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Abstract

Mechanical characterization of the intervertebrat agnvolves labor-intensive and
destructive experimental methodology. Contrast-eabd micro-computed tomography is a
nondestructive imaging modality for high-resolutiaaualization and glycosaminoglycan
guantification of cartilaginous tissues. The pugostthis study was to determine whether
anionic and cationic contrast-enhanced micro-cosgptamography of the intervertebral disc
can be used to indirectly assess disc mechaniopkpies in aex vivomodel of disc
degeneration. L3/L4 motion segments were dissdobad female Lewis rats. To deplete
glycosaminoglycan, samples were treated with 0 U{@antrol) or 5 U/mL papain. Contrast-
enhanced micro-computed tomography was performéavimg incubation in 40% Hexabrix
(anionic) or 30 mg I/mL CA' (cationic) for 24 hoursnE10/contrast agent/digestion group).
Motion segments underwent cyclic mechanical testndetermine compressive and tensile
modulus, stiffness, and hysteresis. Glycosaminaglyontent was determined using the
dimethylmethylene blue assay. Correlations betvgbgosaminoglycan content, contrast-
enhanced micro-computed tomography attenuatiomeewhanical properties were assessed via
the Pearson correlation. The predictive accura@ttehuation on compressive properties was
assessed via repeated random sub-sampling cradatical. Papain digestion produced
significant decreases in glycosaminoglycan coraedtcorresponding differences in attenuation
and mechanical properties. Attenuation correlaiguifecantly to glycosaminoglycan content
and to all compressive mechanical properties usinly Hexabrix and CK. Predictive linear
regression models demonstrated a predictive acgofaattenuation on compressive modulus

and stiffness of 79.8-86.0%. Contrast-enhancedastomputed tomography was highly



predictive of compressive mechanical propertiesnex vivosimulation of disc degeneration

and may represent an effective modality for indlyeassessing disc compressive properties.

Keywords: intervertebral disc; contrast-enhanced micro-categ tomography; disc

biomechanics; degenerative disc disease
Introduction

Intervertebral disc (IVD) degeneration, and itautesg disability, represent an enormous
global health burden. Low back pain, which can ltdsom degenerative disc disease (DDD), is
responsible for over $200 billion in health expéndis and lost wages in the United States
aloné. IVD degeneration and its root cause have bedigulifto define. Genetic pre-
disposition, aging, impedance of nutrient transpdranges to extracellular matrix (ECM)
structure and composition, acute injury, and hdaagling have all been identified as potential
factors in the onset and progression of BDBere, we focus on one of the early biochemical
indicators of DDD, - the loss of sulfated glycosaaglycan (GAG) from the intervertebral disc
(IVD). It is unknown whether GAG loss is a causatiactor in DDD, or a symptom of
degeneration initiated by some other physiologitatess. Regardless, depletion of negatively-
charged GAG contributes to an irreversible degeiveraascade by reducing hydrostatic
pressure in the nucleus pulposus (NP) and compnogrésial load distribution throughout the
IVD, leading to focal overloading, damage, andmately, the progressive degeneration of IVD

tissued 4,

The biomechanical properties of the IVD are largidpendent on the structure and

function of the GAG-rich extracellular matrix (ECM)uring normal activity, the spine is



subjected to highly variable axial loads — humarn_i3liscs have been reported to experience
loads equivalent to 250% of total body weight — #redlVD is uniquely adapted to withstand
this loading. A healthy IVD is adequately hydrated, containimgto 80% water in the NP
where the majority of GAG is concentrated. Wherabyicompressed, the hydrostatic internal
pressure in the NP redistributes the load radtallye collagen-rich lamellar fibers of the
annulus fibrosus (AF), which resist radial tensi@sulting in effective load transmission across
the IVD'. The inner AF contains a considerable concentraifdGAG and is also capable of
some direct resistance to axial compression viavits internal pressuité. Studies of cadaveric
IVDs have demonstrated significant correlation&&G content to NP swelling stress and
aggregate modulus, and decreases in GAG conteassoeiated with increasing age and
increasing IVD degeneration scrén preclinical models of IVD degeneration, IVOurny has
been shown to reduce compressive propéftiaad GAG concentration in the NP has been
shown to significantly correlate to compressivérstiss and range of motion in cyclic tension/

compression tests

Small animal models of DDD have played an increggirmportant role in
understanding pathology, as well as testing newmegtive medicine-based stratefigs'?
The experimental determination of IVD mechanicalgarties in these small animal models is
both labor-intensive, and destructive. The procssslly involves careful dissection to isolate
the motion segment, irreversible embedding of #réebral bodies, meticulous mounting on a
materials testing system, and a potentially-lenggisting protocol. Given the destructive and
time-intensive nature of IVD mechanical testingniaimally-invasive, rapid assessment of IVD

mechanical properties is of significant interestidoth preclinical and clinical applications.



Contrast-enhanced micro-computed tomography (CE}u<d nondestructive tool for
high-resolution visualization and GAG quantificatiof cartilaginous tissu&§*’. Our group has
recently demonstrated the use of both anionic atidric contrast agent-enhanced uCT for the
3D visualization and molecular characterizatiothef IVD'®, and we have previously shown that
anionic CE-pCT is a sensitive tool for tée vivoassessment of DDD in a rabbit mddelakin
et alhave demonstrated a local correlation of CE-yu@dnagtion to compressive modulus and
coefficient of friction in articular cartilage, exiiting the utility of CE-uCT for the mechanical
characterization of cartilaginous tisstiés. GAG content plays a similarly important role fret
compressive mechanics of articular cartilage arid figsue. However, compressive load
distribution across the entire vertebra-disc-vedehotion segment is much more mechanically
complex compared to the local compression of detratartilage tissue, and thus it is unknown
whether a similar correlation between CE-uCT ati¢ion and compressive properties exists in
the IVD. As such, the purpose of this study waagsess the use of CE-uCT to nondestructively
characterize the mechanical properties of the lIy[@diablishing correlations of anionic and
cationic CE-uCT attenuation to experimentally-d@ieed biomechanical properties in healthy

and degenerate rat lumbar IVDs.
Methods
Specimen Preparation and Enzyme-Mediated Digestion

IACUC approval was not required for this studyalislescribed methodology was
performedpost mortemAll specimens were obtained from animals useahiminrelated,
IACUC-approved protocol. Skeletally mature, femladsvis rats aged 14 — 20 weeks (~200 —
220 g) were euthanized via G@&sphyxiation. Lumbar spines were disseeedlocand fresh

frozen until dissection according to a previoussgctibed protocdf. To ensure that the spines



would fit uniformly into a custom cutting jig, theansverse processes and pedicle fragments
were removed using a die grinder equipped withnalisg drum attachment, which was able to
remove bone without inducing concomitant fractukesch specimen was then secured in the
cutting jig and transverse cuts were made throbgh8 and L4 vertebral bodies to isolate the
L3/L4 motion segment. The cutting jig facilitateda parallel cuts through the vertebral bodies
to ensure that applied loads were uniformly axml eonsistent between specimens. Specimens
were then randomized to one of two contrast agentps (Hexabrix and CA) and further
randomized to one of two enzymatic digestion gra@psr 5 units/mL) =10 per group per
enzyme concentration). Hexabrix (ioxaglate) wasiaeq commercially (Hexabrix 320,
Guerbet, Inc., Bloomingdale, IN, USA), while &Avas synthetically prepared using a protocol
adapted from Josleit af? (Supplemental Information). To deplete GAG contenizymatic
digestion was induced by incubation in phosphaféebed saline (PBS, pH = 7.4) containing O
or 5 units/mL papain (Sigma-Aldrich, St. Louis, MOSA) for 24 h at 37°C, as previously
described® 2> 2 In an earlier study, 5 units/mL papain was deiieeah to induce significant
reduction in GAG concentration while leaving the &Rl AF structures intact and

distinguishable via pCT and gross observation uadaicroscop¥.
Contrast Agent Incubation and uCT Imaging

Contrast agent solutions containing 40% Hexalingrbet, LLC, Bloomington, IN,
USA) and 30 mg I/mL CA were prepared according to a previously-descrjisetbcof®.
These contrast agent concentrations were previaasérmined to provide optimal contrast
enhancement for morphological and compositionalyaisaof rat IVDs. Immediately following
enzyme-mediated digestion, specimens were inculiaiszhtrast agent for 24 h at room

temperature. The motion segments were securedustam sample holder containing



humidifying silica beads to maintain a 70% humidissnment, and the IVDs were imaged on a
MCT imaging system (LCT-40, Scanco Medical AG, @sélien, Switzerland) at 55 kVp, 145

HA, 250 ms integration time, with an isotropic vbsiee of 20 um. The cross-sectional area
(CSA) of each IVD was calculated from a three-disienal (3D) volume of interest (VOI)
manually contoured by an experienced investig&8&H, KG) using a custom MATLAB 3-

plane viewing interface. Attenuation data was dakewdl from the IVD VOI along with an
additional NP VOI that was manually contoured. @on$ were checked for accuracy by two
additional investigators (MDN, TM). Individual di$@ights were calculated using a custom
MATLAB program to manually delineate the endplateders and calculate the average distance

between consistent anatomical locations.
Mechanical Testing and Data Analysis

Non-destructive, uniaxial, cyclic compression-tendesting was performed to determine
the mechanical properties of the IVDs. Using cyangate, motion segments were secured
between rigid, parallel aluminum platens on a niaetesting system equipped with a 250 N
load cell (Insight 5, MTS, Eden Prairie, MN). Eaaid of the motion segment was secured
within a shallow trough within each platen, enaplihe cyanoacrylate to pool around the ends of
the specimen and create a pot to ensure secut®ifiXreliminary testing confirmed that this
fixation scheme was able to support both compressin tensile loads at up to double those
experienced during testing. During mechanical tgstihe IVDs were immersed in room
temperature saline supplemented with 1X protedsbitors and 1% penicillin/streptomycin
with fungizone (Thermo Fisher Scientific, Waltha#4, USA). Mechanical loading was
performed as previously descrifed > A 1 N preload was applied for 30 minutes, follolsy

20 sinusoidal loading cycles from 4.5 N compress$io@ N tension at 0.1 Hz. Data from thé"20



cycle was analyzed. Load and extension values emreerted to stress and strain using
individually-determined IVD CSA and height. Comm®e and tensile moduli were defined as
the slope of the linear compressive and tensil®nsgof the stress/strain curve, respectively,
which were isolated using MATLAB. An algorithm wamployed which facilitated manual
selection of the compressive and tensile regiontkeRd' testing cycle, as well as the linear
region of each stress/strain curve. The neutraltm@lineating the compressive and tensile
regions of the cycle was defined as the midpoitwben the two points on the cycle at which
zero stress was record@dCompressive, tensile, and total hysteresis wiasiladed as the area

under the stress/strain curve for the respectiveqgooof the cycle.
Biochemical Quantification of GAG Content

Prior to GAG quantification, each IVD was rinsed 20 h in room-temperature PBS to
remove residual contrast agent. IVDs were thenauletiisly dissected from the vertebral
endplates using microscopy-guided dissection amphljized for 2 hours. The desiccated IVDs
were kept in storage at -80°C prior to batch prsicesusing a 1,9-dimethylmethylene blue
(DMMB) assay. IVDs were digested in a 50 pg/ml piodise K solution for 20 hours and the
DMMB assay was performed as previously describedistandard curve was generated using

solutions containing 0-70 pg/mL chondroitin sulfé@s).
Statistical Analysis

All statistical analysis was performed using SP&2 (0, IBM, Armonk, NY, USA).
Correlations between variables were assessed tgrgearson product moment correlation. To
assess differences between testing groups, a twamalysis of variance (ANOVA) was

applied as follows: normality and equality of vaigas were assessed using Shapiro-Wilk and



Levene’s tests, respectively. There were no sicguifi violations of normality. However, several
variables exhibited highly unequal variances. Maga which met the assumption of equal
variances were assessed using a standard two-w@yANVariables which significantly
violated the assumption of equal variances unddriegrtransformation, were reassessed to
confirm that the transformed data exhibited equalitvariances, and then the transformed data
was analyzed via two-way ANOVA. Log transformatiwas performed on the following
variables: IVD, NP, and AF attenuation, tensiléfrséiss, tensile modulus, total strain, and
compressive, tensile, and total hysteresis. Regssdf whether log transformation was
employed for statistical analysis, all aggregat® e\&as reported in terms of the untransformed

mean and 95% confidence interval.

The predictive accuracy of contrast-enhanced adigoruon compressive mechanical
properties was assessed across 100 iterationpexdtes random sub-sampling cross validation.
At each iteration, datasets from each contrasttagere randomly split into evenly-sized
training and validation sets£10 training samples$i=10 validation samples). Within each set,
there was an even distribution of undigested agdsied samples to avoid model bias. The mean
absolute percentage error (MAPE) between predmteldactual values was calculated as

follows:

}Ta:r'p

T
gxp

MAPE = 1002 Vprea
n »

MAPE was averaged across the 100 iterations oEarakdation and reported for each model

combination.

Results



There were no significant differences in CSA (Hekaly.51 [7.36, 7.65] mf) CA*":
7.60 [7.35, 7.84] mf P = 0.526) or post-preload VD height (Hexabrix:4.[0.98, 1.09] mm,;
CA™: 1.04 [0.99, 1.08] mnP = 0.945) between samples in the Hexabrix and*@foups.
Furthermore, there were no significant differenceSSA between undigested (0 U/mL papain)
and digested samples (5 U/mL papain) in the Hexaftup (0 U/mL: 7.60 [7.38, 7.81] nfib
U/mL: 7.41 [7.19, 7.65]P = 0.362) or CA" group (0 U/mL: 7.70 [7.35, 8.05] nfrb U/mL:
7.49 [7.09, 7.88] mM P = 0.263). Within the Hexabrix group, post-prelds® height was
significantly lower in digested IVDs in the Hexabgroup (0 U/mL: 1.10 [1.06, 1.13] mm; 5
U/mL: 0.98 [0.95, 1.01] mnR < 0.001), but no significant differences were obed within the
CA** group, although digested IVDs exhibited slighdykr mean height (0 U/mL: 1.05 [1.01,
1.09] mm; 5 U/mL: 1.02 [0.96, 1.08] mR,= 0.224). Enzymatic digestion induced significant
decreases in total GAG content in both contrasttag@ups (Table 1). As expected,
corresponding changes in the attenuation profil@fvhole IVD and the NP were measured
due to digestion in both contrast agent groupd) WIDs in the Hexabrix group exhibiting
significant increases in attenuation and IVDs im @A** group exhibiting significant decreases
in attenuation (Table 1). In the Hexabrix grougedited IVDs exhibited 36.6% higher whole
IVD attenuation and 33.6% higher NP attenuationgar®d to undigested IVDs (Figure 1A, B).
In the CA™ group, digested IVDs exhibited 28.5% lower whal®lattenuation and 31.5%
lower NP attenuation compared to undigested IVDOgufeé 1C, D). Enzymatic digestion induced
significant changes in the mechanical propertid¥ bk in both contrast agent groups; digested
IVDs had significantly lower compressive modulusl atiffness, tensile modulus and stiffness,

and significantly higher compressive and total ésestis compared to undigested IVDs (Table



2). Digested 1VDs in the Hexabrix group also extatisignificantly higher tensile hysteresis,

though this difference was not observed in thé Gtoup (Table 2).

Strong linear correlations were observed betweefs@antent, uCT attenuation, and
mechanical properties in both contrast agent grobpsl GAG content correlated significantly
to whole IVD attenuation and NP attenuation in hidéxabrix and CA" groups (Figure 2), and
significantly to compressive modulus in both grogpparately (Hexabrix: r = 0.91R,< 0.001;
CA*:r=0.811P < 0.001) and when aggregating all IVDs togethaufe 3A). Weaker, albeit
significant, correlations were observed between GAaGtent and tensile modulus (Hexabrix: r =

0.853,P < 0.001; CA*: r = 0.565P = 0.009).

Both whole IVD and NP attenuation correlated stiping several mechanical properties
(Table 3). As the same trends were observed inwbtie IVD and NP attenuation, and NP
attenuation was more strongly correlated to mosthaeical parameters, only correlations to NP
attenuation will be discussed here. In the Hexatprdup, NP attenuation correlated strongly to
compressive (Figure 4A) and tensile modulus, cosgive and tensile stiffness (Table 3), and
compressive, tensile, and total hysteresis (Fig@eTable 3). In the CK group, NP attenuation
correlated strongly to compressive modulus (Figik® compressive stiffness (Table 3),
compressive and total hysteresis (Figure 4B, Taplbut interestingly there was only a weak
(though significant) correlation to tensile modylasveak, non-significant correlation to tensile

stiffness, and no appreciable correlation to tentgjsteresis (Table 3).

MAPE values of predictive linear regression modsslisig Hexabrix ranged from 14.05%
to 17.63% (Table 4), and MAPE values of linear esgion models using CAranged from
16.79% to 20.23% (Table 4), demonstrating an olpradictive accuracy of the use of CE-uCT

to determine the compressive stiffness or moduftiseolVD to be ~80 — 86%. Using NP



attenuation to predict compressive properties gelyanelded lower MAPE values compared to

using whole-IVD attenuation.
Discussion

The biomechanical assessment of the IVD is impoftar disease characterization and
the development of potential treatment stratediesit is ultimately limited by its complex,
time-consuming, and often destructive nature. i study, the ability to employ CE-uCT for the
nondestructive assessment of rodent IVD mechaprcglerties was demonstrated. Strong,
highly-significant linear correlations between CEqiattenuation and IVD mechanical
properties were observed in @xvivomodel of IVD degeneration. CE-puCT attenuation
correlated strongly to compressive mechanical ptegseand moderately, though significantly,
to tensile properties. Linear regressions werebésteed, which predicted disc mechanical
properties based on IVD and NP attenuation, an@d¢baracy of these regressions as predictors
of compressive stiffness and modulus was calculasaty cross validation and found to be 79.8-

86%.

The transmission and absorption of intervertelyeal&vertebral compressive loading is a
primary function of the IVD, and correspondingly QET attenuation correlated most strongly
to compressive properties of the disc. Compressivdulus and stiffness of the IVD are
primarily derived from hydrostatic pressure proalbg GAG-mediated water retention, and its
interaction with the highly organized lamellar sture of the AE ’. Hysteretic behavior in
cartilaginous tissues such as the IVD arises ftogr inherent viscoelasticity, which has been
suggested to arise in part from water extravasatimhimbibition during loadirf§ 2 Thus,

compressive modulus, stiffness, and hysteresialbdirectly related to GAG and water content



within the IVD. Both modalities of CE-uCT utilized this study are highly sensitive to IVD
GAG content* '8 and we demonstrated that CE-pCT attenuation letecestrongly to both
compressive modulus and compressive stiffnesseofMB. Using cross validation modeling, we
found that CE-uCT attenuation of the IVD was 80-8&€¢éurate in predicting compressive
stiffness and modulus, indicating a potential fattole for CE-uCT as a surrogate for direct
mechanical measurement in pathophysiological ageinerative studies. As our investigation
employed arex vivomodel of enzymatic digestion to mimic the degetiegastate of the VD,
future studies need to confirm this level of prége accuracy inn vivo models of IVD

degeneration.

CE-uCT attenuation also correlated significaralyMD tensile properties — primarily
tensile modulus — though predictably, these caiiorla were not as strong as those observed
with compressive mechanical properties. The ratatigp between IVD tensile behavior and
GAG content is not as well-established as in tise @d compressive behavior. Furthermore,
while the tensile properties of individual AF filseand the tensile properties responsible for
resisting radial expansion are well understoodaxial tensile properties of the whole IVD are
not well characterized. Tensile properties of MB derive from the highly organized fiber
structure of the AF, along with the Sharpey’s fdethich anchor the VD to the endplates, and
also likely arise in part from IVD interstitial gsure and are therefore affected by GAG
depletion, dehydration, and depressuriz&tidh In addition to their role in water retention,
GAG molecules can serve as matrix linkeend thus GAG digestion may directly destabilize
the AF matrix. Finally, the broad-spectrum activafypapain utilized in our study likely also
results in partial digestion of other AF matrix malles, diminishing both compressive and

tensile properties, though previous work suggdststhe concentration of papain used in this



study largely preserve AF structﬁ?:elnterestingly, CA" attenuation correlated markedly poorer
to tensile properties compared to Hexabrix atteanathough no difference was noted in
compressive correlations. It is possible that tledteets arise from the incomplete washout of

CA*" from cartilaginous tissues as previously descrinedoshiet af*,

Aside from the present study, there is minimal dataelating quantitative imaging
technigues to mechanical properties of the IVDing#onet al correlated T2* MRI to pure
moment bending mechanics in cadaveric IVDs anddaignificant correlations of T2* imaging
parameters to stiffness, range-of-motion, and akatme lengtff. Their study further
determined that multiple T2* parameters, whichiedily measure GAG content via free water
content, were more predictive of IVD mechanics tRéirmann damage grade, corroborating
the direct correlation of GAG content to IVD mecleah properties observed in the present
study. In articular cartilage, Laket al have established correlations between CE-uCT
attenuation and mechanical properties of cartifigeln their study, bovine osteochondral plugs
underwent CE-uCT imaging followed by unconfined poessive stress-relaxation and torsional
tests, and CE-uCT attenuation was found to coadiaghly to both equilibrium compressive
modulus and coefficient of frictiGf Follow-up studies in articular cartilage of thanan
metacarpal joint and murine tibial plateau produsiedilar findings'® 2% Though the loading
pattern differs considerably between articularilzage and the IVD, the compressive mechanical
properties of both tissues are highly depender@AG-mediated water retention, and in that

context, this data agrees with the findings ofghessent study.

CE-uCT of the IVD has been previously demonstratgdg both Hexabrix and CA'®
The contrast agent concentrations used in thig/stiede independently optimized to maximize

tissue contrast and thus are not equal betweenasbaigents. At the concentrations used in this



study, CA™" attenuation was more sensitive to changes in @ €ontent of the NP, while
Hexabrix was more sensitive to changes in the Ga&eant of the whole IVD, based on the
slopes of the linear regressions. This is congdistéh the mechanism of contrast enhancement
of each agent — the greater affinity of €40 the GAG-rich NP affords greater uptake and a
much higher dynamic range of measurement in thedwkpared to the AF, whereas the partial
exclusion of Hexabrix from both the NP and AF proelsia more comparable dynamic range in
both tissues. Due to its higher net charge, aneltlyehigher interaction with negatively charged
GAG, CA" is known to provide greater contrast at a givemceatration compared with

Hexabrix> %

This study was conducted in a rat model of the 9] our results should be interpreted
in the context of this model. As the mechanicat @i GAG in the IVD is relatively well-
conserved across species, the findings of thisysthiduld generally be applicable in larger
species as well. However, translation of CE-uCTgimg into large animal and cadaveric human
models would enable the indirect assessment of\@dhanics described in this study to be
applied in more clinically relevant scenarios. tej CE-uCT has generally been applied as a
research tool for rodent disease models, and \apitdications to articular cartilage in cadaveric
and bovine models have been descritiéd applications to the IVD have thus far been limhite
to rabbits* and rat¥®¥ *¢ Translation into larger models is primarily liet by the increase in
diffusion distance and subsequent increase in gtgoriotime required to achieve equilibrium.
This could potentially be circumvented via the aéeechanical convectidh incubation at

higher temperature, or by other means.

This study should be interpreted in light of sevédmitations. Anex vivoenzymatic

digestion model of DDD was used to induce GAG dagte Though GAG depletion is the



hallmark biochemical change associated with DDI3, tiodel does not account for active
remodeling of IVD tissue, cellular activity, norrfthe concomitant changes to the vertebral
endplates and vertebral bodies which are knowrt¢aroduring DDD progressiérte. Future
studies should confirm the observed correlations wrivo models of DDD to account for these
variables. As we did not perforim vivopCT, and motion segments were extensively dissected
prior to testing and analysis, determinatiomnogitu [IVD height was not possible given the
absence of native muscle, tendon, and body weigbé$ acting on the dissected motion
segment. To convert load/displacement to streagistiata, we used pCT data and mechanical
preconditioning data to calculate IVD height. Th&ght, therefore, represents the “gauge
length” of the final mechanical cycle and not theitu height of the IVD. We performed whole
motion segment mechanical testing as opposed fatésbcharacterization of the intrinsic
properties of IVD substructures/tissues. While teggresents a more practical and translational
approach for studies assessing pathology and regjere future studies may wish to
specifically assess the inherent compressive ptiegesf the NP to establish correlations to CE-
MCT. Uniaxial cyclic testing was employed in thigdy. Though uniaxial loading is an
important component of overall IVD loading, we didt assess other important motions,
including bending and torsion.. Asymmetric loadofdghe disc has been shown to induce
decreased annular cellularity and subsequent regptie disc region subjected to bending, and
multiple studies have linked IVD bending to struatunstability and perpetuation of IVD
degeneratiott' *° Future studies correlating CE-puCT to mechanioaperties derived from

these clinically relevant motion profiles are wated.

Conclusion



The purpose of this study was to determine wheftieptCT attenuation of the VD can be used
as an indirect measure of IVD mechanical propemiesex vivomodel of DDD. The results of
this study demonstrate that CE-uCT may represeatfaative indirect and nondestructive

modality for assessing the compressive properfiéiseol VD with high predictive accuracy.
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Figure Legends

Table 1. CE-pCTAttenuation and GAG content iMDs. Data expressed as Mean [95%

Confidence Interval].

Figure 1. Representative colormaps of contrast-enhanced IYEnaation imaged with either
Hexabrix (A, B) or CA" (C, D) following a 24-hour incubation in eitherlse (A, C) or 5 U/mL

papain (B, D).
Table 2 Mechanical properties of IVDs. Data expressed aaiM@5% Confidence Interval].

Figure 2. Correlation of GAG content, as determined by a DM&dBay, to IVD attenuation (A)
and NP attenuation (B), shown with 95% confidemtervals. Correlation coefficients and P-

values were determined using the Pearson produatend correlation.

Figure 3. Representative stress-strain of IVDs with (0 U/miLyvithout (5 U/mL) enzymatic

digestion in papain (A).Correlation of GAG contesd,determined by DMMB assay, to



compressive modulus (Bhown with 95% confidence intervals. Correlatioefticients and P-

values were determined using the Pearson produateno correlation.

Table 3.Correlation statistics between CE-uCT attenuatiod & D mechanical properties.
Correlation coefficients and P-values were detemdinia the Pearson product-moment

correlation.

Figure 4. Correlation of NP attenuation to compressive modyi) and compressive hysteresis
(B), shown with 95% confidence intervals. Corraatcoefficients and P-values were

determined via the Pearson product-moment corretati

Table 4 —Mean absolute percentage error (MAPE) values fr@® iterations of repeated
random sub-sampling cross validation of linear reggion models between CE-uCT attenuation

and VD mechanical properties

Table 1 CE-pCTAttenuation and GAG content iMDs. Data expressed as Mean [95%

Confidence Interval].

ContrastPapain Mean CE-uCT Attenuation (HU) GAG Content
Agent (U/mL)  Whole IVD NP AF (Hg CS)
Hexabrix 3559 [3430, 3688] 2807 [2691, 2923] 3784 [3643, 3926] 49.9 [44.6, 55.2]

4860 [4698, 5021] 3750 [3606, 3894] 5195 [5018, 5371] 18.1 [16.9, 19.3]
0 2636 [2537, 2735] 3571 [3422, 3721] 2290 [2167, 2412] 43.9 [39.2, 48.6]

CA*
5 1884 [1831, 1937] 2447 [2376, 2518] 1688 [1629, 1747] 21.6 [19.9, 23.2]
Hexabrix 0 v. 5 <0.001 <0.001 <0.001 <0.001
CA* O0v.5 <0.001 <0.001 <0.001 <0.001

Table 2 Mechanical properties of IVDs. Data expressed aamM@5% Confidence Interval].



Contrast Papain Modulus (MPa) Stiffness (N/mm) Hysteresis (x18 Ml
Agent  (U/mL) Compressive Tensile Compressive  Tensile Compressive Tensile

0  23.8[22.4,25.3] 7.0[6.3, 7.6] 169 [160, 178] 51[47,54] 3.3[2.7,3.9] 4.3[4.7, 3.9]
5  13.1[10.9, 15.4] 5.0[4.5,5.4] 104 [88, 120] 42[38, 45] 14.0[11.3, 16.6] 10.5[12.4, 8.5
0  21.9[20.5,23.4] 5.6[4.7, 6.5] 168 [154, 181] 48[40,55] 7.7[6.3,9.1] 9.9[11.3, 8.4]
5  11.4[8.8,14.1] 4.7[4.3,5.1] 88[70, 105] 40[36, 44] 18.0[15.2, 20.8] 10.6 [12.1, 9.1

Hexabrix

C A4+

Hexabrix 0Ov.5 <0.001 < 0.001 < 0.001 0.010 <0.001 < 0.001
CA* Ov.5 <0.001 0.029 <0.001 0.029 < 0.001 0.411

Table 3.Correlation statistics between CE-uCT attenuatiod & D mechanical properties.

Correlation coefficients and P-values were deteldinia the Pearson product-moment

correlation.
Hexabrix Attenuation CA* Attenuation
Mechanical Parameter Whole IVD NP Whole IVD NP
r P r P r P r P
Compressive -0.884 <0.001 -0.909 <0.001 0.855 <0.001 0.876 <0.001
Modulus

Tensile  -0.777 <0.001 -0.789 <0.001 0.483 0.031 0.485 0.030
Compressive -0.868 < 0.001 -0.890 <0.001 0.882 <0.001 0.902 <0.001
Tensile  -0.667 <0.001 -0.698 <0.001 0.432 0.057 0.442 0.051
Compressive 0.876 <0.001 0.908 <0.001 -0.854 <0.001 -0.869 <0.001
Hysteresis  Tensile 0.824 <0.001 0.863 <0.001 -0.177 0.455 -0.197 0.404
Total 0.868 <0.001 0.902 <0.001 -0.778 <0.001 -0.797 <0.001

Stiffness

Table 4 —Mean absolute percentage error (MAPE) values fr@ iterations of repeated
random sub-sampling cross validation of linear reggion models between CE-uCT attenuation

and VD mechanical properties

Hexabrix Attenuation CA* Attenuation
Whole IVD NP Whole IVD NP

Compressive Modulus 17.63 % + 3.23 14.85% +2.92 20.23 % +5.59 19.87 % £+ 5.37
Compressive Stiffness 14.42 % +£2.70 14.05% +2.43 18.33 % +£3.51 16.79% +4.14
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