, score 2 was
0.21-0.40 and score 3 was assigned to the values >0.40. Cumulative defect scores were assigned
by adding both of the scores up to a maximum value of 6 (Table 1). To get the cumulative
endplate defect scores of the individuals with the endplate defects, width and depth of all
endplate defects were added and scores were provided as; score 1 = <0.50, score 2 = 0.51-1 and
score 3 = >1, cumulative endplate defect scores of the lumbar spine of the subjects were assigned

1 to 6 after adding both dimensions (Table 1).

Disc degeneration scores were assessed and based on the Schneiderman et al®® grading
system, which was as follows: Grade 0: normal, well hydrated hyperintense disc with normal
disc space height; Grade 1: slight decrease in signal intensity in the nucleus pulposus; Grade 2:
generalized hypointense nucleus pulposus (i.e. black disc) with disc space height maintained,;
Grade 3: generalized hypointense nucleus pulposus (i.e. black disc) with disc space narrowing. A
cumulative ““disc degeneration score” was obtained from a summation of individual discs scored
from L1 to S1 via the Schneiderman et al method. The potential range of the cumulative disc

degeneration score ranged from 0 to 15. The clinical relevance of this method has been
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illustrated in various reports of population-based studies in relation to spinal phenotypes.32333%
Other MRI changes were also observed in sagittal T2W MRI scans. For one, signal intensity
changes in the subchondral vertebral bone marrow adjacent to the endplates were regarded as
Modic changes, regardless of Modic type. Disc bulge/protrusion represented displacement of the
annular fibers beyond the vertebral margin. High intensity zones (HIZ) were characterized as
bright white signals within the annulus fibrosus of the intervertebral discs. Facet joint changes
were assessed on axial MRI and noted as any presence of narrowing, irregularity or flatness to its

morphology involving one or both joints.

Statistical Analyses

For statistical analyses, SPSS version 22 software (IBM, Chicago, IL) was utilized.
Descriptive and frequency statistics were performed to assess the various data parameters. Mean,
standard deviations (£SD) and ranges were obtained of applicable data points. Associations
between defect dimensions and continuous variables, such as age, VAS, and ODI, were assessed
using univariate analyses. Differences in dimension of the vertebral endplate defects with gender,
lumbar level, endplate site, Modic changes, HIZ, disc displacement and facet changes were
determined using independent t tests. For comparisons involving more than two groups, such as
disc degenerative grades with different dimensions of endplate defects, one way ANOVA with
Tukey Post-Hoc was used. For intra-rator reliability testing of the vertebral endplate defect
measurement, the strength was noted as follows based on kappa testing: excellent (k>0.90),
good, (k>0.80), fair (k>70) and poor (k<0.60). A p-value of <0.05 was considered as the

This article is protected by copyright. All rights reserved
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threshold for statistical significance. Inter and intra-rator reliability in the identification of the

T2W MRI phenotypes were excellent (k=0.91, k=1.00, respectively).383°

RESULTS

Subject Demographics

Among the 108 subjects, there were equal numbers of males and females (54:54), with a
mean age of 52 years (range: 22-67, SD: 7.7 years). The mean BMI was 24.6 kg/m? (range: 18.1-
39.5, SD: 3.5 kg/m?). Excellent inter-rator reliability was observed in the determination of
endplates with defects (k=1); in the measurement of width (mm) and depth (mm) of the endplate
defects excellent intra-rator reliability was seen (k=0.84 & k=0.93, respectively). For the
determination of presence or absence of defects in vertebral endplates all samples were read by
two observers. For the reliability analysis of defect dimensions, measurements were repeated by
a single observer on 19 subjects (n=26 endplates), randomly selected from the subjects with

defects after the gap of three weeks.

Endplate Defects & Subject Characteristics

Endplate defects were observed in 67.5% (n=73) of individuals with mean age of
51.6£8.5 years. Among them 50.6% (n=37) were males. Approximately 13.5% (n=146) of the
endplates had defects and 57.5% (n=84) were from males, 56.8% (n=83) belonged to the upper

two lumbar levels, and 67.1% (n=98) were inferior endplates relative to the intervertebral discs.
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Maximum width ranged from 1.92-18.7 mm (mean 8.5+3.3), while maximum depth
values were ranged from 1.58-9.13 mm (mean 3.6£1.2). These values were standardized with the
width of respective endplates and depth of the vertebral body which ranged from 0.06-0.56
(mean: 0.26+0.1) and 0.06-0.36 (mean: 0.15+0.05) respectively. Cumulative endplate defect

scores ranged from 2 to 5.

Maximum and standardized values of depth were significantly positively correlated with
age (r=0.24,p=0.004; r=0.20,p=0.01, respectively). All the other dimensions and cumulative
defect scores did not show any significance with age (p>0.05). While comparing the sex-type
differences, endplate defects in males were seen to have greater depth with significance seen in
maximum depth values (p=0.02) but values did not reach statistical significance when
standardized. Standardized width and cumulative endplate defect scores were higher in females
(p=0.003 and p=0.05 respectively; Table 2). Standardized width of the vertebral endplate defects
in the upper two lumbar levels (L1-L2 or L2-3) was significantly bigger (p=0.008; Table 2)
compared to the lower three levels (L3-4 to L5-S1). Maximum depth and its standardized values
were significantly higher in the superior endplates relative to the intervertebral discs (p=0.05,

p=0.03 respectively).

Endplate Defects & MRI Phenotypes

Dimensions of the endplate defects were increased with increasing scores of disc
degeneration (Table 3). Maximum width, depth, their standardized values and cumulative defect
scores all showed significance (p=0.001, p<0.001, p=0.01, p<0.001 & p=0.001 respectively).
All endplate defects were not accompanied by Modic changes (Figure 2) only 17.8% (n=26) of

endplate defects showed Modic changes adjacent to them (Figure 3). All dimensions of the
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defects were significantly bigger in endplates with Modic changes (maximum width p<0.001,
maximum depth p=0.01, standardized width p=0.001, standardized depth p=0.003, cumulative
endplate defect scores p=0.001) (Table 3). Intervertebral discs with posterior disc displacement
had significantly larger endplate defect dimensions (maximum width p<0.001, maximum depth
p=0.008, standardized width p=0.05, standardized depth p=0.005 & cumulative endplate defect
scores p=0.002) (Table 3). Vertebral endplate defect dimensions were also seen to be increased
with facet joint changes (Table 4) (Figure 3). Significance was seen with maximum width, its
standardized value and cumulative defect scores with narrow facet joints (p=0.009, p=0.02 &

p=0.004 respectively).

Endplate Defects & Pain

In the subjects with endplate defects, the mean cumulative endplate defect score of the
lumbar spine was 2.6 (range: 2 to 6; £0.9). These scores did not show any significant association
with VAS but showed significant positive correlation with ODI (r=0.24, p=0.04) compared to
disc degenerative scores, which did not show any significant relationship with ODI (r=0.08,
p>0.05). Among these subjects, there were almost 54.8% (n=40) of individuals with more than
one endplate that had defects. The mean value of ODI was higher in these subjects but statistical
significance was not observed. When individuals with overall endplate defects were compared
with individuals having no endplate defects (Table 5), no significant differences were seen with
age and sex-type, VAS, ODI and total degeneration scores (p>0.05). The age was slightly higher

in individuals having no endplate defects (p=0.08).
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DISCUSSION

This was the first study to assess the ‘dimensions of endplate defects’ on MRI and their
relevance with various MRI spine phenotypes and the clinical profile. Vertebral endplate defects
were observed in 68% of the individuals and in 14% of the endplates with almost equal
distribution in male and female. Upper lumbar levels and inferior endplates relative to discs were
more commonly affected. Age did not seem to have any significant effect on endplate defect
dimensions except maximum and standardized depth; mean age was also not significantly
different between individuals with endplate defects and individuals with no endplate defects.
This is in contrast to the results of a previous study done by Wang et al showing association of
increased age with endplate defects. The explanation behind the mismatch of results between
studies is perhaps attributed to different techniques of endplate assessment between studies.
Wang et al*® used dried, cadaveric vertebral bodies to locate all types of endplate defects (i.e.
Schmorl’s nodes, fractures, erosions and calcifications) with naked eye examination. They were
also able to note very small endplate defects, which cannot be visualized with MRI. The current
study only measured and noted those defects having distinct margins, and calcification of the
endplate was also not included within the lesion of the endplates. However this insignificant
relationship with age is consistent with the findings of a previous micro CT study performed on
cadaveric human samples. These results are highly suggestive of the fact that other factors, such
as genetic susceptibility, mechanical loading and trauma, may play more crucial roles in the
pathogenesis of discrete endplate lesions. The increase in depth of the endplate defects with age
may be due to the fact that the vertebral endplate gets more porous and thinner with aging and

degeneration.*!
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In our study, male endplates were seen to be slightly more affected as compared to
females though significant difference could not be achieved which is consistent with previous
studies.23! However, we also observed that females have wider endplate defects and higher
cumulative endplate defect scores, possibly a result of osteoporotic changes influencing female
bones earlier than males. The osteoporosis decreases the overall strength of the vertebral
endplate by causing gradual thinning of the trabecular plates, resulting in the disruption of the
trabecular bone architecture underneath it and the loss of BMD may also lead to structural
endplate changes.***¢ High prevalence and size of the endplate defects at the upper lumbar
levels is also in agreement with previous studies®®*’ where endplate defects were more
commonly reported at the thoracolumbar and upper lumbar levels. This presumably is because of
the small surface area of endplate as compared to lower lumbar levels where vertebral size and
compressive strength is higher to match the loading applied to them and even a minor traumatic
event is enough to cause these endplate defects. The inferior endplates relative to discs are
thinner and are supported by less trabecular bone explaining the higher prevalence of inferior
endplate defects in the current study. Interestingly the depth of the endplate defect was greater in
superior endplates this finding was consistent with a previous study and is probably due to the

marked concavity observed in these endplates with aging.40:46:4°

The MRI scores of disc degeneration were significantly associated with all endplate
defect dimensions indicating that endplate defect or damage is one of the key factors linked with
disc degeneration. This finding was consistent with the results of a recent study linking size of
the cadaveric endplate defects with macroscopic and microscopic grades of disc degeneration.

Similarly, another cadaveric endplate study reported three sizes of the endplate lesions based on
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the subjective analysis and their positive link with discographic grades of disc degeneration. The
current disc degenerative scores of MRI are phenotypic representation of mainly water,
proteoglycan and disc height loss; the vertebral endplate acts as a barrier and limit the movement
of metabolites and water between the bone marrow and disc. Hence, with bigger defects, there
are increased chances of losing water and proteoglycan contents from the disc tissue thereby
leaving the discs fibrous and dehydrated. This defect in the barrier may also be responsible for
the unrestricted movement of the cytokines and pro-inflammatory agents to and from the disc
causing bone marrow or Modic changes to appear which were also significantly associated with
dimensions of the endplate defects in the current study.'®>° All endplate defect dimensions were
also in significant correlation with posterior bulging of the intervertebral discs supporting the
previous observation linking lumbar disc herniation with endplate junction failure and endplate
damage. There are number of studies who have reported, based from cartilaginous and bony
endplates in the surgical samples of herniated discs, that the pathophysiology of lumbar disc
herniation is more likely to be mechanical and the high bending movements can cause
overstretching of the annular fibers which can pull off the vertebral endplate causing junctional
failure and endplate damage. Another possible explanation of this phenomenon may be that
dehydrated and fibrosed discs due to endplate damage are more prone to develop fissures and

tears causing disc to bulge and prolapse.>*

The facet joint changes in relation to endplate defect dimensions were another interesting
finding of the current study. The facet joints were found to be increasingly irregular, flat and
significantly narrowed as the dimensions of the endplate defects increased. Facet joints are the

point of contact between adjacent neural arches of the vertebral bodies and small changes in
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postural angle can lead to high stress concentration. It may be possible that endplate damage and
resulting uneven stress distribution and disc degeneration cause much of the compressive stress
to pass through the neural arch affecting the facet joints. However, it is challenging to establish a

cause and effect relationship with a cross-sectional study.

The link between cumulative endplate defect scores of the lumbar spine and ODI was
also an important finding in the current study. ODI is one of the most commonly used outcome
measures for individuals with low back pain.’® VAS is a valuable instrument to assess pain
intensity and is found to correlate positively with other self-reporting measures of pain intensity.
However, some authors suggest that it is more difficult to understand than other measurement
methods and, hence, more susceptible to misinterpretations. Disability index on the other hand
can be considered as a major indicator for the severity of pain conditions, allowing more
comprehensive assessment of pain and related disability.>>® Considering the fact that ODI is
very valid, reliable, and a responsive condition-specific assessment tool helping clinicians in
precise estimation of level of dysfunction associated with low back pain, we can emphasize that
increase in the endplate size can have a significant clinical relevance.t%? The lack of any
significant association between disc degenerative scores and ODI strengthen the possibilities that
endplate defects and their increasing dimensions are more relevant pathologies associated with
low back pain. The endplate pathologies tended to have increased pain innervation and provide
an open route to various cytokines and inflammatory markers to pass through, leading to
sensitization of the nerve endings present in the degenerated discs, and more specifically larger
endplate defects with Modic changes might cause influx of more cytokines and also irritate the

bone marrow, which may cause pain.166364
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Few inherent limitations existed with our study. As this was a cross-sectional design,
larger prospective studies are required to further strengthen the association findings observed,
especially related to facet changes and the pain profile. For the measurements, MRI only allows
us a two-dimensional assessment of the endplate defects. Furthermore, some very shallow and
irregular erosive endplate defects could not be measured due to indistinct boundaries. These
factors may minimize the strength of association between facet changes and endplate defects.
Three-dimensional measure of the endplate defects would certainly be needed to better define
and explore the association with different MRI phenotypes. Nonetheless, our study represents the
first study to measure the endplate defects on MRI and assess the association with other

important MRI spinal phenotypes and the clinical profile.

CONCLUSIONS

Our findings are highly suggestive that the increase in the dimensions of the endplate
defects is linked with significant increase in disc changes, such as disc degenerative scores,
Modic changes and disc displacement. Furthermore, our study noted a unique observation that
increases in the endplate defect dimensions are in direct association with facet joint changes,
which are also an important pain generating source. The increased ODI with increasing scores of
endplate defects raises further and much needed awareness on the role of the vertebral endplate
as either a direct or indirect pain generating source. This work further broadens the
understanding of endplate defects and their relationship with the pathogenesis and cascade of
degenerative spine changes. Larger, prospective studies are needed to further validate our

findings and to explore in more depth the findings that we noted.
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FIGURE LEGENDS

Figure 1: Sagittal T2-weighted magnetic resonance images illustrating the dimensions taken
through RadiAnat DICOM software noting: (A) width of the vertebral endplate defect, (B) depth
of the vertebral endplate defect, (C) width of the vertebral endplate and (D) depth of the

vertebral body.

Figure 2: (A) Sagittal T2-weighted magnetic resonance images (MRI) of the lower three lumbar
levels demonstrating relatively small endplate defects without any Modic change at L3-L4 and
L4-L5 (red arrows). (B) Axial T1-weighted MRI of L3-L4 and (C) L4-L5 of the same individual

showing normal facets on both sides.

Figure 3: (A) Sagittal T2-weighted magnetic resonance images (MRI) of the lumbar spine
illustrating an endplate defect with Modic change at L1-L2 (red arrow). (B) Axial T1-weighted
MRI of L1-L2 of the same individual showing irregular (red arrows) facet joint changes on both

sides.
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