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Abstract

Purpose Dynamic contrast-enhanced MRI (DCE-MRI)
was used to investigate the associations between interver-
tebral disc degeneration and changes in perfusion and
diffusion in the disc endplates.

Methods 56 participants underwent MRI scans. Changes
in DCE-MRI signal enhancement in the endplate regions
were analyzed. Also, a group template was generated for
the endplates and enhancement maps were registered to
this template for group analysis.

Results DCE-MRI enhancement changed significantly in
cranial endplates with increased degeneration. A similar
trend was observed for caudal endplates, but it was not
significant. Group-averaged enhancement maps revealed
major changes in spatial distribution of endplate perfusion
and diffusion with increasing disc degeneration especially
in peripheral endplate regions.

Conclusions Increased enhancement in the endplate
regions of degenerating discs might be an indication of
ongoing damage in these tissues. Therefore, DCE-MRI
could aid in understanding the pathophysiology of disc
degeneration. Moreover, it could be used in the planning of
novel treatments such as stem cell therapy.
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Introduction

Low back pain and its treatment is a major health problem
associated with high costs, marginal outcomes and signif-
icant psychosocial and economic consequences. The
majority of chronic back pain is associated with degener-
ation of the intervertebral discs (IVD), although the disc
itself may not be the source of pain [1]. Despite extensive
research on disc degeneration, there is still no consensus on
the mechanisms of pathological degeneration or how it
should be distinguished from normal aging processes.
While the etiology of the pathologic degeneration process
is still not completely understood, it has long been sus-
pected that poor nutrient delivery to discs is a factor in the
pathogenesis of IVD degeneration [2—4].

In adults, the IVD is avascular and the disc cells mainly
rely on exchange of gas and solutes from the capillaries in
adjacent subchondral bone (SB) [5-7]. Nutrients released
from this capillary network diffuse across the cartilaginous
endplate (CEP) region and eventually reach the disc cells in
the nucleus pulposus (NP). It is suggested that factors such
as mechanical failure or calcification of CEPs disrupt this
transport mechanism and impact the viability of the disc
cells and eventually lead to disc degeneration [5, 8—13].
Furthermore, the structural integrity of the SB—CEP inter-
face is also critical for maintaining proper disc hydration.
Defective endplates would lead to dehydration, loss of
matrix proteins and structural failure of the discs [14].

Therefore, investigating perfusion through the capillary
network in the SB and diffusion through the CEP region is
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critical to understand the endplate defects that manifest as a
result of disc degeneration. Furthermore, such techniques
might also aid emerging new therapies such as stem cell
injections [15]. Such therapies assume that the disc
degeneration is a result of compromised cellular activity
and implanted cells would restore normal disc functions.
However, implanted cells require functional endplates so
that they could receive nutrients and remain viable.
Therefore, it is necessary to verify proper functioning of
SB-CEP interface before such therapies are attempted.

Diffusion through the endplate pathway was initially
studied in vivo by various modalities including hydrogen
wash-out measurements [16], radioactive tracers [17] and
fluorescent tracers [14]. In vivo human studies were also
conducted using contrast-enhanced MRI, demonstrating
changes in SB perfusion and CEP diffusion associated with
disc degeneration [18, 19]. However, those studies required
one pre-contrast image and several follow-up image
acquisitions at delayed intervals for up to 6 h [19] or 24 h
[18]. Although those investigations provided invaluable
information, the approach is not practical due to very long
time commitment required by the participants. Further-
more, they required two to three times the recommended
dose of the contrast agent, which could increase the risk of
side effects. A recent study utilized a feasible dynamic
contrast-enhanced MRI (DCE-MRI) acquisition with
approximately 13 min of data acquisition and used the
recommended dosage (0.1 mmol/kg) of contrast agent. The
results demonstrated significant changes in signal
enhancement time course in the SB and CEP regions of
degenerating discs [20]. However, the cohort was relatively
small in that study, which limited the generalization of the
findings to the broader population. Moreover, that study
reported only the temporal characteristic of the average
signal in the SB and CEP regions.

The goal of the study presented here is to utilize DCE-
MRI to investigate spatiotemporal characteristics of per-
fusion and diffusion in the SB and CEP regions of healthy
and degenerating discs. Our study complements those
earlier studies by reporting spatial distribution of DCE-
MRI enhancement over the surface of SB and CEP regions.
Our findings demonstrate evidence of major changes in the
vascular and extravascular space in the SB and CEP
regions over the course of degeneration. These findings
might help us understand aberrant changes in these regions
that are critical for spinal health.

Methods
Study group

This study was approved by the Institutional Review Board
and written consents were obtained from 62 adult partici-
pants. The subjects were asked to avoid any heavy physical
activity prior to their scan and they rested on a stretcher for
30 min prior to scan. This helped reduce variations in disc
physiology due to variations in daily loading of the discs.
The scans were conducted in the morning or early in the
afternoon. 19 participants had a history of low back pain
and the rest of the participants were asymptomatic. The
subjects were interviewed and their medical charts were
reviewed (if available) and those with disc herniation,
metabolic bone disease, any surgery or trauma in lumbar
level, osteoporosis, spondylolisthesis, malignancy, morbid
obesity, renal or major cardiovascular diseases were
excluded in this study. MRI data from 56 participants were
utilized for this report. The remaining 6 participants could
not complete the study due to problems stemming from
scanner failures (N = 5) or contrast administration
(N = 1). The demographic information of the 56 partici-
pants is given in Table 1.

MRI protocol

Images were acquired using a 3 T GE Discovery MR750
MRI system (GE Healthcare, Waukesha, WI USA). All
images were acquired using a CTL-spine coil with a
FOV = 310 mm. A conventional T2-weighted (T2W)
MRI was acquired using a fast spin-echo sequence with
Tr = 4500 ms, Tg = 104 ms, ETL = 24, 1 mm in-plane
resolution and 16-sagittal slices with 3 mm thickness.
DCE-MRI data were acquired using a 3D dual-echo
FSPGR with Dixon’s fat/water separation method. The
acquisition parameters were: Tg = 4.0 ms, Tg; = 1.1 ms,
Tg, = 2.2 ms, flip-angle = 12°, acquisition
matrix = 310 x 300 (interpolated to 0.61 mm in-plane
resolution), 8-sagittal slices, 6 mm thick (which was
interpolated to 3 mm). The contrast (Gd-DTPA 0.1 mmol/
kg) was administered manually as a bolus via an antecu-
bital vein at the end of the 2nd dynamic frame. 23 frames
were acquired with 28 s frame rate and 8 s delay between
2nd and 3rd frames, resulting in a total data acquisition
time of about 10 min, 56 s.

Table 1 Demographic
characteristics of the study

Age (years)

group Median (min-max)

Mean £ SD

36.5 (20-57)
363 £ 11.2

Height (m) Weight (kg) BMI (kg/m?) N
1.73 (1.55-1.93) 76 (51-113)  26.5 (18.1-41.6) Female 24
1.72 £ 0.10 782 4+ 153 263 + 4.6 Male 32
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T2W MR images were reviewed by two expert radiol-
ogists and a trained research assistant for Pfirrmann clas-
sification of the lumbar IVDs [21]. If there was a
disagreement between the raters, the median score was
assigned to the disc.

The data were processed as shown in the pipeline
illustrated in Fig. 1. Before analysis, motion correction was
performed on each DCE-MRI image series using 12-pa-
rameter affine transformation followed by nonlinear reg-
istration using FSL software tools (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/). Then, a trained operator manually drew
regions of interest (ROI) on every slice of pre-contrast
images of the DCE-MRI to segment out the 10 CEPs and
SBs in the lumbar area (Fig. 2). We followed the guideli-
nes described in previously published articles to outline
those regions [18, 20]. ROI drawings were done on pre-
contrast DCE-MRI images because the CEPs with short T2
relaxation remain visible in this particular pulse sequence
with short TE. Therefore, these images provided more
accurate delineation of the CEP regions, which would not
be the case with conventional T1- or T2-weighted MRI
images.

Intra-observer consistency was tested by having the
operator repeat the ROI drawings on a subset of the data.
He was not informed about those repeated drawings and he
was blinded to the identities of the subjects. The repeated
drawings had, on average, 93 % overlap in the NP and
82 % in the CEPs and SBs. The ROIs were inspected by a
second researcher (VEA). If there were disagreements, the
two operators discussed and finalized the ROI. The terms
cranial and caudal were used in naming the SB and CEP
ROIs to describe the position of the ROI relative to the
corresponding IVD.

Acquire Data

Reference

Register

Draw ROls

Visually
Inspect

Calculate
average
enhancement &
maps.

Fig. 1 Flow diagram of data processing pipeline
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Average enhancement in ROIs and statistical
analysis

Volume-averaged signal enhancement time course was
calculated in each ROI for statistical analysis. The average
of the two pre-contrast time points was used as baseline
and relative percentage enhancement time courses were
calculated with respect to the baseline (Fig. 3). Then, the
integral along the time course was calculated from 1.7 min
(0.7 min after contrast administration) to 10.9 min (the end
of data acquisition). The unit for this integral is percentage
enhancement multiplied by minutes (% min). From here
on, the term DCE-MRI enhancement refers to this integral.

Statistical tests were performed using SAS 9.4 (SAS
Institute, Cary, NC USA) to analyze the associations
between disc degeneration and DCE-MRI enhancement.
Age, body mass index (BMI) and sex were also used as
covariates. The statistical significance (alpha) level of 0.05
was used. A proportional-odds cumulative logit model was
applied to fit the data. Within-subject variances were also
taken into account in this model. This model estimates the
increase in odds of reaching into or over any category of
disc grade (I-IV), associated with one-unit or one-level
increase in the covariate, holding all other covariates
constant.

Spatial maps of DCE-MRI enhancement in SB
and CEP regions

In order to generate spatial maps of DCE-MRI enhance-
ment, the curved surfaces should be first projected onto a
planar surface. The projection plane for each vertebral
body surface was estimated by calculating the first and the
second moments of the corresponding ROI. Using these
moments, ROI’s center of mass and axis of orientation,
which was defined as the direction of the axis with least
inertia, were calculated [22]. Using these orientations,
planes parallel to the cranial and caudal surfaces of each
lumbar IVD were determined. A representative sagittal
slice with projection planes (magenta line) is shown in
Fig. 2b. Then, the DCE-MRI enhancement of each voxel
within an ROI was calculated and projected onto the cor-
responding plane for each CEP and SB. Projections were
calculated along the lines perpendicular to the surface
(Fig. 4a). The length of the projection through each voxel
is taken into account for proper normalization. All calcu-
lations were done using in-house code in Matlab (Math-
works, Natick, MA USA).

In order to illustrate typical changes in spatial distribu-
tion of DCE-MRI enhancement with disc degeneration, one
needs to average, for instance, all SB and CEP enhance-
ment maps of grade IV discs. This requires that the ana-
tomic variations between subjects as well as variations
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Fig. 2 a Schematic diagram of
IVD and adjacent vertebral
bodies and ROIs. ROIs were
named according to their
positions relative to the adjacent
IVD. b ROIs and corresponding
projection planes (magenta
straight lines) are shown for two
different subjects. Note the
subject-to-subject variations in
the geometry of endplate
surfaces
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Fig. 3 Average MR signal within the ROI was converted to percent
enhancement and the integral of the enhancement curve was
calculated

across all lumbar levels should be taken into account.
Therefore, we generated a template of the surface between
the disc and the vertebral body and spatially normalized
each individual CEP and SB surface projections onto this
template. The template was generated from the SB and
CEP ROIs of subjects with healthy discs (grades I or II
across all lumbar levels). Overall, data from 21 subjects
were used for the template (age 30 & 9 years, 9 females,
height 171 £ 10 cm, weight 71 £ 12kg, BMI
24.3 + 3.7 kg/m?). To generate this group template, first
the center of mass was estimated for each individual sur-
face. Then, the distance from the center of mass to the edge

i cranial vertebra

:caudal vertebra

(b)

of the surface was calculated along radial lines with 1°
increments (Fig. 4b). First, this was done for each lumbar
level separately (dotted lines in Fig. 4b) and then these
templates were averaged using the same process to obtain
one single template (blue solid line in Fig. 4b). Then, each
CEP and SB enhancement map was spatially registered to
this template as shown in Fig. 4a.

Once normalized, the enhancement maps of the CEPs
and SBs were grouped according to the Pfirrmann classi-
fication of corresponding disc and averaged to demonstrate
spatial enhancement characteristics for discs with different
levels of degeneration (grades I and II discs were consid-
ered healthy and grouped together for illustrations).

We further separated the SB and CEP ROIs into central
and peripheral regions to study the different enhancement
characteristics we have seen in these regions. The area
between the blue and magenta lines in Fig. 4b is defined as
the peripheral region (54 % of the total surface area), and
the area inside the magenta line is the central region (46 %
of the total surface area). The boundary is defined heuris-
tically based on the spatial enhancement characteristic seen
in healthy endplates.

Results

Average DCE-MRI enhancement in SB and CEP
regions

Summary of Pfirrmann grade distribution in the lumbar
IVDs of our cohort is given in Table 2. Grade V discs were
not used for statistical analysis because there were rela-
tively small number of Grade V IVDs (N = 6). In addition,
their enhancement values were substantially higher than
grades I-IV, which would have skewed the statistical
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Fig. 4 a Projection of voxel enhancement values onto a caudal plane
and registration onto the template surface and mapping onto a
representative vertebral body. b Schematic illustration of template

Table 2 Number of discs in each grade according to the Pfirrmann
classification

Grade I Grade I Grade Il  Grade IV~ Grade V

Number 13 177 51 33 6
of discs

outcomes (Fig. 5). Besides, Grade V represents severe
degeneration, so changes from Grade I through IV would
be clinically more interesting. Figure 5 illustrates the mean
and standard deviation of DCE-MRI enhancement for CEP
and SB regions for Pfirrmann grades I through V.

Table 3 summarizes the results of the statistical analy-
sis, testing the associations between disc degeneration and
DCE-MRI enhancement in regions of interest. Age, sex,
and BMI were also included as covariates in the statistical
model. Note that each variable was scaled such that all
variables span similar ranges. This prevents the statistical
estimations being overwhelmed by a large variable. The
analysis showed that cranial CEP enhancement has a sta-
tistically significant association with disc degeneration
grade (p = 0.0161). In other words, an increase in cranial
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Average ROl Enhancement
projected onto the plane

Enhancement Transformed
to Standard Surface

Average Disc interface surface

----=-L5S1

=== All Discs
Central
Peripheral

surface generation using individual ROIs from healthy discs. The
central region is shown with the magenta line and the peripheral
region is the area between the magenta and the blue lines

CEP enhancement increases the probability of the corre-
sponding disc having a higher degeneration grade, given
that all other variables in the model kept constant.

There was also a noticeable difference between the
cranial and caudal SB and CEP enhancements. ANOVA
test (with grade V excluded) showed that this difference
increased significantly with degeneration in the SB regions
(p = 0.01) but not in CEPs. Within a single grade, this
difference was significant for both SB and CEP regions for
grades II through IV (p < 0.001), but not for grades I and
V. It is possible that the small number of discs with grades
I and IV did not have enough statistical power.

Average enhancement values in peripheral and central
regions of the SB and CEP ROlIs are plotted in Fig. 6a, b.
Additionally, the enhancement differences (central — pe-
ripheral) are plotted in Fig. 6¢c, d. Figure 6e, f shows plots
of differential enhancement with respect to periphery

(central —peripheral )
{ peripheral x 100

}. It can be seen that the enhance-
ment in the central region increases more than the
periphery in the SB during early stages of degeneration, but
then an increase in enhancement is seen in the peripheral

regions. In the CEP regions, however, the relative
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Fig. 5 Mean and standard 900 3000
deviation of DCE-MRI [ Icranial CEP [ cranial SB
enhancement for CEP ROIs (a), - Caudal CEP - Caudal SB
and SB ROIs (b) for Pfirrmann < 600 . 2000
grades I to V (top panels). To = %
illustrate changes from Grade 1 < &
to IV in better detail, data from g u‘i
Grade V discs were excluded, X 3o fr-==mmmmTmmoTmmEm =x 1000
and shown in the plots below.
The range for y axis for the SB
regions was set between 500 : :
and 1100 to show the dynamic Grd.l Grd.ll Grd.ll Grd.IV!Grd.V Grd.l Grd.ll Grd.ll Grd.V GraV
range better. Note that different Y < A
y axis scales were used for CEP Bt 1100 k)
and SB regions because 300 F - ]
avascular CEPs have lower Gd-
DTPA concentrations through
diffusion c < 900 1
€ €
: <
E 150 + 1 <
2 R 700 1
0 . 500
Grd.| Grd.l  Grd.ll  Grd.IV Grd.| Grd.ll  Grd.ll  Grd.IV
(b)
Tgble 3 Results .Of analysis Variable Level EST (95 CI) p value
using the proportional-odds
cumulative logit model for sex, Sex Evs. M 0.90 (0.37, 2.19) 0.8109
age, BMI and enhancements in i ' B )
CEP and SB regions Age Year 1.11 (1.08, 1.15) <0.0001
BMI kg/m? 1.05 (0.97, 1.14) 0.2136
Cranial SB Enh. Cranial SB Enh./100 0.87 (0.60, 1.24) 0.4308
Cranial CEP Enh. Cranial CEP Enh./100 2.01 (1.14, 3.55) 0.0161
Caudal CEP Enh. Caudal CEP Enh./100 1.75 (0.96, 3.19) 0.0662
Caudal SB Enh. Caudal SB Enh./100 1.00 (0.80, 1.25) 0.9973

Grade V discs were excluded in this analysis. The estimated coefficients (EST) correspond to the increase
in odds of reaching into or over any disc degeneration grade with respect to one-level or one-unit increase
in covariates while holding all the other covariates constant

The results that are statistically significant are in bold

enhancements remain similar in early stages (with an
increase in variability in grade III discs) and a noticeable
drop in relative ratios is seen with further increase in
degeneration.

The same proportional-odds cumulative logit model
applied to these sub-regions showed that the enhancements
in the peripheral region of cranial and caudal CEPs were
significantly associated with degeneration (p = 0.0235 and
p = 0.005, respectively). Age was again a significant fac-
tor (p < 0.0001).

Spatial characteristics of DCE-MRI enhancement
and changes with disc degeneration

Group-averaged enhancement maps in the CEPs and SBs are
shown in Fig. 7. Each column shows enhancement maps

grouped by the degeneration grade of the adjacent disc. SB
enhancement maps are overlaid onto the template vertebral
body and enhancement in cranial and caudal CEPs were
shown as two separate surfaces between the two vertebral
bodies (NP removed). There were 190 healthy (grades I and
II), 51 grade III, 33 grade IV and 6 grade V discs. Different
scales had to be used for color maps in CEPs and adjacent
SBs in this graph because of the large difference in
enhancement peaks between those two regions.

Discussion and conclusion
The findings in this study demonstrate profound changes in

MRI contrast agent uptake in SB and CEP regions of degen-
erating discs. Both the average signal enhancement and the
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Fig. 6 Bar graphs of DCE-MRI enhancement for central and
peripheral regions in CEP ROIs (a), and subchondral bone (SB)
ROIs (b) for Pfirrmann grades I to V are shown. Note that different
y axis scales are used for CEP and SB regions. Enhancement

spatial distribution of enhancement differed significantly
between discs with different degrees of degeneration.
Although differences in average enhancement in similar ROIs
were shown in earlier studies, our results demonstrate differ-
ences in spatial distribution of such enhancements using a
group analysis. Furthermore, notable differences in enhance-
ments between cranial and caudal regions were shown here.
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Increased contrast agent concentration in these regions
with increasing disc degeneration suggests increased per-
fusion in the SB and increased diffusion in the CEP
regions. This could be partly attributed to increased micro-
fractures and porosity in the SB adjacent to a degenerating
disc [12, 23]. Increased porosity would allow more contrast
agent to accumulate and boost the DCE-MRI signal
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Grd. lll

Grd. 1 &1l

Caudal SB Caudal CEP Cranial CEP Cranial SB

Fig. 7 Voxelwise enhancement maps in CEP and SB ROIs projected
and transformed onto the template as described in Fig. 4. Enhance-
ment maps were grouped according to the degeneration grade of the
corresponding disc and averaged to generate these maps. Color bars
are included next to the plots to describe colors used in these maps.

enhancement. In addition, increase in DCE-MRI signal
could also be mediated by increased vascularity. A recently
published study reported angiogenesis in the SB regions of
degenerating discs [24]. In another study, researchers
induced angiogenesis in the SB of rabbits using nimodipine
and investigated changes in contrast enhancement in the
NP [25]. Interestingly, their study showed that the rela-
tionship between the SB microvasculature and solute
transport into the NP was not straightforward. They did not
find a clear correlation between SB vessel density and
extent of diffusion. The evidence from those studies might
explain the findings in our study, which seem to contradict
earlier studies suggesting associations between poor
nutrient delivery and disc degeneration. Besides, more
porous SB would cause faster leakage of water and matrix
molecules, possibly contributing to the disc degeneration.

A study published in 1996, which investigated the
transport of solutes of different sizes in the CEP [14], also
provides evidence that might help explain the DCE-MRI
enhancement characteristics seen in the CEP regions. The
contrast agent used in our study corresponds to the smaller
molecular weight solutes tested in that study. Therefore, it
is expected to enter the matrix to a greater extent. How-
ever, an interesting aspect of the contrast agent that we
used was its ionic charge. Larger concentration of nega-
tively charged proteoglycans (PG) in healthy CEPs would
repel some of the Gd-DTPA molecules. However, loss of
PGs in degenerating CEPs would allow more contrast agent

Grd. IV

Grd. V

900% min 1700% min

450%-min 850%-min

0% min % -min

350% min 600%min

175%-min 300%-min
0%-min " Bosmin
, D 4
900% min 1700%-min
| 450%-min 850%-min
0%-min 0%-min

Different scales were used for CEP and SB regions. Also note that
CEP and SB regions around Grade V discs had substantially elevated
enhancement, therefore the scales had to be almost doubled to capture
the increased dynamic range

to diffuse. This might explain significant increases in the
CEPs as the discs degenerate. Higher concentrations of the
contrast agent in the SBs combined with lower PG con-
centrations could lead to higher diffusion of the contrast
agent in the CEP.

Another interesting finding in our study was the differ-
ence between cranial and caudal CEPs. Average enhance-
ment in cranial CEPs was significantly different between
discs with different grades (p = 0.0161), whereas a similar
trend was seen in the caudal CEPs, but it was not statisti-
cally significant (p = 0.066). This effect can also be seen
clearly in the spatial enhancement maps of Fig. 7. There is
a visible increase in enhancement in the cranial CEPs while
it is less pronounced in the caudal CEPs. This might be
partly due to the fact that average enhancement was con-
sistently lower in the caudal CEPs (Fig. 5) across all
degeneration grades and the rate of increase also appears to
be lower. The reason for this discrepancy is not clear and
we could not find any evidence from the literature to
explain it. Further studies are needed to understand this
difference. However, it is worth noting that if we analyze
only the enhancements in the peripheral regions of the
CEPs, both of the cranial and caudal sides show significant
association with degeneration. Another striking finding was
the opposite differential enhancements in SBs. Both aver-
age enhancement plots (Fig. 5) and spatial enhancement
maps (Fig. 7) show that caudal SBs have higher enhance-
ment than the cranial ones. This observation is in accord
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with earlier cadaver studies in which they demonstrated
that the caudal SBs are thinner and more prone to fractures
[26, 27], which might lead to increased leakage of contrast
agent. However, it is not clear why the differential
enhancement in caudal versus cranial SBs is the opposite of
what is seen in CEPs. Differences in endplate permeability
or endplate calcification might play a role in the results
seen here. Additional studies are needed to understand
these trends.

Figures 6 and 7 also show that the central CEP regions
had higher enhancement than the periphery in healthy
discs. This is expected since the density of the capillary bed
is higher near the NP. However, this typical distribution in
healthy SBs and CEPs changed as the discs degenerated. In
the extreme case of Grade V discs, the distribution became
highly irregular.

In our analyses age, BMI and sex were also included as
covariates. While age was a significant factor (p < 0.0001),
BMI was not significantly associated with degeneration.
There were also no significant differences between males
and females.

One of the caveats in this study is the partial volume
effects in the selected ROIs. This is a limitation that exists
for any ROI-based analysis on MR images such as those
earlier contrast-enhanced MRI studies [18, 19]. Even
though the boundaries of the CEPs are clearly delineated in
this acquisition with short TE, some of the voxels in the
CEP ROI might have included portions of the NP. How-
ever, the contributions from the NP should be negligible
since the diffusion of contrast agent into the NP during the
11-min data acquisition should be very small [18]. Simi-
larly, partial volume effects might have also influenced the
SB enhancement characteristics, if some voxels included
parts of the trabecular bone. However, we anticipate that
the influence of the voxels with partial contributions from
the trabecular bone would be minimal because of the
higher density of capillaries in the SB region.

Relatively high variance in our data might have also
influenced the significance of some of the tests. For
instance, the caudal CEP enhancement shows a notable
trend, but narrowly misses the p < 0.05 threshold. While
such variations might be due to anatomical differences
between participants, it might also be due to the limited and
qualitative nature of the Pfirrmann classification. This
grading scheme classifies subjects only based on the
appearance of discs in T2W images. First of all, there are
occasional disagreements between raters about the grade of
a disc. Additionally, two discs that might appear similar in
a T2W image might be going through substantially dif-
ferent stages of morphological and physiological changes,
which are not yet reflected in disc hydration. Our unpub-
lished data showed that some discs with similar appear-
ances in T2W images had significantly different diffusion
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(ADC), Tlp and disc height loss values, which are all
shown to be associated with disc degeneration. The main
motivation behind our work is to explore quantitative
imaging techniques that directly probe physiology and
morphology. Such measurements might complement Pfir-
rmann classification to assess the stage of the disc degen-
eration more accurately.

The findings in our study demonstrate that DCE-MRI is
a novel approach to study changes in the SB and CEP with
degeneration. It can be easily integrated into studies that
investigate the etiology of disc degeneration. Other
advanced imaging techniques such as UTE [4, 28] and T2*
mapping [29] can also be incorporated into the protocol to
obtain a more comprehensive assessment of endplate
defects. New findings that emerge from such studies might
help with the discovery of new treatment regimes. More-
over, it could be a critical tool for effective stem cell
therapies. Current practice requires only conventional T1W
and T2W MRI images for patients suffering from chronic
low back pain. Quantitative and dynamic imaging tech-
niques might have an important contribution for more
effective management of patients suffering low back pain
due to disc degeneration.
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