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Abstract

Study Design: Observational comparative study.

Objective: To study the role of magnetic resonance spectroscopy (MRS) and T2 relaxometry (T2r) as imaging biomarkers for
identifying early lumbar disc degeneration.

Methods: We evaluated 236 discs in normal volunteers and 215 discs in low back pain (LBP) patients by MRS and T2r to
document the molecular spectra of various metabolites as well as disc hydration and collagen content, respectively. All
volunteer discs were Pfirrmann grade | (PFl), whereas patients with LBP had PF | (n = 156) and PF 2 (n = 59). The study
population was compared in three age groups: A (20-30 years), B (30-40 years), and C (40-50 years).

Results: T2r, an indicator of collagen and hydration, was higher in volunteers (121.8 + 31.1), compared to PF | patients (110.68 £ 23.96)
and PF 2 patients (90.15 + 25.81) (P = 0.001). Proteoglycan assessed by MRS was more stable for volunteers (3.39 + 1.69) and PF | patients
(3.6 = 1.69) but reduced in PF 2 patients (2.86 £ 1.47), showing that structural molecules did not alter within the PF |. However, lactate
and other metabolites showed a difference even within PFI between volunteers and LBP patients. We were able to identify a unique
subset of PF | that had a normal value of proteoglycan and T2r but altered metabolite distribution, which may represent early disc
degeneration (DD).

Conclusion: MRS and T2r can be used as imaging biomarkers for early DD by identifying altered metabolic activity with an intact matrix.
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Introduction

Low back pain imposes a major burden, whether in terms of
societal expenses or personal suffering and has been identified
as the leading cause of disability-related life years." While
49% to 80% of the population experiences LBP at some point
in their lives, the stated point prevalence estimates are closer to
35%.> The presence of disc degeneration® (DD), which is a
natural component of ageing, has been linked to lower back
pain (LBP) symptoms. According to Suthar et al., the leading
cause of low back pain (LBP) is lumbar disc degeneration
(LDD).* Furthermore, according to a meta-analysis by
Brinjikji et al, lumbar degenerative changes detected on MRI
are more common among adults 50 years of age or younger
with back pain (54.8%—59.8%) than in asymptomatic indi-
viduals (31.5%-37.5%).’

Detecting disc degeneration for the early diagnosis of
patients with degenerative disc disease (DDD) is vital to
facilitate optimal treatment, given that therapies are most
efficacious in the early stages of the disease. Reversing
disc degeneration has been approached from various
angles—improving disc nutrition pharmacologically, in-
fusion of stem cells, addition of growth factors, injection
of plasma-rich proteins, etc.—but has not achieved sus-
tained success to reach clinical implications.® One of the
main reasons may be the current difficulty in identifying
early degeneration in vivo. The gold standard for identi-
fying DDD is a morphological change observed by MRI
imaging. Despite its high sensitivity, the identification of
degeneration occurs once the process progresses, indi-
cating that the DD has reached an irreversible stage. It then
becomes important that the degeneration be identified at a
very early stage, even before it is identifiable by routine
MRI.®

The integrity of any tissue depends on cellular activity
and extra extracellular matrix. Alterations occur initially as
changes in metabolism and energy cycles, and it becomes
important to identify changes at the molecular level, which
has been a challenge in in vivo situations.”'® Newer MRI
sequences like T2 relaxometry (T2r), Tlrho, chemical
exchange saturation transfer (CEST), diffusion, etc., now
offer the possibility of identifying molecular changes
in vivo.''""® Researchers have found these sequences
useful in documenting changes in collagen and proteo-
glycan during degeneration. MRS, on the other hand, is
capable of detecting both structural and metabolic mole-
cules.' In a group of volunteers and patients with low back
pain, we used T2R and MRS to document structural
molecules like collagen and proteoglycan, as well as
metabolic molecules like lactate, alanine, propionic acid,
and acetate. The study primarily aimed to investigate the
effectiveness of MRS and T2r as imaging biomarkers in
detecting degeneration at a stage of molecular-level
changes prior to the progression of alterations in the ma-
trix that routine MRI can diagnose.

Materials and Methods
Study Sample

This is an observational comparative study conducted from May
2021 to May 2022, following approval from the institutional
review board (IRB No: 2020/09/11) and informed written
consent from all participants. The study population included 57
normal volunteers and 75 patients with LBP. The patient pop-
ulation included participants with LBP with or without associated
radiculopathy and neurological deficits. We excluded patients
with a history of spinal trauma, tumours, infections, or previous
spine surgery. Normal volunteers included patients with no
previous history of low back pain or who had undergone
treatment for LBP. The study subjects were classified into three
groups based on their age: A (20-30 years), B (30-40 years), and
C (40-50 years). All subjects had routine MRI, MRS, and T2r of
the lumbar disc after standardization of the protocols.

MR Image Acquisition

Lumbar spine MRI was performed with a clinical 3-T scanner
(Siemens Magneton, GMBH, Erlangen, Germany) using 16-
channel phase array spine coils. Routine sequences were
obtained by standard protocol.

T2 Relaxometry

For T2 mapping, a sagittal multi-echo spin echo sequence with
a TR 0f 2000 ms, a TE of 13.80-110.40 ms (8 cycles), a matrix
of 205 x 256, a 250 mm field of view, a 4 mm slice thickness,
and a 0.8 mm intersection gap were used. The acquisition time
was five minutes. The T2 map was generated by inline cal-
culation software (Maplt; Siemens Medical Solutions, Er-
langen, Germany).

Magnetic Resonance Spectroscopy

A single-voxel spectrum was obtained by a PRESS sequence
with a three-pulse chemical shift selective (CHESS) saturation
sequence for water suppression. TE/TR = 32 ms/1500 ms,
number of data points = 1024, spectral width = 2000 Hz,
suppressed echoes = 384. The total imaging time was 6-
7 minutes per disc. A 5 x 18 x 16 mm® voxel was placed at the
centre of the intervertebral disc. Spectra were acquired with a
full-width at half maximum (FWHM) < 15 Hz at 3T, corre-
sponding to 0.12 ppm.

Post-Processing Protocol

For MRS analysis, the peak value of the spectrum was
considered for quantification. The molecules identified were
proteoglycan, lactate, alanine, acetate, and propionic acid
(Figure 1). We processed the spectral data offline using a
Syngo workstation (Siemens Healthcare GMBH, Erlangen,
Germany).
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Figure I. Normal MRS spectrum of the lumbar IVD: The X-axis
indicates the resonance frequency of the molecules indicated by
chemical shift in parts by million (PPM) which is constant for each
molecule. Y-axis gives the peak values of the molecules in area
scanned and is the arbitrary estimate of concentration of the
molecule. Resonance frequency of Proteoglycan is 2.02, lactate is
1.24, propionic acid is .92, alanine is 1.42, acetate is 1.69.

For T2 quantification, a region of interest of 1.3 mm? was
manually drawn on sagittal T2 R maps in the most central
portion of the discs. We included only discs in control patients
who had sufficient disc height for placing the ROI for as-
sessing T2 Relaxometry. The average of three values from
axial T2 was used for statistical analysis (Figure 2).

Statistical Analysis

The significance between the groups was calculated by a one-
way ANOVA with post-hoc Tukey using F statistics. The least
significant difference (LSD) and honestly significant differ-
ence (HSD) were calculated grade-wise (k = 2; I, II) and age-
wise (k = 3; 20-30, 30-40, 40-50 years).

Results

57 normal volunteers and 75 low back pain patients with ages
ranging from 20 to 50 years were studied. A total of 451 discs (236
discs from volunteers) and 215 discs from LBP patients were
studied. All discs in volunteers were PF 1, whereas in LBP pa-
tients, 156 discs were PF 1, and the remaining 59 discs were PF 2.

T2r, an indicator of collagen and hydration, showed a
significantly higher value in volunteers (121.8 £ 31.1) when
compared to LBP patients with PF1 (110.68 £23.96) and LBP
patients with PF 2 (90.15 + 25.81) (P = 0.001). Proteoglycan
assessed by MRS was more stable in volunteers (3.39 + 1.69)
and LBP patients with PF1 (3.6 = 1.69) but reduced in LBP
patients with PF2 (2.86 + 1.47) showing that structural
molecules did not alter within the PF1 discs.

Amongst the metabolic molecules, the value of lactate in
volunteers was 6.67 = 2 compared with 7.86 + 2.7 for LBP
patients with PF1 (P = 0.01). Similarly, the other metabolites

Figure 2. T2 relaxometry of the disc: The post processed image
obtained in the syngovia workstation. The ROl is drawn on the NP
of each disc using the same area of circumference to maintain the
uniformity. The L3/4 disc is normal with high water content in the NP
(red in color) and T2r values of 122. Low water content noted in
the AF (blue and green). The L5/S| degenerated disc shows reduced
water content in NP with T2R values of 54 (green). L3/4 and L5/SI
discs were Pfirrmann grade | and |l respectively on T2 wt images.

showed similar significant variation between volunteers and
LBP patients with PF 1 (Table 1).

Subgroup Analysis Based on Age Groups

Subgroup analysis was performed in both volunteers and LBP
patients based on different age groups: Group A (20-30 years),
Group B (30-40 years), and Group C (40-50 years).

In Volunteers. T2r showed the highest peak in group A (132.3
+ 33.7), followed by group B (110.1 £ 15.3), and group C
(90.6 £ 14.4). The difference was significant across all age
groups (P=0.001). In contrast, proteoglycan values were 3.16
+ 1.6 in group A, followed by 3.93 £ 1.7 in group B, and 3.0 =
1.5 in group C. The increase in group B was significant
compared to other groups (P = 0.02) (Table 2 and Figure 3).

MRS clearly depicted the spectrum of the metabolic
molecules lactate, alanine, acetate, and propionic acid. When
analysed in volunteers across the age groups, lactate showed a
significant increase in the 30-40 age group (10.53 + 2.45) in
comparison to the age group 20-30 (5.2 £ 1.95; P = 0.04).
There was a decrease in lactate values in 40-50 years at 3+ 1.7
(P =0.02) (Table 2 and Figure 3).

Alanine, acetate, and propionic acid showed a similar trend
in their changes to lactate, with a Pearson’s correlation matrix
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Table |I. Demographic Variables, T2r, PG and Metabolites Across Three Study Populations.

Variable Volunteer (PFI) LBP Patients (PF1) LBP Patients (PF2) P value
Age (years)

20-30 142 44 12 0.065

30-40 74 74 20

40-50 20 38 27
Disc level

LI-L2 56 41 I 0.143

L2-L3 66 46 I5

L3-L4 66 43 20

L4-L5 48 26 13
T2r 121.83 + 31.08 110.68 + 23.96 90.15 + 25.81 0.001
PG 3.39 £ 1.69 3.6 £ 1.69 2.86 £ 1.47 0.084
Lactate 6.67 £ 2.00 7.86 £ 2.70 44 = 1.60 0.012
PA 4.96 + 1.35 7.58 +£1.90 385+ 1.10 0.001
Alanine 4.76 £ 1.50 4.88 + 1.80 2.96 £ 1.40 0.023
Acetate 2.83 £+ 1.00 2.59 + 1.20 1.86 + 1.00 0.034

PF- Pfirrmann, T2r- T2 relaxometry, LBP- Low back pain, PG- proteoglycan, PA- propionic acid. The p values highlighted in bold indicate that it is statistically

significant (p-value: <0.05)

ranging from 0.8 to 0.98, indicating a possible common
metabolic pathway (Figure 4).

In LBP Patients. Comparing volunteers with LBP patients with
PF1 showed no significant difference between the two with
respect to T2r and PG values among all three groups. Whereas
LBP patients with PF2 had a lower T2r and PG value com-
pared to the other two (Table 2 and Figure 3).

Lactates and metabolites showed a different trend across
the age groups in volunteers and LBP patients with PF2. In
volunteers, lactate had a peak value at 30-40 years, resembling
the anabolic peak of skeletal muscles. In patients, lactate and
metabolites showed the highest values in group A, after which
they showed a significant decrease in group B. Thereafter,
there was a rise in lactate in group C, whereas there was a
continued decrease in the PF2 group (Table 2 and Figure 3).

The study results highlight that among PF 1, there were two
subsets, with one showing both normal structural and meta-
bolic molecules (volunteers) and the other showing normal
structural but altered metabolic molecules (LBP patients with
PF 1). PF 2 discs, on the other hand, mostly had alterations in
both structural and metabolic molecules.

Discussion

Magnetic resonance imaging (MRI) is the most widely used
technique for assessing IVD status. It shows the hydration status
and morphological characteristics of the disc based on proton
density, water content, and biochemical composition.'” The
biochemical composition of the IVD at different phases of DDD
has been studied in the recent decade using modern MRI
techniques. These approaches investigate numerous character-
istics, including relaxation durations, magnetization transfer

(MT), spectroscopy, and the apparent diffusion coefficient
(ADC)."

T2r, Tlrho, and CEST are useful to document collagen and
proteoglycan content, as well as hydration, and MRS has been
found to provide an accurate spectrum of both structural and
metabolic molecules.'”> The ability of MRS to accurately
define the absolute and relative molecular content has been
well documented in the brain and prostrate but has not been
extensively used in the spine.'”'” A recent study has suc-
cessfully shown the ability of MRS to document the spectrum
of the metabolites and the dynamic changes under different
physiological conditions.*° In a comparative study using MRS
and provocative discography, Gornet et al found that MRS
scores, using structural integrity markers (carbohydrate/
collagen and PG) expected to decrease with disc degenera-
tion and metabolites, namely alanine, lactate, and propionate,
expected to increase with hypoxia and inflammation, could be
obtained by quantifying spectral features from optimised
clinical MRS data that identified painful discs in patients with
chronic LBP with a sensitivity of 82% and a specificity of 88%
when compared to provocative discography.'® In our study,
we deployed the sequences of T2r and MRS, as this com-
bination would allow us to evaluate the entire milieu-interior
by documenting the status of hydration, matrix proteins, and
also the metabolites.

Pfirrmann Grade | has Metabolic Subsets

The most interesting observation of this study was that although
PF1 was the same in both groups and across different age groups
in routine MRI, there were considerable subsets when evaluated
through T2r and MRS. In the volunteers, T2r was highest in the
20-30 age group, showing a gradual but not significant decrease
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Table 2. T2r, PG and Metabolites in Study Population Across Different Age Groups.

LBP Patients (PF2)

LBP Patients (PFI)

Volunteer PFI

Variables Group A (20-30) Group B (30-40) Group C (40-50) Group A (20-30) Group B (30-40) Group C (40-50) Group A (20-30) Group B (30-40) Group C (40-50)

105.86 + 35.0 89.46 + 23.9 83.67 + 19.8

96.09 + 17.1

110 +15.6 90.61 + 14.4 121.19 + 274 191 +21.2

T2r
PG

3.09 + .17

257 + 1.34

283 +2.19

3.39 + 1.23

389 + 1.73

328+ 1.9

3.00 + 1.59

393+ 1.7

238 + 1.3

253 + 1.25

12.08 + 6.2

9.57 + 2.3

573 +22

9.99 + 52

3.00 + 1.7

10.53 + 2.5

2.06 + 0.8

218 + I.1

10.68 + 6.8

838 + 1.8

576 + 1.5

9.95 + 4.1

275+ 1.1

802+ 1.6

1.59 + |

190 + 1.4

7.82 + 3.45

6.06 + 1.4

345+ 1.6

6.28 + 4.1

2.00 + 1.3

688+ 1.7

122+ |

110 + |

3.05 + 1.0

211+ 12

3.00 + 1.8

125+ 1.0

374+ 12

458 + 24

Lactate

PA

Alanine

Acetate

in each decade, and proteoglycans showed no change in the three
age groups. This clearly demonstrated that there was no sig-
nificant alteration in the structural molecules and hydration
among all PF1 discs in both LBP patients and volunteers, re-
gardless of age. However, there were considerable differences in
the metabolic molecules between both LBP patients and vol-
unteers in the different age groups, showing that metabolic al-
terations precede changes in structural molecules. Metabolic
changes alter the normal milieu, influencing both the energy
cycle and protein formation, leading to degeneration.

Changes in Metabolites

Although lactate was the primadona of metabolic investiga-
tion, MRS was able to document other molecules such as
alanine, acetate, and propionic acid. It was interesting to see
that all four molecules have a similar trend of concentration,
with Pearson’s correlation matrix coefficient ranging from 0.8
to 0.97. This indicates that all four molecules are involved in
the same metabolic pathways, which is consistent with the
newer concept of lactate and its actual role in disc and muscle
metabolism. While the traditional concept was that lactate was
a dead-end waste product, the accumulation of which led to a
decreased pH and acidosis,”' this can stop the production of
proteoglycans, raise levels of inflammatory molecules like IL
1B and IL 6, and make the MMPS pathway work more, which
can cause cells to age and matrix breakdown.'%**** However,
there has been a complete shift in our understanding, and
lactate is now documented to function as an energy mole-
cule.”* A recent study by Pushpa et al performed an MRS
evaluation of lactate levels in discs in two diametrically op-
posite conditions of physiological stress.” Following intense,
short-term, targeted low back exercises, they documented a
significant decrease in the lactate spectrum in the disc, sug-
gesting the use of lactate for fuel requirements.

In this study, we found alanine, acetate, and propionic acid to
follow the changes in lactate in all study conditions. Wong et al
have demonstrated that annulus fibrosis absorbs the lactate that NP
produces through glycolysis, converts it to pyruvate, and then to
acetyl CoA, which then enters the TCA cycle.”* The pyruvate-
acetyl CoA conversion produces alanine as one of its by-products.
Other molecules, namely propionic acid and acetate, are also by-
products of the pyruvate metabolism along with the TCA cycle. All
of the above molecules changed consistently and linearly to lactate.
This shows that they are all part of the TCA cycle in the energy
metabolism of discs, not just involved in matrix production.

Lactate and other metabolic molecules showed consider-
able differences across age groups and between volunteers and
patients. We observed that the lactate and metabolic increase
in the 30-40 age group, indicating peak metabolic activity, is
similar to the physiological peak observed in bone and muscle
mass at this age. Subsequently, there is a decrease in metabolic
activity in the 40-50 age group, corresponding to an overall
decrease in anabolic activity observed elsewhere in the body.
In PF Grade 1 patients, there was an alteration in that the peak
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T2R, PG and Metabolites in Volunteers and Patients.
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Figure 3. Comparison of T2r, PG and metabolites between PFI| of volunteers, and PFI and PF2 of patients in each decade. T2r was
significantly different across all age groups (P = 0.001). In contrast, proteoglycan values in 30-40 years was significantly increased compared
to other decades (P = 0.02). Lactate showed a significant increase in 30-40 age group. Comparing PF| of volunteers with patients there were
no significant difference between the two in T2r and PG values across all age groups, however PF2 of patients had a lower T2r and PG value
compared to the other two. In volunteers, lactate had a peak value at 30-40 year whereas in patients, the lactate and metabolites showed the
highest values in 20-30 years after which it significantly decreased in 30-40-year group. Thereafter, there was a rise in lactate in 40-50 years
group of PFI of patients whereas there was continued decrease in PF2 group.

lactate (9.9 £ 5.2) was in the 20-30 age group and then
significantly reducing to 5.73 + 2.15 and again raising high to
9.5 + 2.25. According to Horner et al,”> an increased lactate
presence may also be explained by the accumulation that
occurs with decreased cellular viability and activity. The in-
creased lactate levels seen in LBP patients in the 20-30 age
group probably indicate an early increase in pH with de-
creased cell viability. This reduces the metabolism in the

30-40 age group and then causes a progressive accumulation
in the 40-50 age group.

Pfirrmann Grade | and Grade 2 Have
Different Milieu-Interieur

The comparison of PF2’s T2r and MRS with those of PF1
revealed a clear distinction between the two groups. While the
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Pearson’s Correlation Matrix of Metabolic Molecules in Volunteers Grade 1.
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Figure 4. Pearson’s correlation matrix of metabolic molecules in
volunteer grade I: the lactate levels showed a significant positive
correlation with values of alanine, acetate, and propionic acid
showing the range of 0.8 to 0.97.

structural molecules, which are responsible for matrix in-
tegrity and disc hydration, were intact in PF 1, the matrix was
significantly altered in PF 2. T2r showed no difference in PF 1
between volunteers and LBP patients, but a significant de-
crease in PF2.

However, even within PF1 discs, metabolic derangements
and alterations were observed. The percentage of discs showing
normal structural molecules but metabolic alterations was
higher in volunteers compared to PF 1 of patients and PF 2 of
patients. This clearly showed that MRS could be an effective
radiological or imaging biomarker for identifying molecular
changes before permanent matrix changes occurred.

We propose that the subset of Pfirrmann discs that showed
altered metabolites but normal PG content and T2r may
represent a unique imaging phenotype which are routinely
missed on normal MRI sequences. This is important because it
has been clearly shown that alterations in the mechanical
pressure of the nucleus pulposus, which in turn is controlled
by collagen and PG content, are detrimental to cellular via-
bility and proliferation, leading to the failure of regenerative
therapies. To date, the current practice has been to employ
regenerative strategies only in degenerated discs identified by
routine MRI when the opportunity has probably been lost.
This situation was due to our inability to identify discs at the
stage of molecular-level degeneration in vivo. Our study has
shown that MRS and T2r can overcome this inability and shift
the indication of regeneration therapies to the PF-1 disc,
showing a molecular shift.

Limitation of the Study. The main limitation of the study is the
limitation of performing the investigation in vivo on normal
volunteers and patients, and hence the lack of a biochemical
and pathological correlation. This is a one-point-time study,
and it would have been interesting to see a follow-up of the

discs showing metabolic alterations over a period of time,
which will be one of the future aims of the study group.

Conclusion

Our study highlights that MRS and T2r are capable of
identifying a subset within PF1 that exhibits metabolic al-
terations without structural changes. These discs may, in fact,
be ideal for interventional therapies.
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