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The intervertebral disc is an avascular composite structure, comprised of the nucleus pulposus (NP) and the
annulus fibrosus (AF). Previous tissue-level experiments either examined relative differences in swelling capacity
of the two disc regions at a single time point or tested explant structures that did not replicate in situ boundary
conditions. Previous joint-level studies that investigated time-dependent fluid flow into the disc provided limited
information about swelling-induced intradiscal strains with respect to time and boundary constraints. Therefore,
the objective of this study was to investigate time-dependent swelling behavior of the intervertebral disc ex situ.
The first study investigated time-dependent free-swelling response of the whole disc and the disc’s sub-
components separately (i.e., NP and AF). Findings from this study showed that the swelling rate and swelling
capacity of NP explants under free-swelling conditions were greater than AF explants. The second study eval-
uated the effect of boundary conditions on in-plane strain distributions of intact discs and AF rings. Swelling-
induced strain was highly heterogeneous in AF rings, where negative circumferential strains were observed in
the inner AF and tensile circumferential strains were observed in the outer AF. Radial strains in AF rings were an
order of magnitude greater than circumferential strains. Restricting fluid flow only to the outer AF periphery
reduced the swelling of the inner AF. Swelling of intact discs affected both NP and AF swelling behaviors, where
NP hydration decreased by 60%. Furthermore, the presence of the NP reduced peak radial strains in the AF and
resulted in uniform strain distribution throughout the AF. In conclusion, these studies highlight that tissue hy-
dration and swelling-induced strains largely depend on regional biochemical composition and geometric
boundary constraints.

1. Introduction

The intervertebral disc is an avascular heterogeneous composite
structure, comprised of the nucleus pulposus (NP), a soft hyperelastic
material that represents 40-50% of the disc volume, which is circum-
ferentially encapsulated by the stiffer annulus fibrosus (AF) (latridis
et al., 2007; O’Connell et al., 2007). Tissue composition varies spatially
throughout the disc, with water accounting for 70-85% of the tissue’s
wet weight (Antoniou et al., 1996; Cortes et al., 2014; Iatridis et al.,
2007). Moreover, both the NP and the AF have a tendency to absorb
water and increase its volume by more than 50% (Bezci et al., 2019,
2015; Urban and Maroudas, 1981). The NP has higher water content and
swelling capacity than the AF, and previous studies have associated
differences in water content and swelling capacity to the higher

concentration of negatively charged glycosaminoglycans (GAGs) in the
NP (Bezci et al., 2015; Perie et al., 2006; Urban et al., 1979). Previous
tissue-level experiments either examined relative differences in swelling
capacity of the two disc regions at a single time point or tested explant
structures that did not replicate in situ boundary conditions (e.g., annular
ring versus AF explant) (Bezci et al., 2019, 2015; Cortes et al., 2014;
Oftadeh et al., 2018; Tavakoli, 2017; Urban and Maroudas, 1981).
Hence, these findings provide limited understanding of the complex
fluid-flow kinematics throughout the disc.

Mechanical loading causes complex deformations that induce inter-
stitial fluid redistribution within the disc and fluid flow across the
boundaries at the annulus periphery and endplates. Upon the removal of
high loading, intradiscal pressure increases as disc absorbs water and
regains disc height (Bezci and O’Connell, 2018; Reitmaier et al., 2012;
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Vergroesen et al., 2014). Direct measurement of fluid distribution within
the disc is challenging. Hence, recent research used quantitative mag-
netic resonance imaging to measure regional changes in intradiscal
water content with diurnal loading (Martin et al., 2018 — in review).
Joint-level in vitro studies monitored disc height or intradiscal pressure
to indirectly determine the direction, magnitude, and rate of fluid flow
during physiological loading conditions. These studies observed differ-
ences in fluid-flow kinematics with osmotic loading, loading conditions
(i.e., mode, magnitude, rate and frequency), age, and degeneration
(Bezci and O’Connell, 2018; MacLean et al., 2007; O’Connell et al.,
2011; van der Veen et al., 2007). However, these observations were
limited to the changes for the entire bone-disc-bone motion segment,
providing a lack of understanding of mechanisms for complex intra-
discal fluid flow behavior during recovery. Recent advancements in
image-processing algorithms have made optical, non-contact measure-
ment techniques appealing for investigating local tissue strains.
Swelling capacity and swelling-induced tissue deformations highly
depend on the boundary conditions (Yang and O’Connell, 2019).
Healthy discs hydrated after removal of the endplates and vertebral
bodies experience a 50-60% increase in tissue mass, and the relative
effect of the endplate boundary condition decreases with degeneration
due to decreased swelling capacities of both the NP and inner AF (Jim
et al., 2011; Yang and O’Connell, 2019). The effect of boundary condi-
tion is greater for tissue explants, where testing NP-only specimens re-
sults in significant increases in tissue weight under stress-free boundary
conditions (Bezci et al., 2015). Specifically, the swelling ratio, defined as
the increase in tissue weight due to swelling divided by the initial
weight, decreases linearly from 1.85 at the disc center (i.e., 185% in-
crease in NP tissue weight) to 0.5 in the outer AF (Bezci et al., 2019).
Thus, fluctuations in water content due to diurnal loading or
compositional changes with degeneration play an important role in
intradiscal strain distributions during loading (Botsford et al., 1994;
Martin et al., 2018). Low tissue permeability hinders fluid flow, making
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disc height recovery a slow time-dependent process that is dependent on
loading history and the osmotic differential between the tissue and
surrounding environment (Bezci and O’Connell, 2018; O’Connell et al.,
2011; Schmidt et al., 2016). As a result, discs in vivo and in vitro can
achieve different levels of hydration, which affect relative joint stiffness
(Bezci et al., 2015; Schmidt et al., 2016). Despite numerous joint-level
studies that investigated the time-dependent fluid-flow behavior, there
is limited understanding of swelling-induced intradiscal strain distri-
butions with respect to swelling time and boundary conditions. There-
fore, the objective of this study was to investigate time-dependent
swelling behavior of the intervertebral disc ex sitw.

2. Material and methods

Two separate experiments were performed to evaluate time-
dependent swelling behavior of the intervertebral disc ex situ. The first
objective was to investigate free-swelling behavior of the whole disc and
disc subcomponents separately (i.e., AF- or NP-only explants; Fig. 1A).
The second objective was to evaluate the effect of swelling boundary
conditions on in-plane strain distributions of intact discs and discs with
the NP removed (annular rings; Fig. 1B). The first group consisted of AF
rings in contact with saline at the outer periphery and at the center of the
annular ring (Fig. 1B - left, blue arrows). The second group included AF
rings in contact with saline solution only at the outer periphery. Finally,
the third group included intact discs in contact with saline at the outer
periphery.

Fresh-frozen bovine tails were obtained from a local abattoir (13
spines, age: 16-18 months) and defrosted in 0.15 M phosphate-buffered
saline solution (PBS) at room temperature. Following the removal of
surrounding musculature and ligaments, bovine discs were isolated from
the adjacent vertebrae with a scalpel and only the top three levels were
used for testing (C2 — C4). Discs were visually examined for signs of
damage (damage observed in 4/42 discs). Intact, healthy discs were
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Fig. 1. Study design for (A) free (3D) and (B) in-plane (2D) swelling experiments. Blue arrows represent expected fluid flow due to contact with saline solution.



S.E. Bezci et al.

selected, wrapped with a saline-soaked gauze and stored frozen at
—20°C.

2.1. Free-swelling experiment

Prior to testing, discs were thawed at room temperature. NP sections
were harvested from the disc center with a biopsy punch (diameter = 10
mm; Fig. 1). Residual NP tissue was removed from the AF ring with a
scalpel. Free-swelling behaviors of the intact discs, AF rings, and cylin-
drical NP explants were investigated by immersing samples in 0.15 M
PBS for 16 h (n = 7 per group). To quantify swelling, tissue wet-weight
was measured before swelling. Specimens were weighed every 15 min
during the first 2 h of swelling and weighed hourly after the initial 2-h
period. Before measuring sample weight, excess surface water was
removed by gently blotting the tissue with a kimwipe.

The swelling ratio (Q) was calculated as the change in tissue weight
during swelling with respect to initial wet weight (or pre-swelling wet
weight) divided by the initial wet weight (i.e., Q = 100 x (m; — m,)/m,).
A stretched exponential function was used to describe swelling ratio as a
function of time (Equation (1)), where model parameter Qeq represents
equilibrium swelling ratio (unitless), 7 is the time constant (hours), and
is the stretch parameter to describe nonlinearity (unitless; bounded
between 0 and 1) (Van der Veen et al., 2013). Preliminary work showed
that this simplified model was sufficient for predicting equilibrium
behavior of tissue explants and did not overestimate of equilibrium
behavior, as observed for time-dependent behavior of bone-disc-bone
motion segments (Van der Veen et al., 2013).

Q(t) = Qeq(l —e W)”) M

2.2. In-plane (2D) swelling experiment

For 2D in-plane swelling experiments, discs were shaved with a
temperature-controlled freezing stage microtome to create parallel
surfaces (n = 8-9 per group; Leica SM2400, Leica Biosystems Inc., IL,
USA). After obtaining parallel surfaces, sample height was measured
using a digital caliper and specimens were thawed at room temperature
for speckle patterning. For AF ring specimens, the NP was removed with
a scalpel. To facilitate the digital image correlation (DIC) analysis, India
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ink was airbrushed onto the top surface to create a speckle pattern
(Fig. 2A). A nozzle diameter of 0.3 mm was chosen to obtain an average
speckle size exceeding the image pixel size by a factor of 3-5 (Lionello
and Cristofolini, 2014; Zhou et al., 2016).

2D planar swelling experiments were performed in a custom-built
swelling chamber filled with 0.15 M PBS (Fig. 2). An adjust lamp was
used for illumination during testing. To perform 2D strain analyses,
swelling in the z-direction (out-of-plane motion) was restricted with a
transparent glass lid (thickness = 2.45 mm, mass = ~20 g; Fig. 2 — side
view). Screws to affix the glass lid were evenly spaced and the height of
the lid was secured using nuts (120° apart; Fig. 3 — top view).

A digital monochrome camera equipped with a 75 mm lens was used
to acquire images for 16 h (Fyjifilm, USA, 1 frame/minute; 1920 x 1200
pixels, Grasshopper 3 USB3, Model: GS3-U3-23S6M-C; FLIR Systems,
Inc., USA). DIC analysis was performed using commercial software to
calculate in-plane displacements and Lagrangian strains (exx, &yy, and
exy) (subset size = 111 pixels, step size = 5 pixels, incremental corre-
lation; Vic-2D, Correlated Solutions Inc., Columbia SC). DIC data were
post-processed using a custom-written MATLAB algorithm (Mathworks
Inc, Natick MA). First, the disc edge and the boundary between the NP
and AF were manually selected (O’Connell et al., 2007). Based on the
boundary selection, disc center and cross-sectional area were calculated
and DIC data for pixels located outside of the disc edge were discarded
from further analysis. To remove any outliers, principal strains that were
+3 standard deviations away from the mean were eliminated (~5%).
Next, radial displacement was calculated for each pixel by calculating
the difference between the final and initial radial locations with respect
to the origin, which was defined as the disc center. Strain components
were transformed from Cartesian to polar coordinates using the rotation
of axes.

Test specimens were digitally segmented to identify the region-
specific differences in swelling behavior. In all three experimental
groups, the AF was divided into three concentric rings with equal
thickness to describe region-dependent strains in the inner AF (IAF),
middle AF (MAF) and outer AF (OAF). For intact discs, the NP was
analyzed as a single region of interest. Mean radial and circumferential
strain values were calculated for each region.
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Fig. 2. Schematic of experimental set-up for in-plane (2D) swelling experiments. A speckle pattern was applied to the top surface of the whole discs and AF rings
before submerging them in saline for 16 h. Disc height was fixed to avoid out-of-plane motion.
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Fig. 3. A) AF (red) and NP (blue) swelling ratio throughout the 16-h free swelling period. Shaded area represents the range (minimum to maximum) of experimental
data. B) Representative images of a swollen AF ring and intact disc. C) Parameters for the stretched exponential function. Comparisons are made between the NP and
the AF, and between the AF and whole disc. * represents p < 0.05. Error bars represent one standard deviation.

2.3. Water content analysis

2.3.1. Gravimetric water content measurement

After swelling experiments were completed, test specimens were
freeze-dried in a lyophilizer for 72 h to measure specimen dry weight.
For intact discs in free-swelling experiments, the NP was separated from
the AF using a scalpel. The NP explants and AF rings obtained from the
intact discs were weighed to measure swollen tissue weight and freeze-
dried separately to make comparisons with the water content mea-
surements for tissue explants. Water content of the test specimens in this
study was calculated as the difference between the swollen wet weight
and dry weight normalized by dry weight. For specimens in the 2D
swelling experiment, a 4 mm biopsy punch was used to obtain cylin-
drical tissue samples from the inner NP (INP) and the outer NP (ONP).
Additionally, AF tissue strips with dimensions of 4 mm x 2 mm along the
sample thickness were acquired from the inner AF and outer AF. The AF
was separated into two regions for biochemical analysis, instead of three
as in the swelling analyses, to compare post-swelling water content
measurements with pre-swelling water content data previously reported
by our laboratory (Bezci et al., 2019). Water content of the test speci-
mens was calculated as the difference between the swollen wet weight
(WW) and dry weight (DW) normalized by swollen wet weight or dry
weight to compare results across data reported in the literature. Dupli-
cate measurements for each NP or AF region were averaged for statis-
tical analysis.

2.3.2. Raman-based water content measurement
Three cylindrical NP and AF ring tissue samples were randomly

chosen from the first study for qualitative assessment of swelling ca-
pacity using Raman spectroscopy (excitation at 632.8 nm; Horiba Jobin
Yvon Labram spectrometer with Olympus BX41 confocal microscope).
Raman spectra of each sample were collected in triplets over a frequency
range of 2800-3800 cm ™}, and average spectra were calculated for the
swollen NP and AF tissues. Representative spectra for swollen tissue
samples were compared to spectra for bovine NP and AF samples before
swelling (Bezci et al., 2019). Spectra were normalized to have the same
intensity signal at 2945 cm ™!, which corresponds to CHg stretching vi-
brations in proteins and lipids, and thus is unaffected by hydration
(Parkes et al., 2017).

2.4. Statistics

All statistical analyses were performed in R (R Project for Statistical
Computing, Vienna, Austria), with significance assumed for p < 0.05.
For Study 1, time-dependent changes in the swelling ratio were reported
for the 16-h period. Swelling ratios of the intact disc, AF, and NP spec-
imens were compared using a one-way analysis of variance (ANOVA).
Pairwise comparisons were made between the NP and the AF, and be-
tween the AF and the whole disc. For Study 2, the average disc height
and area were calculated for each experimental group and compared
using a one-way ANOVA to ensure comparable disc geometry across
groups. Mean strain values were calculated at 2, 8, and 16 h of swelling.
For each experimental group, a two-way ANOVA was performed to
determine the effect of swelling time and region on swelling-induced
strains. Additionally, a separate two-way ANOVA was conducted to
assess the influence of the fluid boundary conditions on tissue strain for
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each annular region (factors = fluid boundary condition and annular
region = IAF, MAF, and OAF). Whenever significance was detected, a
Tukey post-hoc analysis was performed to compare groups.

Post-swelling water contents of the inner and outer NP were
compared with previous pre-swelling water content data using an un-
paired Student’s t-test (Bezci et al., 2019). Separate one-way ANOVA
analyses were conducted for each AF region to assess differences in
post-swelling water content across four different testing conditions. The
Bonferroni correction method was used to account for multiple
comparisons.

3. Results
3.1. Free-swelling experiment

Swelling ratio (Q) changed nonlinearly with time for all tissue types,
and the majority of swelling was observed during the first 4 h (Fig. 3A).
After 16 h of free swelling, the final swollen weight of NP explants was
200% greater than the initial wet weight, while the final swollen weight
of AF rings was 60% greater than the initial wet weight (Fig. 3A — blue
versus red curves). Importantly, AF rings retained their ring shape
during swelling. However, the additional boundary constraint of the AF
onto the NP caused significant deformations along the axial direction
during swelling, resulting in a disc that resembled a sewing thimble
(Fig. 3B).

The water content of the cylindrical NP tissue explants after swelling
was 2.5 times the water content of NP in intact discs (i.e., 21.6 £ 2.9 g/g
DW versus 8.5 + 1.3 g/g DW). Similarly, the water content of the AF
rings after swelling was 1.4 times the water content of the AF in intact
discs (i.e., 4.35 + 0.26 g/g DW versus 3.05 + 0.30 g/g DW).

There was a significant difference in model parameters that
described NP explant swelling behavior compared to parameters that
described AF swelling behavior (p < 0.001; Fig. 3C). Specifically, the
equilibrium swelling ratio (Qey) of NP explants was 2.7 times the AF Qeq
(p < 0.001; Fig. 3C). Qeq of intact discs was not statistically different
from Qeq of the AF explants (p = 0.4). The time constant (1) was lower
for the NP than the AF, suggesting a higher swelling rate for the NP (p <
0.001). Due to the variation in t for the whole disc, no significant dif-
ferences were observed between the intact disc and tissue explants. The
stretch parameter () for NP explants and intact discs was 20-40%
greater than § for AF rings (p < 0.03).

Raman spectra showed that the signal intensity for wavelengths
above ~3000 cm ™! increased with swelling in both the NP and the AF
(Fig. 4; solid versus dotted lines). Similar to observations from

NP
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Fig. 4. Comparison of Raman specta pre- (dashed lines) and post-swelling
(solid lines) for the nucleus pulposus (NP; red lines) and annulus fibrosus
(AF; black lines).
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gravimetric measurements, the change in signal intensity was greater for
the NP than the AF (Fig. 4; red versus black lines). After swelling, water
spectrum (>3000 cm™ D) for the AF was similar to the spectrum for the
NP before swelling.

3.2. In-plane (2D) swelling experiment

Discs used for the three experimental groups were comparable in
height and area (p > 0.5, height = 5.40 &+ 0.68 mm, area = 473 + 58
mm?). For AF rings, removed NP tissue corresponded to 51 + 3% of the
total area.

For AF rings with fluid flow from both the center and outer annular
periphery, there was a nonlinear relationship between radial and
circumferential strains with swelling time (Fig. 5A and B — Group 1). In
general, radial strains were an order of magnitude greater than
circumferential strains. All AF regions experienced positive radial
strains during swelling, with the magnitude of radial strains being
highest in the inner AF for all time points (p < 0.001 for region;
Fig. 5A-C). There was a significant increase in average radial strains
with swelling time for all AF regions (p < 0.014). After 16 h, mean radial
strain was approximately 0.65 mm/mm (or 65%) in the inner AF and
0.10 mm/mm (or 10%) for the outer AF (Fig. 5C). Negative circumfer-
ential strains were observed in the inner AF, while positive circumfer-
ential strains were observed in the outer AF. Circumferential strains in
the middle and inner AF did not change after 2 h of swelling (p > 0.2)
and after 8 h in the outer AF. After 16 h of swelling, the average
circumferential strain was slightly compressive (—0.04 mm/mm or
—4%) in the inner AF and slightly tensile (<0.02 mm/mm or 2%) in the
middle and outer AF (Fig. 5D).

Restricting fluid flow to only the AF periphery greatly altered
swelling behavior (Fig. 5C and D versus Fig. 6A and B). Similar to the AF
rings in Group 1, radial and circumferential strains for AF rings in Group
2 increased with time. As expected, the greatest changes in swelling
behavior were observed in the inner AF, where radial strains decreased
from 0.65 mm/mm in Group 1 to ~0.07 mm/mm when fluid was absent
(90% decrease; Fig. 5C versus 6 A). Therefore, peak radial and circum-
ferential strains in Group 2 occurred in the outer AF (Fig. 6A and B). The
behavior of circumferential strains with respect to annular region was
not affected by the change in fluid flow. That is, circumferential strains
in the inner AF were slightly negative, while circumferential strains in
the outer AF were positive (Fig. 6B). Radial and circumferential strains
for the outer AF in Group 2 were similar to radial and circumferential
strains for the outer AF in Group 1. Radial and circumferential strains in
the outer AF were stable after 2 h of swelling (p > 0.09). In contrast,
inner AF radial and circumferential strains at 16 h were greater than
strains measured after 2 h of swelling (p < 0.05).

For intact discs (Group 3), strain analysis was initially performed on
three separate AF regions to identify spatial differences within the AF;
however, no significant differences were observed for circumferential or
radial strains (two-way ANOVA, p > 0.1). Therefore, AF data were
pooled and reported for each time point (Fig. 7). Within 2 h of swelling,
the NP experienced negligible radial and circumferential strains (<0.01
mm/mm or 1%), but the magnitude of radial and circumferential strains
continued to increase throughout 16-h swelling period (Fig. 7 - red dots).
After 16 h, average NP radial strain was 0.08 mm/mm and the average
circumferential strain was 0.04 mm/mm. In the AF, radial strains were
consistent after 8 h of swelling (~0.06 mm/mm; Fig. 7A — blue dots). In
contrast, circumferential strains in the AF increased throughout the 16-h
swelling period, with a two-fold increase between 8 and 16 h (Fig. 7B —
blue dots). Circumferential strains in the AF of intact discs were 2-5
times greater than strains measured in AF rings (Fig. 7B versus Figs. 5D &
6B).

Similar trends were observed for water content normalized by wet
and dry weights for most disc regions (Fig. 8A versus 8 B). Swelling ca-
pacity of the inner AF was highly sensitive to the fluid boundary con-
dition (Fig. 8 — IAF). As expected, inner AF swelling capacity was
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greatest with direct access to fluid and was influenced by interactions
with the NP and outer AF (Fig. 8 — blue bar versus yellow or red bars).
Interestingly, post-swelling water contents of the inner and outer AF
from Group 2 were not significantly different than pre-swelling water
content (Fig. 8 — green versus red bars). For intact discs, both inner and
outer NP absorbed water and increased tissue mass during swelling
(Fig. 8BA&B — green versus yellow bars).

4. Discussion

This study aimed to characterize the time-dependent swelling
behavior of the intervertebral disc, rather than solely providing equi-
librium properties after an extended swelling period. To achieve this, the
first study monitored time-dependent changes in tissue mass to compare
differences in the swelling behaviors of NP and AF explants under free
swelling conditions. As expected, this study observed large differences in
free swelling behaviors of the NP and AF tissue explants. However, ob-
servations from the first study and previous work that measured AF
residual strains after swelling were limited to bulk tissue properties,
disregarding complex in situ fluid flow behavior between the NP and AF
(Michalek et al., 2012). To improve our understanding of localized
changes during swelling, the second study quantified swelling-induced
strains throughout the AF and intact discs. Positive radial strains were
observed for all three experimental groups, suggesting radial thickening
of intact discs or AF layers as a result of tissue swelling. Circumferential

strains were more complex, with small or negative strains observed in
the inner AF. Negative circumferential strains observed in the inner AF
indicated circumferential shortening due to inward movement of the
tissue. In contrast, circumferential strains in the middle and outer AF
were positive, suggesting circumferential lengthening at the outer AF
periphery.

NP explants experienced a higher swelling rate and equilibrium
swelling capacity than AF explants. Specifically, there was a 200% in-
crease in the NP tissue mass, agreeing with previous values reported for
the NP, and a 70% increase in the AF tissue mass under free swelling
conditions (Bezci et al., 2019, 2015). The difference between NP and AF
swelling behaviors was also observed through relative changes in the
Raman signal intensity (wavenumbers > 3000 em™ 1) of each tissue
before and after swelling. This relative difference was expected based on
previous observations that noted a decrease in tissue swelling capacity
with decreases in GAG content from disc center to the outer periphery
and with disc degeneration (Bezci et al., 2019, 2015; Urban and Mar-
oudas, 1981; Werbner et al., 2019). However, the AF swelling capacity
measured here was ~25% lower than previously measured values, most
likely due to differences in boundary conditions, and 20% lower than
expected values based on relative differences in NP and AF GAG contents
(NP GAG = 319 £ 62 mg/g DW, AF GAG = 129 + 36 mg/g DW) (Bezci
et al.,, 2019, 2015). The discrepancy between expected and measured
values for AF swelling capacity is partially due to the highly organized,
dense collagen fiber architecture in the AF (Marchand and Ahmed,
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1990), where collagen fibers counteract the swelling pressure generated
by the proteoglycans and limit AF tissue swelling (Yang and O’Connell,
2019). Moreover, degradation of AF GAGs has shown to have limited
impact on water content (90% GAG loss resulted in 10% decrease in
water content), suggesting that AF porosity may be the primary mech-
anism for AF fluid flow rather than negatively charged GAGs (Werbner
et al., 2019). Lastly, the highly organized fiber architecture in the AF
provided shape stability during swelling, whereas NP explants swelled
into amorphous blobs when removed from its in situ boundary condi-
tions, possibly due to the random orientation of collagen fibers in the NP
(Inoue, 1981).

Tissue swelling capacity was sensitive to changes in physical
boundary conditions. Based on the water content measurements of the
NP and the AF in free-swelling experiments, the swelling capacity of the
NP decreased by 60% due to the boundary constraint imposed by the
surrounding AF (i.e., from 21.6 + 2.9 g/g DW to 8.5 + 1.4 g/g DW).
Additional boundary constraint due to fixed axial deformations further
decreased NP tissue swelling capacity by 15% (i.e., to 5.35 g/g DW).
Similarly, the swelling capacity of the AF decreased by 30% with the
presence of the NP (i.e., from 4.35 + 0.26 g/g DW to 3.1 + 0.3 g/g DW)
under free swelling conditions. The water content of the AF in intact
discs (pooled averages of the inner and outer AF) was reduced by an
additional 20% when axial deformation due to tissue swelling was
restricted. These findings explain lower strain magnitudes reported here
compared to computational results (Yang and O’Connell, 2019). During
low loading recovery (e.g., bed rest recovery), the disc height increases
due to fluid flow into the disc and poroelastic recovery of the solid
matrix (Bezci and O’Connell, 2018). Therefore, recovery of the solid
matrix increases disc volume, allowing NP and AF tissues to swell
further (Schroeder et al., 2006). These two mechanisms, poroelastic
recovery and fluid flow recovery, act as a feedback loop until disc rea-
ches the equilibrium hydration level.

Recent computational modeling using triphasic mixture theory to
describe non-fibrous solid matrix of the intervertebral disc tissues
demonstrated that radial changes in tissue swelling ratio are largely
driven by spatial variations in GAG composition (Yang and O’Connell,
2019). Specifically, simulations of intact discs under swelling conditions
predicted relatively uniform radial, axial, and circumferential strains
(comparable to conditions in Group 3). Findings from the current study
agree with previous observations, as initial analysis found no differences
in AF strains; hence, pooled results were presented in Fig. 7. Radial
distribution of AF GAGs acts to create radius-dependent residual strains,
which is important for maintaining a homeostatic strain distribution
with intradiscal pressure from the NP (Yang and O’Connell, 2019).
Similarly, this previous computational study showed a linear decrease in
tensile radial strains from the inner AF to the outer AF in annular rings
with fluid exchange permitted at both the inner and outer AF boundaries
(comparable to conditions in Group 1). Circumferential strains were
reported to be compressive in the inner AF and tensile in the outer AF,
which was confirmed by Group 1 findings in this study (Fig. 5). Findings
from this study provide strong supportive data for computational model
validation, which is often a significant challenge in the field of compu-
tational biomechanics (Zhou et al., 2019). These findings can aid future
in silico studies to fine-tune the material properties and validate the
accuracy of their hybrid disc models (NP + AF) before introducing
additional factors, such as disc degeneration and aging.

Besides physical boundary constraints, restricting fluid flow only to
the outer periphery further reduced the swelling rate and magnitude of
the annular rings, especially in the inner AF (Group 1 versus Group 2).
The rate of swelling was much slower in Group 2 than Group 1, where
the path length for water to reach the inner AF is shorter. In contrast,
time-dependent fluid flow to the outer AF was nearly identical in both
experimental conditions. Largest radial strain was observed in the outer
AF when fluid flow permitted only on the outer periphery (Group 2);
however, there was no statistically significant increase in AF water
content throughout the AF thickness. In contrast, the inner AF water
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content increased by 21% when fluid flow was allowed to occur
simultaneously on the inner and outer tissue surfaces (Group 1),
resulting in peak radial and circumferential strains in the inner AF, not
in the outer AF. Higher GAG content in the inner AF allowed it to swell
by a larger amount and with faster rate than the outer AF (Bezci et al.,
2019). Regardless, both experimental groups had negative circumfer-
ential strain in the inner AF, but positive circumferential strain in the
outer AF, agreeing with previous findings (Duclos and Michalek, 2017;
Michalek et al., 2012). For AF rings, negative circumferential strains
coupled with positive radial strains in the inner AF suggest that the inner
AF moved inwards during swelling. However, large differences in the
strain distributions between the two AF-ring groups might imply that
boundary effects have a much stronger influence on AF tissue swelling
than inhomogeneous GAG distribution.

NP pressurization during swelling restricted AF swelling capacity,
resulting in uniform strain distribution throughout the AF. After 2 h of
swelling, the NP experienced negligible radial and circumferential
strains (<0.01 mm/mm or 1%), suggesting that fluid flow takes longer
than 2 h to reach the disc center. After 16 h of swelling, the radial strains
in the outer AF was ~0.1 mm/mm (or 10%), which was 50% lower than
the radial strains in the outer AF of annular (Group 3 versus Group 1 or
2). In contrast, the AF in intact discs experienced greater circumferential
strains than the AF in annular ring specimens. Taken together, the
decrease in radial strains and increase in circumferential strains in the
AF of intact discs are likely due to the increase in intradiscal pressure as
the NP absorbs water and increases its volume. Importantly, AF strain
distribution reported here was similar to previous observations on blood
vessels, which have a uniform residual strain distribution throughout
wall thickness when pressurized (Chuong and Eason, 1986). Residual
strains in cardiovascular tissues are thought to be important for main-
taining homeostasis during growth and remodeling (Cardamone et al.,
2009; Fung, 1991; Rachev and Greenwald, 2003). Similarly, loss of NP
pressurization due to degradation of proteoglycans in the NP and inner
AF leads to morphological changes in disc properties commonly re-
ported for degenerated discs, including a reduced disc height and inward
bulging of the inner AF (Yang and O’Connell, 2019).

Because of the lack of vasculature in the disc, fluid flow in vivo pri-
marily occurs either through the AF or through the cartilaginous end-
plates (Urban et al., 1977). The boundary constraints used in this study
did not simulate physiological conditions, as fluid flow for the intact
discs in this study was only allowed to occur through the AF periphery
and axial deformations were fixed to prevent out-of-plane motion during
swelling. The main purpose of this study was not to replicate in vivo fluid
flow, but to provide mechanistic insights into the role of physical and
fluid-based boundary constraints on time-dependent swelling behavior.
Regardless, our study design has a few limitations, which might have
influenced the quantitative results reported in this study. In the second
set of experiments, surface strains likely differ from internal strains due
to friction between the specimen and glass plate.

Additionally, gradual GAG leaching during swelling likely decreased
the transient and equilibrium swelling ratios of tissue explants. NP and
AF tissue explants were previously observed to lose ~50% of their GAG
during free swelling, caused by increased pore size with water absorp-
tion (Bezci et al., 2019; Werbner et al., 2019). Due to limited knowledge
of GAG leaching from disc tissues under physical boundary constraints,
we quantified the amount of GAG leaching from the NP, IAF, and OAF of
discs tested in the second study (Supplemental Material, Table S1). AF
GAG content after swelling was ~50%-60% lower than GAG content of
fresh tissue (Bezci et al., 2019). No significant decrease in NP GAG
content was observed with swelling due to boundary constraints (p >
0.05). We expect the confounding effect of GAG leaching on tissue
swelling behavior to be small given that disc tissues can retain a high
water content despite large decreases in GAG content (Werbner et al.,
2019; Bezci et al., 2019). Although GAG leaching is unavoidable in
experimental studies, future computational studies can provide further
insight into this phenomenon. Despite these limitations, radial trends
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observed in this study were comparable to the trends reported by
computational models (Yang and O’Connell, 2019). However, differ-
ences in axial-direction boundary conditions likely caused the differ-
ences in strain magnitudes between computational models and
experiments. That is, model simulations were allowed to deform freely
in the axial direction, but experimental data were collected with fixed
physical boundary condition in the axial direction to prevent
out-of-plane tissue swelling. These differences may be due in part to
comparing finite element predictions for human discs with experimental
measurements on bovine discs, as human lumbar and bovine caudal
discs differ in geometric shape and composition (O’Connell, 2007).
Strain patterns for human discs are different in anterior and posterior
directions largely due to kidney bean shape, in contrast to bovine discs,
which are more circular and similar in composition (Yang and O’Con-
nell, 2019).

Removing the disc from surrounding endplates decreased the inter-
nal stress and caused water to flow into the tissue against the osmotic
gradient until a new equilibrium was established. In free swelling con-
ditions, NP tissue explants increased their weight by two-fold due to
water absorption. However, the swelling capacity of the NP was largely
reduced when swelling was restricted to occur only in the radial direc-
tion or constrained by the surrounding AF. As expected, the swelling
ratio of the AF rings was much smaller than the swelling ratio of the NP
explants due to structural and compositional differences. The swelling of
the AF rings in free and in-plane swelling experiments was largely
restricted due to the circumferential continuity in the structure. Larger
AF swelling ratio and strains would be expected if AF rings were further

Supplemental material
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sectioned and tested in smaller segments. The presence of the NP in the
intact discs (Group 3) reduced peak radial strains in the AF and resulted
in uniform strain distribution throughout the AF. In conclusion, tissue
swelling is a slow time-dependent process that is strongly modulated by
tissue-specific biochemical properties and physical boundary
constraints.
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To quantify the GAG leaching from disc samples in the second study, dry tissue chunks collected from each disc was digested in papain solution at
60 °C for 16 h (n = 5/group). Sulphated glycosaminoglycan (s-GAG) content was measured using the 1,9-dimethylene blue dye-binding (DMBB) assay.
s-GAG measurements from the swollen NP and AF tissue were normalized to dry tissue weights and compared to the pre-swollen s-GAG content

reported in our previous study (Bezci et al., 2019).

Table S1
s-GAG content of swollen disc tissues in 2D swelling experiments

Test group Disc region s-GAG content (mg/g) Mean (Min-Max) Range from Bezci et al., 2019 (mg/g)
Group 1: AF with center flow IAF 73 (43-101)*** 180 (66-284)
OAF 30 (18-81)* 77 (4-180)
Group 2: AF without center flow IAF 82 (37-154)*** 180 (66-284)
OAF 15 (11-18)** 77 (4-180)
Group 3: Whole disc NP 360 (280-426) 341 (223-481)
OAF 21 (13-47)* 77 (4-180)

Note: IAF: Inner Annulus Fibrosus, OAF: Outer Annulus Fibrosus, NP: Nucleus Pulposus. “*” represents statistical significance at p < 0.05, “**” represents statistical
significance at p < 0.01, and “***” represents statistical significance at p < 0.001 (Student’s t-test).
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