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ARTICLE INFO ABSTRACT

Keywords: The intervertebral disc exhibits complex mechanics due to its heterogeneous structure, inherent viscoelasticity,
Intervertebral disc and interstitial fluid-matrix interactions. Sufficient fluid flow into the disc during low loading periods is
Fluid flow

important for maintaining mechanics and nutrient transport. However, there is a lack of knowledge on the effect
of loading magnitude on time-dependent recovery behavior and the relative contribution of multiple recovery
mechanisms during recovery. In most studies that have evaluated disc recovery behavior, a single load condition
has been considered, making it difficult to compare findings across studies. Hence, the objective of this study was
to quantify unloaded disc recovery behavior after compressive creep loading under a wide range of physiolog-
ically relevant stresses (0.2-2 MPa). First, the repeatability of disc recovery behavior was assessed. Once
repeatable recovery behavior was confirmed, each motion segment was subject to three cycles of creep-recovery
loading, where each cycle consisted of a 24-h creep at a pre-assigned load (100, 200, 300, 600, 900, or 1200 N),
followed by an 18-h recovery period at a nominal load (10 N). Results showed that disc recovery behavior was
strongly influenced by the magnitude of loading. The magnitude of instantaneous and time-dependent recovery
deformations increased nonlinearly with an increase in compressive stress during creep. In conclusion, this study
highlights that elastic deformation, intrinsic viscoelasticity, and poroelasticity all have substantial contributions
to disc height recovery during low loading periods. However, their relative contributions to disc height recovery
largely depend on the magnitude of loading. While loading history does not influence the contribution of the
short-term recovery, the contribution of long-term recovery is highly sensitive to loading magnitude.

Recovery mechanics
Nonlinear viscoelasticity

1. Introduction 1982). Thus, maintaining sufficient fluid flow into the disc during low

loading periods is essential for maintaining healthy disc function and

The intervertebral disc provides spinal stability and mobility while
sustaining large mechanical loads. Complex disc mechanics originate
from its heterogeneous structure, inherent viscoelasticity, and intersti-
tial fluid-matrix interactions (Cassidy et al., 1990; Costi et al., 2008;
Hayes and Bodine, 1978). The disc consists of a gel-like nucleus pulposus
surrounded by the annulus fibrosus, which has a multi-layered angle-ply
structure. Despite differences in composition and structure, water is the
primary constituent of both tissues (>65% by dry weight) (Antoniou
et al., 1996; latridis et al., 2007) Moreover, the water content fluctuates
by 15-25% during a diurnal cycle, with region-dependent differences in
water loss (Botsford et al., 1994; Martin et al., 2018; McMillan et al.,
1996). Disc mechanical properties are sensitive to hydration, which is
altered by changes in tissue porosity, proteoglycan content, or osmotic
differential between the tissue and surrounding environment (Bezci
et al., 2015). Furthermore, load-induced fluid flow enhances the trans-
port of large solutes through the disc (Ferguson et al., 2004; Urban et al.,

cell viability.

Measurable changes in disc height during diurnal loading or signal
intensity of magnetic resonance images provide an indirect measure of
intradiscal fluid movement (Martin et al., 2018). Mechanically, the disc
responds to changes in load by undergoing an instantaneous elastic
deformation followed by a time-dependent deformation (Kazarian,
1975). Previous in vitro studies used various empirical models to
describe time-dependent deformation under creep, stress relaxation, and
recovery (Bezci and O’Connell, 2018; Burns et al., 1984; Johannessen
et al., 2004; Keller et al., 1990, 1987; MacLean et al., 2007; O’Connell
et al., 2011; Riches et al., 2002; Van der Veen et al., 2013; Vergroesen
et al, 2018). Although rheological models simplify complex de-
formations into one-dimensional measurements, they have been useful
for evaluating the effects of loading history, hydration, injury, and
degeneration on time-dependent behavior (Bezci and O’Connell, 2018;
Burns et al., 1984; Campana et al., 2011; Cassidy et al., 1990; Hult et al.,
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1995; Johannessen et al., 2004; Keller et al., 1990, 1988; 1987; Martin
et al., 2013; O’Connell et al., 2011; Pollintine et al., 2010; Vergroesen
et al., 2018).

Mechanical loading forces water out of the disc during loading.
However, fluid flow into the disc during bed rest or low-loading re-
covery is partially driven by the osmotic difference between the tissue
and surrounding environment (Bezci and O’Connell, 2018). As a result,
time-dependent deformations in creep occur at a different rate than
recovery (MacLean et al., 2007). Recovery tests are often performed
under a nominal load to mimic bed rest recovery, which is predicted to
be near 0.06 MPa for human discs (~100 N for L4L5 human discs)
(Dreischarf et al., 2016; Ferguson et al., 2004; O’Connell et al., 2007;
Schmidt et al., 2016a; Vergroesen et al., 2014; Wilke et al., 1999).
Recently, osmotic loading has been used to drive fluid flow in
glycosaminoglycan-rich tissues without altering the applied load (Kelly
et al., 2013; Vergroesen et al., 2016). Our previous work showed that
recovery in a hyperosmotic environment (i.e., 1.5 M saline or 10x
standard concentration) resulted in a shift in fluid flow during unloaded
recovery (Bezci and O’Connell, 2018). During recovery in the hyper-
osmotic environment, fluid flow switched from flowing into the disc,
which was noted by an increase in disc height, to flowing out of the disc
(observed as a decrease in disc height).

To date, most studies refer to apparent time-dependent behavior as
viscoelasticity, although time-dependent disc mechanics have contri-
butions from both inherent fluid-independent viscoelasticity and fluid-
dependent poroelasticity (Bezci and O’Connell, 2018). Inherent visco-
elasticity is often associated with stretching and sliding motion of
collagen fibrils, while poroelasticity is attributed to the flow of mobile
water through the porous tissue matrix (Argoubi and Shirazi-Adl, 1996;
Oftadeh et al., 2018; Xu et al., 2013). Previous studies suggested that
poroelasticity dominates disc mechanics at long time scales, while
viscoelastic effects are present at short time scales, providing partial
recovery of disc height within minutes of unloading before poroelastic
effects come into play (Bezci and O’ Connell, 2018; Hsieh et al., 2005; Lu
and Hutton, 1998; Vergroesen et al., 2016). This observation has also
been noted for other biological tissues, such as brain and articular
cartilage (Budday et al., 2017; DiSilvestro et al., 2001; Suh and Dis-
ilvestro, 1999; Zhu et al., 1993).

The magnitude of compressive stress applied to the disc varies in
magnitude with changes in body posture, body weight, muscle activity,
and external loads (Callaghan et al., 1998; Han et al., 2013; Nachemson,
1981; Wilke et al., 1999). For example, stresses on the disc while lifting
an object in forward flexed posture are up to four times greater than the
stress experienced during standing (Nachemson, 1981; Wilke et al.,
1999). There is a lack of knowledge on the effect of load level on the
time-dependent recovery, and the relative contribution of multiple re-
covery mechanisms in disc height recovery. Specifically, it remains
unknown how increased loading will impact the magnitude, rate, and
duration of disc height recovery. In most studies that evaluated disc
recovery behavior, a single load condition has been considered, making
it difficult to compare findings across studies and generalize observa-
tions to different load levels (Bezci and O’Connell, 2018; Castro et al.,
2014; Choy and Chan, 2015; Johannessen et al., 2004; O’Connell et al.,
2011; Riches et al., 2002; van der Veen et al., 2007; Vresilovic et al.,
2006). To further improve the knowledge of load-dependent recovery
mechanics, the objective of this study was to quantify unloaded disc
recovery behavior after creep loading under a wide range of physio-
logically relevant stresses.

2. Methods
2.1. Specimen preparation
Bovine caudal discs were used based on similarities to non-

degenerate human discs with respect to mechanical and biochemical
properties (Beckstein et al., 2008; Bezci et al., 2019, 2018b; Demers
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et al., 2004; Showalter et al., 2012). Moreover, bovine caudal discs from
the upper tail have large disc areas and heights in comparison to other
animal discs, making it an attractive animal model for investigating fluid
flow and solute diffusion (Alini et al., 2008). Fresh-frozen oxtails were
purchased from a local abattoir, and the surrounding musculature was
removed with a scalpel (15 spines; age range = 16-18 months).
Bone-disc-bone motion segments were prepared from the top two levels
of the caudal spine by making parallel cuts through the superior and
inferior vertebral bodies with a bone saw (n = 24; levels C1-C3).
Vertebral bodies were embedded in polymetheylmethacrylate (PMMA)
dental cement to ensure that the loaded surfaces were parallel with the
mid-transverse plane of the disc. Each motion segment was wrapped
with a saline-soaked gauze (0.15 M phosphate-buffered saline) and
stored at -20 °C until testing. Before testing, specimens were hydrated in
0.15 M phosphate-buffered saline at 4 °C for 24 h and then equilibrated
to room temperature for 2 h to ensure steady-state hydration levels for
all samples.

2.2. Mechanical testing

First, a preliminary study was performed to determine the repeat-
ability of disc recovery behavior, because previous work demonstrated
that creep behavior was not repeatable, even after extended recovery
(Bass et al., 1997; O’Connell et al., 2011). A nominal compressive pre-
load (10 N) was applied to ensure contact between the specimen and
loading platens. Then, each specimen (n = 8) underwent two cycles of
creep-recovery loading, where each cycle consisted of a 24-h creep at
1200 N, followed by an 18-h recovery period at 10 N (Fig. 1A). Based on
the intradiscal pressure of human lumbar discs, the pressure that cor-
responds to 10 N may be slightly lower than the pressure experienced
during bed rest (i.e., lying supine) (Dreischarf et al., 2016; Wilke et al.,
1999). Compression testing was performed at room temperature using a
servo-hydraulic material testing system equipped with a saline bath to
maintain hydration during testing (Fig. 1A; MiniBionix 858, MTS Sys-
tems Corp., Eden Prairie, MN). The saline solution (0.15 M
phosphate-buffered saline) was refreshed at the beginning of each creep
and recovery period.

Once repeatable recovery behavior was confirmed, disc recovery
mechanics were evaluated with respect to the applied compressive stress
during creep (n = 16 specimens). A nominal preload (10 N) was applied
to ensure contact between the specimen and loading platens. Then, each
specimen underwent three cycles of creep-recovery loading, where each
cycle consisted of a 24-h creep at a pre-assigned load (100, 200, 300,
600, 900, or 1200 N), followed by an 18-h recovery period at 10 N
(Fig. 1B; total testing time = 126 h, loading/unloading rate = 20 N/s).
The load applied to each sample was different in each creep period and
order of loading was randomized. Changes in disc height were moni-
tored for an extended period of time during unloaded recovery to
improve predictions of the equilibrium recovery behavior (Van der Veen
et al., 2013). Total testing time was limited to testing times used in
previous studies with long-duration test protocols (Korecki et al., 2007;
Vergroesen et al., 2018). A wide range of axial compressive loads was
selected to represent the wide range of pressures experienced in vivo (e.
g, lying supine, relaxed standing, and lifting) (Wilke et al., 1999).

2.3. Data analysis

Force and displacement were recorded throughout the test (acqui-
sition rate = 1 Hz). Changes in specimen height (or displacement)
during recovery were calculated with respect to the disc height at the
end of the previous loading period. Initial recovery rate was calculated
from the slope of the time-dependent displacement-time curve using the
first 10 min of data. Similarly, the recovery rate at 18 h was calculated
by using the slope of the displacement-time curve from the last hour of
the testing. Time-dependent recovery behavior was evaluated by curve
fitting displacement data to a 5-parameter rheological model, using a
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Fig. 1. Schematic of experimental study design to evaluate A) repeatability of recovery behavior and B) load-dependent recovery mechanics. Black arrows indicate
compression applied to the motion segment. Blue arrows indicate expected fluid flow during each phase.

non-linear least-squares fitting algorithm (Isqnonlin function, Equation
(1); Matlab, Mathworks, Inc., Natick, MA). In Equation (1), parameters
71 and 15 denote time constants for the fast (or short-term) and slow (or
long-term) recovery responses, respectively (Bezci and O’Connell,
2018). Parameters A; and A, denote asymptotic displacement limits due
to fast and slow recovery responses, respectively. To simplify the model,
the elastic response parameter, dg, was assumed to be equal to the
displacement measured at the end of the unloading ramp (.e.,
displacement at time point, t = Load (N)/20 (N/s)).

d=dp+A | 1—e | +A|1-€e7 @

The rheological model was used to predict equilibrium displacement
(deq) and equilibrium time (teq) for recovery. Equilibrium time was
calculated as the time when displacement reached 95% of the equilib-
rium displacement. Individual contributions of elastic, fast, and slow
responses to disc recovery behavior were calculated as a percentage of
equilibrium displacement (i.e., total recovery response).

After mechanical testing, each motion segment was rehydrated in
0.15 M phosphate-buffered saline for an additional 24 h before
removing the disc from the surrounding vertebrae with a scalpel. A
digital image of the transverse plane was taken to measure the cross-
sectional area (624 + 57 mm?). Applied compressive stress was calcu-
lated by dividing the applied load by the cross-sectional area.

2.4. Statistics

To assess the repeatability of disc recovery behavior, a paired t-test
was used to compare model parameters from the two recovery cycles.
The relationship between applied creep stress and recovery model pa-
rameters was estimated by fitting each parameter to three functions,
including linear, logarithmic, and power functions. The function with
the lowest Akaike’s Information Criterion (AIC) score was selected for
further analyses. The AIC score was used to evaluate goodness-of-fit
because the coefficient of determination (R?) has been shown to be

inappropriate for nonlinear models (Spiess and Neumeyer, 2010). When
a nonlinear relationship was found, data were log-transformed to
convert a nonlinear relationship to a linear one. For linear relationships,
the coefficient of determination (R%) was used to determine the strength
of the correlation. R? values greater than 0.5 were defined as strong
correlations, whereas moderate correlations were assumed for 0.3 < R?
< 0.5. Any R? values less than 0.3 were interpreted as weak correlations.

Mixed effects models were performed to evaluate the statistical sig-
nificance of applied creep stress and creep-recovery cycle number using
the restricted maximum likelihood method. Mixed effects models were
chosen to incorporate both random (i.e., specimen information) and
fixed variables (i.e., applied load and cycle number). The effect of
replicate measurements from each disc and the spine that discs were
collected from was evaluated by including disc level and associated
animal donor number as nested random variables. All statistical analyses
were performed using R software, and significance was assumed for p <
0.05.

3. Results

Force-displacement response during creep and recovery was
nonlinear (Fig. 2A). Creep behavior reached equilibrium within ~12 h;
however, disc height recovery did not reach equilibrium within the 18-h
period (slope = 0.59 + 0.02 mm/h » 0; Fig. 2). The rheological model fit
well to data collected during unloaded recovery (Fig. 2B). Model pa-
rameters were compared between the two recovery cycles to assess the
repeatability of recovery behavior and to ensure that damage did not
occur during loading. Unlike the creep response, recovery behavior was
highly repeatable with no significant differences in measured elastic and
time-dependent displacements or model parameters between the two
cycles (p > 0.48; Fig. 2A).

For all compressive stresses, the recovery displacement-time curve
was highly nonlinear, with a gradually decreasing rate of deformation
(Fig. 3A). The initial recovery rate ranged between 0.5 and 2.25 mm/h,
and there was a nonlinear relationship between the recovery rate and
the applied creep stress (Fig. 3B). After 18 h of recovery, the recovery
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Fig. 2. A) Representative sample showing displace-
ment during two cycles of creep and recovery. B)
Representative sample of axial displacement (or disc
height) during recovery. Note that displacement was
re-zeroed at the beginning of each loading period.
Blue circles represent experimental data (every 50th
point shown for clarity), the black line represents the
model fit, and the dashed red line indicates equilib-
rium displacement. Recovery was measured for 18 h,

o

0 248 42 66 84 0 25
Time (hours)

rate was less than 0.10 mm/h and the 18-h recovery period was insuf-
ficient to achieve equilibrium (Fig. 3A & C). There was a nonlinear
relationship between the initial displacement during recovery (ie.,
elastic recovery displacement) and the applied creep stress (Fig. 3D).
Similarly, there was a nonlinear relationship between time-dependent
recovery displacement and the applied creep stress (Fig. 3E), resulting
in a nonlinear relationship between the equilibrium displacement dur-
ing recovery and the applied creep stress (Fig. 3F). That is, the difference

d=0536" 4+ (0.18lnc +0.61)*[ 1 — e 1%

between recovery curves following 0.5 MPa and 1.0 MPa creep was
greater than the difference between recovery curves following 1.5 MPa
and 2.0 MPa creep (Fig. 3A). As expected, cycle number did not impact
elastic or time-dependent recovery displacements (p > 0.5).

The relationship between asymptotic displacement limits for fast and
slow recovery responses (i.e., A; and Ay, respectively; Equation (1)) and
applied creep stress was nonlinear and best described with a logarithmic
function (p < 0.001; Fig. 4A-B). The magnitude of A; was an order of
magnitude lower than the magnitude of A,. In contrast, time constants
associated with fast and slow recovery responses did not depend on
applied creep stress (p > 0.08; Fig. 4C-D). The fast time constant was on
the order of minutes (range = 10-30 min), while the slow time constant
was on the order of hours (range = 8-17 h; Fig. 5C versus 5D).

In order to account for differences in recovery displacement due to

Time (hours)

+(0.45In 6 +2.54) [ 1 — e wm

because preliminary work showed that a 18-h test was
sufficient for predicting equilibrium displacement
within 10%.

50 75

the applied creep stress, the 5-parameter rheological model was modi-
fied to incorporate the applied stress (Equation (2)), where t represents
time (seconds) and ¢ represents applied stress (MPa) during recovery.
Model parameters shown in Equation (2) represent average values for all
specimens (i.e., the combination of relationships shown in Figs. 3D, 4A
and 4B). The modified 5-parameter rheological model well described
disc recovery behavior with a single set of model parameters, regardless
of applied stress during loading (Fig. 3A — circles versus lines).

(2)

Equilibrium recovery time was 36 = 7 h and did not depend on
applied creep stress (p = 0.08). However, the contributions of elastic,
fast, and slow recovery responses to the overall equilibrium displace-
ment significantly depended on applied creep stress (p < 0.01;
Fig. 5A-C). The contribution of the elastic response to the overall
equilibrium displacement was strongly correlated with the applied creep
stress (R? = 0.66; Fig. 5A). Similarly, there was a significant, but weak,
positive correlation between the contribution of the fast time-dependent
response to the overall recovery behavior and applied creep stress (R =
0.13; Fig. 5B). Disc height recovery associated with slow time-dependent
response accounted for more than 50% of the overall recovery
displacement, regardless of the applied creep stress. Moreover, there
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Fig. 3. A) Comparison of experimental recovery data and model predictions for different stress levels. Circles represent experimental data, and curves represent
model predictions. Recovery rate at the B) beginning and C) end of the recovery period. Recovery displacement D) measured immediately after unloading (i.e. elastic
recovery), E) during the length of the recovery period (i.e., time-dependent recovery displacement), and F) predicted recovery displacement at equilibrium. Note that
the equilibrium recovery displacement is a summation of the elastic and time-dependent recovery displacements. Circles represent experimental data and red lines

indicate nonlinear best-fit lines.
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Figure 4. (A-B) Asymptotic limits of displacement due to (A) fast and (B) slow recovery behaviors. (C-D) Time-constants associated with (C) fast and (D) slow
recovery behavior. Circles represent experimental data and red lines indicate logarithmic or linear best-fit lines.
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was a moderate negative correlation between the contribution of the
slow time-dependent response and applied creep stress (R? = 0.47;
Fig. 5C). For low stresses (~0.1 MPa), elastic and fast time-dependent
behaviors accounted for ~20% of the overall disc height recovery,
whereas slow time-dependent behavior accounted for ~80% of the
overall disc height recovery. However, as the applied creep stress
increased (~2 MPa), the contribution of elastic and fast time-dependent
responses increased to ~35%, while the contribution of slow time-
dependent response decreased to ~65%.

4. Discussion

The objective of this study was to characterize the stress-dependent
recovery behavior of the intervertebral disc, based on previous obser-
vations that noted differences in disc recovery mechanics with loading
history (Hwang et al., 2012; O’Connell et al., 2011; Schmidt et al.,
2016b; van der Veen et al., 2007). Repeatable measurements of me-
chanical properties are important for eliminating confounding effects of
loading history in studies that employ repeated-measures test protocols.
Hence, we first confirmed that the observed recovery behavior was
repeatable before evaluating the effect of loading history on recovery
mechanics. We found different time-dependent behaviors between the
first and second creep cycles, in agreement with previous findings
(O’Connell et al., 2011; van der Veen et al., 2008). Despite differences in
creep behaviors, identical recovery responses were observed during the
two recovery cycles. Similar observations have been reported for ovine
and porcine discs subjected to three creep-recovery cycles with shorter
loading and recovery periods (i.e., 15 min of loading and 30 min of

recovery) (van der Veen et al., 2008, 2007). The discrepancy between
creep and recovery repeatability may be due to over-hydration of in vitro
specimens before testing, resulting in greater fluid flow during the first
creep cycle, where fluid flow exchange reaches a steady-state response
after the third creep-recovery cycle (Dhillon et al., 2001; Veliskova et al.,
2018).

The intervertebral disc is a composite material that exhibits both
poroelastic and viscoelastic behaviors. Differences in the porosity of the
nucleus pulposus and annulus fibrous give rise to anisotropy in ion
diffusivity and fluid flow throughout the disc (Gu et al., 2004; Jackson
etal., 2006; Sélard et al., 2003; Urban et al., 1977). During compression,
much of the initial response is absorbed by water in the tissue. However,
over time, compression forces fluid to flow out of the tissue, resulting in
pore compaction and additional stress being absorbed by the viscoelastic
solid (Chagnon et al., 2010). Dehydration during loading has been
observed to cause shrinkage of collagen fibers, which may contribute to
time-dependent changes in disc mechanics (Andriotis et al., 2018). In
addition, fluid flow out of the disc increases fixed charge density and
internal osmotic pressure, causing a pressure gradient with the external
environment (Gray et al., 1988). The findings from this study suggest
that greater osmotic gradients caused by larger compressive loads result
in an increase in fluid flow rate and magnitude during recovery. This
finding also agrees with observations of our previous work, where
greater disc height recovery was achieved by performing recovery under
a hypo-osmotic condition, which increases the osmotic gradient be-
tween the disc and surrounding environment (Bezci and O’Connell,
2018).

We used a five-parameter rheological model, consisting of two
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exponential terms, to characterize the time-dependent disc recovery
behavior. As expected, a bi-exponential model provided a better fit to
the experimental data than a single exponential model. The choice of
using a bi-exponential model was also based on findings from previous
studies that identified changes in short-term (minutes) or long-term
(hours) disc recovery mechanics with nucleotomy, degeneration, and
osmotic loading (Bezci and O’Connell, 2018; O’Connell et al., 2011;
Vresilovic et al., 2006). The bi-exponential rheological model with
stress-dependent displacement terms was able to accurately describe the
apparent time-dependent recovery behavior and provide good pre-
dictions of the equilibrium displacement at different stress levels. This
observation was in line with our previous work that reported insignifi-
cant differences between model predictions from a 12-h recovery test
and actual measurements after 48 h of recovery (Bezci and O’Connell,
2018).

Although multiple mechanisms coexist during time-dependent
deformation, short-term recovery has been predominantly associated
with intrinsic viscoelasticity, rather than fresh fluid being imbibed by
the disc through the annulus (Bezci and O’ Connell, 2018; Broberg, 1993;
O’Connell et al., 2011; van der Veen et al., 2005). In our previous work,
altering the external osmotic loading environment only influenced the
long-term recovery behavior, where fluid exchange with the surround-
ing environment is slower than the viscoelastic recovery of the solid
matrix or fluid redistribution within the disc (Bezci and O’Connell,
2018). Moreover, previous studies did not observe any increase in nu-
cleus pulposus pressure and fluid content during the first 30 min of re-
covery (Reitmaier et al., 2012; van der Veen et al., 2005), which is
comparable to the time constant of the short-term recovery response
reported here. Lastly, tests on desiccated discs showed that creep and
recovery were possible without water movement (Koeller et al., 1984),
which was further supported by our findings that discs exhibit a
nonlinear recovery response in air, without any signs of dehydration
over an 18-h recovery period (Fig. S1). Collectively, these findings
suggest that recovery response on the order of minutes is largely driven
by the viscoelastic response of the solid matrix. In contrast, long-term
time-dependent recovery behavior has contributions from both
intrinsic viscoelasticity and fluid flow. Although viscoelasticity has a
substantial contribution to disc height recovery, fluid flow which is
driven by osmotic gradient, is required for disc height and nucleus
pressure to be fully restored after overnight bed rest (Emanuel et al.,
2018).

Asymptotic displacement limits for short- and long-term recovery
responses increased with creep stress, while associated time constants
and predicted equilibrium time were insensitive to creep stress. Our
finding was in agreement with observations for rat discs, where recovery
time constant did not change with creep stress (from 0.5 MPa to 2.0
MPa) (MacLean et al., 2007). However, the initial recovery rate, asso-
ciated with short-term recovery, was ~4 times greater following
compression at 2.0 MPa than compression at 0.1 MPa. The increased rate
of initial recovery following larger compressive forces may allow for
greater recovery to occur within the same time frame as recovery
following low compressive stresses. This finding has potential clinical
importance, as it suggests 8 h of bed rest might be sufficient for discs to
achieve identical hydration levels, regardless of loading history.

The instantaneous and time-dependent recovery deformations were
nonlinearly related to compressive stress, highlighting the nonlinear
“viscoelastic” behavior of the intervertebral disc. The nonlinear visco-
elastic mechanical behavior was expected based on observations on
tendons, ligaments, and vascular tissues (Hingorani et al., 2004; Pena
et al.,, 2011; Provenzano et al., 2001; Troyer and Puttlitz, 2011).
Changes in recovery deformation were more pronounced at low
compressive stresses, but the increase in recovery deformation dimin-
ished after compression at higher stresses (e.g., recovery response
following 1 MPa of creep). This complex behavior cannot be compre-
hensively described by commonly used linear or quasi-linear viscoelastic
formulations with constant model parameters. This work showed that a
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modified five-parameter rheological model with stress-dependent co-
efficients was adequate for describing recovery behavior following a
wide range of compressive stresses (Equation (2)).

The relative contributions of elastic and time-dependent responses to
disc height recovery were sensitive to load magnitude. Elastic and fast
time-dependent responses represented 20-40% of the total recovery
deformation (Fig. 5). However, the relative contribution of the elastic
response increased, while the relative contribution of slow time-
dependent response decreased linearly with increasing creep stress.
This finding suggests that tissue elasticity may become more important
for disc height recovery from loading at larger compressive stresses.
Increased loading on the spine, such as in professions that require sus-
tained heavy loads (e.g, factory workers or military personnel), might
alter disc recovery behavior and limit the convective transfer of nutri-
ents and metabolites necessary for cellular function.

This study is not without its limitations. First, forces exerted by
surrounding tissues were neglected and deformations were assumed to
be normal to the loading direction. To minimize the additional bending
moments during testing, the transverse plane of the disc was positioned
parallel to the loading grips and loading was applied at disc center.
Second, we chose to use a 5-parameter rheological model to conduct a
quantitative assessment of early and late stages of recovery and to make
comparisons between tests with different loading magnitudes. However,
an ideal constitutive model should describe multiple loading and re-
covery phenomena with a single set of model parameters. Third, we only
investigated recovery behavior under static compression. Physiological
loading is more complex, including dynamic and six degrees of freedom
loading (Amin et al., 2016; Bezci et al., 2018a). However, previous
studies observed similar time-dependent behaviors between dynamic
and static loading conditions (Masuoka et al., 2007; van der Veen et al.,
2007). Previous work by Masuoka et al. did not observe any significant
differences in fluid and height loss of motion segments loaded in
compression under cyclic (0.15-1.0 MPa) and static conditions with the
same time average magnitudes (0.57 MPa) (Masuoka et al., 2007).
Hence, overall trends reported in this study for static loads are expected
to be similar to the trends observed for dynamic loads. Lastly, disc me-
chanics are sensitive to many factors, including loading rate, loading
duration, hydration state, spinal level, specimen age, and degeneration
(Bezci et al., 2015; Keller et al., 1987; Kemper et al., 2007; Newell et al.,
2017; Przybyla et al., 2007). Our study design aimed to minimize the
impact of these factors, but differences in test protocols (e.g., loading
duration) between this study and previous studies made it difficult to
directly compare results, which remains to be a significant challenge in
the field (MacLean et al., 2007; van der Veen et al., 2007). This challenge
is further heightened with differences in loading path between labora-
tories and studies; when comparing raw values between labs, data
should be corrected for the compliance of the testing machine. However,
this study focused on displacements measured during the recovery
period, which was observed to have negligible compliance (i.e., no
displacement lost in the load train after removing the load). Thus,
relative differences between groups during recovery are not affected by
compliance during loading.

In conclusion, both short- and long-term time-dependent recovery
behaviors strongly depend on the magnitude of applied compression.
Instantaneous elastic deformation accounts for 10%-20% of the total
disc height recovery, with increasing contribution at larger compressive
loads. Both intrinsic viscoelasticity and fluid flow contribute to disc
height recovery during low loading periods, such as bed rest. While
loading history does not influence the contribution of the short-term
recovery, the contribution of long-term recovery is highly sensitive to
loading magnitude. Findings from this work, together with previous
findings, suggest that short-term recovery is primarily associated with
the viscoelastic response of the solid matrix, while long-term recovery
response is driven by both intrinsic viscoelasticity and fluid flow due to
the osmotic gradient between the disc and surrounding environment.
Based on recovery tests in air, approximately 60% of the disc height
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recovery occurs without water uptake. However, a portion of this re-
covery might be due to water redistribution from the AF back to the NP.
Hence, more complex three-dimensional models and experimental
studies are needed to better understand the water uptake and convective
transport of solutes during physiological loading.
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