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The Impact of Proteoglycan Degradation and Fragmentation on
T1rho Relaxation Times

Joanna Veres

Abstract

266 million individuals are diagnosed with intervertebral disc degeneration annually. Most of these
individuals experience pain and reduced mobility, but some are asymptomatic. In contrast to age-
related physiologic disc degeneration, pathologic disc degeneration is hypothesized to entail changes to
the proteoglycan matrix within the disc. T1rho-weighted MR imaging has the ability to detect subtle
changes in disc biochemistry, and may therefore discriminate between pathologic vs. physiologic disc
degeneration. However, the contribution of individual biochemical changes to T1rho signals is unclear.
Therefore, the goal of this study is to elucidate the individual roles of proteoglycan concentration and
molecular weight on T1rho relaxation time. To do this, MRI phantoms with prescribed differences in the
concentration and molecular weight of proteoglycan-mimicking dextrans were fabricated and imaged with
T1rho-weighted MRI. Results showed that changing the dextran concentration changed T1rho relaxation
times by up to 8 percent, while varying dextran size changed T1rho relaxation times by up to 47 percent.
Proteoglycan fragmentation is an early marker of disc degeneration that precedes proteoglycan loss from
the disc. Prior studies reported that T1rho relaxation times are correlated with disc proteoglycan content.
Thus, our findings are important because they are the first to show that T1rho relaxation times are also
sensitive to polysaccharide fragment size, and therefore T1rho relaxation times in the disc may reflect

proteoglycan degradation in the very early stages of disc degeneration.
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1 Introduction

The intervertebral discs (IVDs) are soft tissues located between vertebrae that confer spinal flexibility,
distribute mechanical loads, and dissipate energy. The disc consists of two main parts, the nucleus
pulposus (NP) and annulus fibrosus (AF)(Fig. 1)[1]. The NP is a central, gelatinous tissue composed
of cells populating a collagen and proteoglycan-rich matrix that undergoes changes in water content in
response to diurnal loading patterns [2]. The AF is a series of concentric lamellae containing parallel
collagen fiber bundles and elastin fibers that restrict the deformation of the NP[2].

Disc degeneration is an age-related process characterized by biochemical and structural changes that
often cause pain, limit mobility, and negatively impact a patient’s quality-of-life [3]. Given that approx-
imately 4 in 10 adults over age 40 and 8 in 10 people over 80 have some degree of disc degeneration,
better understanding the physiologic changes caused by disc degeneration is very important [4].

While disc degeneration commonly associates with chronic low back pain (cLBP), many instances
of disc degeneration are asymptomatic. There is evidence to suggest that the certain biomarkers can
differentiate pathologic from physiologic disc degeneration [5].

Aggrecan fragmentation and depletion is one of the most significant biochemical changes that occurs
with degeneration because aggrecan is the most abundant proteoglycan in the NP [6]. During disc
degeneration, aggrecanase activity (primarily ADAMTS-4 and -5) generates one smaller, hyularonic
acid bound fragment and one larger unbound fragment that can freely diffuse throughout the disc.
These unbound fragments are trapped in the NP by the dense cartilage endplate matrix and accumulate.
Overtime, with continued proteolysis, the unbound fragments increasingly become smaller and eventually
are lost from the disc [7].

These proteoglycan changes can be measured in vivo using T1lrho MRI. T1rho MRI measures low-
frequency macromolecule interactions because of a secondary “spin lock” pulse following the initial 90
degree pulse [8]. Prior studies showed that lower Tlrho relaxation times associate with lower sGAG

content in the disc [9]. However, because prior studies only measured the total amount of proteoglycans
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Figure 1: A healthy intervertebral disc [10]



and not the relative size of the fragments, it is unclear if T1rho relaxation times are sensitive to enzymatic
cleavage of the proteoglycans or merely to their total amount. Being able to measure these subtle changes
in proteoglycan fragmentation with a technique like T1rho would allow us to better differentiate early
stage pathologic disc degeneration from physiologic degeneration.

To clarify these mechanisms, we built and scanned a series of MRI phantoms made to isolate the
contributions of proteoglycan concentration and molecular weight on Tlrho relaxation times. These
phantoms were composed of 2 percent agarose (chosen to mimic physiologic Tlrho relaxation values
found in the disc) and a proteoglycan stand in. With a similar range of molecular weights and charge
per unit mass as native sulfated glycosaminoglycans (the most abundant proteoglycan in the disc),
dextran sodium sulfate salt was used to represent proteoglycans. We had two sets of phantoms: one set
containing dextrans of a single molecular weight per phantom, and a second set containing dextrans with
a range of molecular weights per phantom. Our phantoms spanned three different dextran concentrations
and molecular weights, which were selected to mirror in vivo proteoglycan concentrations and fragment

sizes[11].

2 Methods

2.1 Phantoms with Single Dextran Size

Ten phantoms having different concentrations and molecular weights of dextran were made (Table 1).
Each 25ml phantom was composed of 2 percent agarose (Fisher Scientific BP160-500) combined with the
prescribed concentration and molecular weight of dextran sodium sulfate salt (Fig. 2). First, agarose
and deionized water were combined in a conical flask and then heated to 95C to melt the agarose.
The heated agarose solution was then transferred to a 50ml conical tube and placed in an 80C water
bath to prevent gelling. Meanwhile, dextran was solubilized in deionized water on a heated stir plate.
The solution was poured into a 15ml falcon tube and then placed in the water bath and heated until
the dextran solution reached 80C. Finally, the warmed dextran solution was added to the 50ml agarose

solution, gently mixed, and then allowed to gel at room temperature.

2.2 Phantoms with Sonicated Dextran

To create phantoms having a distribution of dextran sizes, we sonicated 500-kDa dextran solutions
for increasing amounts of time. This validated method for mechanically degrading large dextrans into
smaller fragments was chosen because it allows precise control of the median fragment size. Dextran
sulfate sodium salt (500 kDa) was first solubilized in a beaker of dionized water. The beaker was then
sonicated at 20kHz, 100W (Fisher Scientific FB7051100) for 5, 20, 40, 60, 90, 120, 150, or 180 minutes.

After sonication, the dextran solutions were decanted into individual conical tubes and stored in an



Table 1: Dextran concentration (dry weight) and molecular weight (kDa) for all 10 phantoms

Phantom Dextran Molecular Weight | Dextran/Dry Weight
(kDa) (mg/g)
Agarose Control X X

Large Fragment, Low
Concentration Dextran

Medium Fragment, 40 250
Medium Concentration

Dextran

Medium Fragment, Low 40 100

Concentration Dextran

Small Fragment, Medium | 8 250
Concentration Dextran

Small Fragment, Low 8 100
Concentration Dextran

Figure 2: An example of the dextran, agarose gel phantom



Figure 3: Custom foam phantom holder

80C water bath before being combined with 2 percent liquid agarose as described above. To convert
sonication time to average dextran molecular weight, we used previously reported relationships from the

literature [12] [13].

2.3 Tlrho/T2 Weighted MRI Sequence

All MRI scanning was conducted on a GE 3T Scanner. A combined T1rho/T2 MAPSS sequence was
used [14]. For the T1rho acquisition, we used two spinlock frequencies (300Hz and 500Hz) with spin lock
times at Oms, 10ms, 40ms, and 80ms. Scans were acquired coronally with a 20-cm x 20-cm x 0.72-cm
field of view with a spatial resolution of 0.4-mm (18 slices total). The conical tubes were secured in a

custom foam holder that was placed in the center of the MRI bed (Fig. 3).

2.4 Images Processing

The MRI scan data were saved in DICOM format and processed using Matlab. Each conical tube was
masked with a 12-pixel radius circular region-of-interest (ROI; Fig. 4). The central seven slices of each
conical tube ROI was used for data analysis. Specifically, we calculated the T1lrho relaxation time on a

voxel-by-voxel basis by fitting the signal intensity (SI) to the mono-exponential decay function:

SI = S0e' — TSL/T1rho) (1)

where TSL is the spinlock time.



Figure 4: Top: circular ROIs were used to mask the central region of each conical tube. Middle: masked
conical tubes showing the central region of each tube for mean T1rho calculation. Bottom: Final ROIs
for Tlrho analysis. Legend=signal intensity

Table 2: Effects of dextran size on mean Tlrho relaxation time for 500 Hz spinlock time. Data given
as mean + SD

MW ANOVA
Concentration 500kDa 40kDa 8kDa
p<.0001
100mg/g 55.7+1.6ms| 64.3+1.7ms*°| 63.5+1.7ms"®
p<.0001
250mg/g 58.2+1.6ms| 62.3+1.6ms® 63.3+1.6ms”
p<.0001
400mg/g 58.1£1.2ms| 62.841.8ms?°| 58.8+1.4ms°®
a: p<.05 500kDa vs 40kDa b: p<.05 500kDa vs 8kDa c: p<.05 40kDa vs 8kDa

2.5 Data Analysis

All statistical tests were conducted using seven axial slice-wise mean T1rho relaxation times for each
phantom. Three one-way ANOVA with Turkey HSD tests were performed to determine the effects on
T1rho relaxation time of dextran size for each concentration. Anderson Darling tests were used to check

the normality of the axial slice-wise mean T1rho values for each phantom.

3 Results

3.1 Phantoms with Single Dextran Size

Phantoms with the largest molecular weight dextran (500 kDa) had significantly (p < .05) lower T1rho
relaxation times than phantoms with smaller dextrans (Table 2, Fig. 5). Dextran concentration
appeared to have opposite effects on T'1rho relaxation time for the smallest and largest molecular weights.
Specifically, for the phantoms with the largest dextran (500 kDa), increasing dextran concentration
tended to increase the Tlrho relaxation time, whereas for the phantoms with the smallest dextran (8

kDa), increasing dextran concentration decreased the T1lrho relaxation time.
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Figure 5: Column chart of mean Tlrho relaxation time(ms) at 500Hz spinlock sequence with STD.
Lines across top indicate statistically significant (p < .05) differences.
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Figure 6: Effects of dextran size and concentration on T1rho relaxation time(ms) at 500Hz spinlock
frequency. Bars show mean £ SD.

3.2 Phantoms with Sonicated Dextran

Increasing the sonication time significantly decreased the mean T1rho time for sonication times (< 60)

minutes; for sonication times (> 60) minutes, T1rho relaxation times rapidly increased (Fig. 6).
When sonication times were converted to average molecular weight, the decreasing T1rho relaxation

times appear to reach an inflection point and begin to rapidly increase when the size of the dextran falls

below 50 kDa (Fig. 7).

4 Discussion

In this study, we investigated how polysaccaride size affected T1rho relaxation time for various concen-
trations. Utilizing agarose MRI phantoms containing dextrans with a single molecular weight, we found
that the effect of increasing polysaccaride concentration on T1rho relaxation time depended on molecu-
lar weight: increasing the concentration of larger dextrans increased the T1rho relaxation time, whereas
increasing the concentration of smaller dextrans decreased T1rho relaxation time. Utilizing phantoms
with a gradient of molecular weights, we again saw a size-dependent relationship between increased me-
chanical degradation and T1rho relaxation times. By discovering these new, size-dependent trends, we
are able to better understand and interpret findings from studies that measured T1rho relaxation times
in patients [15]. Proteoglycan fragmentation is an early marker of disc degeneration that precedes pro-
teoglycan loss from the disc. Prior studies reported that T1rho relaxation times are correlated with disc
proteoglycan content. Thus, our findings are important because they are the first to show that T1rho
relaxation times are also sensitive to polysaccharide fragment size, and therefore T1rho relaxation times

in the disc may reflect proteoglycan degradation in the very early stages of disc degeneration.
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Figure 7: Effects of sonication time on T1rho relaxation time at 300Hz spinlock
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In phantoms containing dextrans of a single molecular weight, we found that both dextran molec-
ular weight and concentration had statistically significant effects on T1rho relaxation times. However,
the larger dextrans behaved differently than the smaller molecular weight dextrans in regard to the
change in T1rho relaxation time with decreasing concentration. Our findings with the large 500-kDa
dextran corroborate results from prior studies that showed that Tlrho values are lower in discs with
less glycosaminoglycan content[16]. However, for the smaller 40kDa and 8kDa dextrans, lower concen-
trations had greater T1rho relaxation times. We hypothesize that at higher concentrations, phantoms
with smaller fragments are more likely to have dextran-dextran interactions than phantoms with larger
fragments because there is a significantly higher quantity of these low molecular weight fragments. Since
the 500kDa dextran mimics the most physiologically abundant matrix proteins found in the NP, this may
explain why our results more closely follow the reported relationships between T1rho and proteoglycan
content from human disc studies in the literature. It is unclear if the observed trend of increasing con-
centration of 8kDa and 40kDa dextran leading to lower T1rho relaxation times has physiologic relevance
in human discs.

Another important finding is that mechanical fragmentation of dextran lowered the T1rho relaxation
time when the dextran fragments were relatively large, but that fragmentation increased the Tlrho
relaxation time after the fragments reached 50kDa. For short sonication times ((< 60) minutes),
mechanical fragmentation of the large 500-kDa dextran are expected to reduce the Tlrho relaxation
time, as the decrease in concentration of 500kDa dextran is thought to be the main driver. After
60-90 minutes of sonication, however, we propose the dominant mechanism affecting T1rho relaxation
transitions from the large dextran fragments to the increasingly numerous smaller dextran fragments,

which we have observed to cause a higher T1rho value. Converting sonication time into molecular weight,



)
g 100 Sonicated Dextran
— O5¢ Single MW Dextran

60 :
500 250 0
Molecular Weight (kDa)
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the transition appears to occur when the average molecular weight is about 50kDa. Adding the T1rho
relaxation times from phantoms containing dextrans with a single, known molecular weight, revealed
similar T1rho relaxation times for both the sonicated and single molecular weight phantoms, which
supports the validity of this interpolation(Fig. 8).

The trend observed in the sonication phantoms of this study corroborate the changes in Tl1rho
relaxation time measured in an enzymatically induced degeneration bovine model from our lab. In that
study, bovine discs were treated intradiscally with PBS and the aggrecanase ADAMTS-5. ADAMTS-5
cleaves aggrecan (250kDa) into a 200kDa and 50kDa fragment[17]. In that bovine study, discs treated
with the highest dose of ADAMTS-5 had a 6ms decrease in mean T1rho relaxation time, which suggests
that aggrecan fragmentation decreases T1rho relaxation time. In support of this interpretation, T1rho
relaxation times decreased by 5ms, on average, when comparing phantoms with sonicated dextrans in
the 250kDa and 50kDa ranges (Fig 9).

A strength of our study was the incorporation of specific dextrans in the agarose phantoms to mimic
physiologic proteoglycan compositions. Dextrans have a similar charge per unit mass, and the range of
dextran concentrations and sizes that we used match those found in vivo. Accordingly, measured T1rho
relaxation times were similar to the range of T1rho values observed in clinical cohorts [15]. In addition,
we used sonication to mechanically degrade large dextrans into smaller fragments, which may provide
mechanistic insight into the effects of early-stage disc degeneration on T1rho values.

However, considering that proteoglycans are not the only molecules in the disc, the phantoms were a

simplification of disc biology. Lacking components like collagen, fibronectin, and cartilage, further work
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Figure 9: (Left) T1rho relaxation time vs. molecular weight data showed that phantom solutions with
50kDa dextrans are expected to have T1lrho relaxation times that are 5ms lower than phantoms with
250kDa dextran. (Right) Change in Tlrho relaxation time following intradiscal ADAMTS-5 treatment
in bovine coccygeal discs

needs to be done to clarify the specific factors that affect T1rho with degeneration in vivo. Another lim-
itation of this study is that we did not measure dextran molecular weight following sonication. Although
the phantoms with dextrans of known molecular weight had T1rho values that were similar to the T1rho
values as the phantoms with estimated molecular weights from the literature, , the precise distribution

of dextran sizes at each time point is unknown.

5 Conclusion

T1rho-weighted MRI is promising as a noninvasive, quantitative, and highly sensitive biomarker of
early-stage disc degeneration. To clarify the factors that impact Tlrho relaxation time, we employed
agarose phantoms with known concentrations and sizes of polysaccharide dextran. Our findings show for
the first time that Tlrho relaxation times are sensitive to polysaccharide fragment size, and therefore,
T1rho relaxation times in the disc may reflect proteoglycan degradation in the very early stages of disc

degeneration..
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