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Abstract

Biological tissues with a high glycosaminoglycan (GAG) content have an excellent ability to swell by absorbing water
molecules from the surrounding environment. Our recent work showed that anisotropy in tissue swelling depends on the
fiber-network architecture, including fiber angle, fiber stiffness, and lamellae structure. However, that work did not evaluate
the effect of in situ boundary conditions, such as the kidney-bean shape of the annulus fibrosus (AF), on swelling behav-
ior. The biochemical composition of intact AF is inhomogeneous with respect to GAG composition, collagen fiber angle,
and fiber stiffness. Moreover, the GAG content in the inner AF decreases significantly with degeneration. In this study, we
investigated the role of GAG content, fiber angle, and fiber stiffness in AF swelling and residual strain development using a
finite element model based on a human lumbar disk. Our results showed that the annular ring structure had a great impact
on swelling by developing region-dependent compressive stress/stretch in the inner layers and tensile stress/stretch in the
outer AF. Swelling-based residual stretch was comparable to experimentally measured values, suggesting an important role
of tissue swelling in maintaining residual stresses. Moreover, GAG loss in the inner AF, as observed with degeneration,
decreased circumferential-direction stress by over 65%. Homogeneous distributions of fiber angle and stiffness overestimated
or underestimated AF swelling behavior, such as swelling ratio, circumferential/axial stretch, and fiber stretch/reorientation.
These findings demonstrate the need to include native fiber architecture in finite element models, to accurately predict tissue
failure, as well as to cultivate engineered disks.
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1 Introduction

Many native and engineered fiber-reinforced tissues, such as
the annulus fibrosus (AF) and arterial walls, have an excel-
lent capacity to absorb water molecules from the surround-
ing environment (>50% increase in volume) (Bezci and
O’connell 2018; Fung 1991). Water uptake is directly related
to the glycosaminoglycans (GAG) composition, and tissue
deformations due to swelling lead to development of residual
stresses and strains, altering tissue- and joint-level mechan-
ics (Ateshian et al. 2009; Azeloglu et al. 2008; Bezci et al.
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2015; Bezci and O’connell 2018; Emanuel et al. 2018; Fung
1991; Screen et al. 2006; Skaggs et al. 1994; Vergroesen
et al. 2016; Zak and Pezowicz 2016). Previous experimental
and computational studies have shown that tissue-swelling
behavior of fiber-reinforced materials is anisotropic and
dependent on the fiber-network architecture (i.e., fiber angle,
lamellae, and fiber stiffness) (Yang and O’Connell 2018; Zak
and Pezowicz 2016). Tissue swelling occurs as a balance
between fiber deformation, fiber rotation, and matrix swell-
ing (Demirkoparan and Pence 2018; Yang and O’Connell
2018). However, the effect of complex tissue geometry, such
as the kidney-bean shape of the intervertebral disk, on swell-
ing behavior and residual stress formation is not clear.
Recent work showed that the inner AF experiences large
region-dependent compressive residual strains, while the
outer AF experiences region-dependent tensile residual
strains (Duclos and Michalek 2017; Mengoni et al. 2017,
Michalek et al. 2012). Similar residual strain distribution,
i.e., compressive in the inner region and tensile in the outer
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region, has also been observed in cardiovascular tissues
(Fung 1991). In addition, residual strains in arterial wall
depend on tissue composition and spatial location (i.e.,
through the wall thickness and distance from the heart)
(Chuong and Fung 1986; Fung 1991). Comparisons can
be made between the intervertebral disk and the arterial
wall and, in that the healthy nucleus pulposus (NP) acts to
pressurize the inner AF during loading. It is thought that
residual stresses in the arterial wall act together with blood
pressure to maintain a uniform stress distribution through-
out the arterial wall (Rachev and Greenwald 2003). More
recent work has shown that stress homeostasis through the
arterial wall greatly depended on local GAG composition
(Roccabianca et al. 2014). Interestingly, work by Rocca-
bianca et al. showed that an increase in GAGs confined to
a small region of the arterial wall increased radial stresses
and strains that may cause arterial wall delamination (Roc-
cabianca et al. 2014).

The biochemical composition of the AF is inhomoge-
neous from outer to inner with respect to GAG content,
collagen fiber angle, and fiber stiffness. In non-degenerate
disks, the GAG content increases from 3.0+ 0.3% per wet
weight in the outer AF to 8.0 +0.5% per wet weight in
the inner AF (Antoniou et al. 1996; Urban and Marou-
das 1979). Age and degeneration are noted by a ~60%
decrease in GAG composition in the inner AF, while the
GAG content in the outer AF remains relatively constant
(Antoniou et al. 1996). Fiber angle, with respect to the
transverse plane, increases from +28° in the outer AF to
+43° in the inner AF (Cassidy et al. 1989). Lastly, col-
lagen fibers in the outer AF are 2-3X stiffer than fibers
in the inner AF, due to differences in collagen type and
content (i.e., higher ratio of collagen type I:II in the outer
AF) (Ebara et al. 1996; Eyre and Muir 1976; Holzapfel
et al. 2005; Skaggs et al. 1994). Fiber stiffness is thought
not to change greatly with degeneration (Acaroglu et al.
1995). Although there are large spatial variations in GAG
content, fiber angle, and fiber stiffness, the role of these
properties in AF swelling and residual strain development
is not well understood.

Computational models are widely used to better under-
stand stress distributions between tissues in the spine and
to assess the role of degeneration in disk joint mechanics
(Jacobs et al. 2014; Rohlmann et al. 2006; Schmidt et al.
2007). Many of these previous models described the AF
using hyperelastic material descriptions, which are not
capable of describing swelling behavior under various
aqueous solutions observed in vivo. Moreover, these mod-
els described the AF as having a homogeneous fiber angle
(£30°) and stiffness (Marchand and Ahmed 1990; Shirazi-
Adl et al. 1986; Yang and O’Connell 2017). Similarly, tis-
sue-engineered strategies commonly use homogenized fiber
stiffness and/or angle (either 0° or +30°) to create de novo
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intervertebral disks (Bowles et al. 2010; Gullbrand et al.
2018; Martin et al. 2017; Nerurkar et al. 2010).

Our previous work evaluated the effect of the collagen
fiber network on tissue-level swelling, where specimen
geometry was based on the rectangular geometry commonly
used for uniaxial testing (Yang and O’Connell 2018). How-
ever, in situ AF swelling will be affected by boundary condi-
tions due to the kidney-bean geometry of the human disk.
Therefore, the first objective of this study was to evaluate the
effect of the kidney-bean geometry on the swelling behavior
of the AF. The second objective was to evaluate residual
strain formation as a result of swelling. Finally, we evaluated
the effect of GAG content, fiber angle, and fiber stiffness on
swelling and residual strain formation.

2 Methods

We developed two series of models (Table 1). Models in
Series I contained 1 to 4 annular layers and were used to
evaluate the effect of the kidney-bean geometry on annu-
lar ring swelling (Fig. 1a). The thin annular ring structures
allowed us to compare annular ring results to our previ-
ous swelling results on rectangular specimens (Yang and
O’Connell 2018). In addition, we included a 20-layer rectan-
gular model to compare to the full AF annular ring model,

Table 1 Series I evaluated the effect of annulus ring (AR) geometry
on bulk tissue swelling of single- and multi-lamellae structures

Model Total #
of layers
Series [ 1AR 1
2AR 2
3AR 3
4AR 4
20AR 20
20REC 20
Series 11 G-A-S (Control) 20
HG-A-S 20
G-HA-S 20
HG-HA-S 20
G-A-HS 20
HG-A-HS 20
G-HA-HS 20
HG-HA-HS 20

A 20-layer rectangular (20REC) specimen was added to our previ-
ous simulations for comparison (Yang and O’Connell 2018). Series
II investigated the effect of GAG distribution (G), fiber angle (A), and
fiber stiffness (S) on AF swelling behavior. An H in front of G, A,
or S represents a homogeneous distribution of the material property,
where the default condition was an inhomogeneous distribution that
represented native tissue architecture. HG-HA-HS model in Series 11
was the same as the 20AR model in Series I
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Fig. 1 a Representative model a

59.1 mm | ¢

2 mm

of annular rings (1 layer
shown). b Complete AF model
with 20 layers shared the same 7]
anterior—posterior width and
lateral width as the 1-layer
model. Anterior, posterior, and
lateral regions are marked by
transparent purple, yellow, and
blue. ¢ Rectangular model with

10 mm

20 layers b

Posterior

which represented the native architecture of healthy human
disks (Fig. 1b, ¢) (Marchand and Ahmed 1990). Models in
Series II were all 20-layer annular ring models to repre-
sent the native AF (Fig. 1b). However, material properties
in Series II models were modified to evaluate the role of
inhomogeneous GAG composition, fiber angle, and fiber
stiffness. In the Control model used for Series II, spatial
distributions of GAG, fiber angle, and fiber stiffness through
the annulus wall thickness were inhomogeneous and selected
based on properties of healthy non-degenerate human lum-
bar disks reported in the literature (Antoniou et al. 1996;
Cassidy et al. 1989; Holzapfel et al. 2005; Urban and Marou-
das 1979; Yang and O’Connell 2017). In Series II, these
parameters were modified to create a homogeneous distri-
bution (denoted by H in front of the properties, Table 1), by
changing the material properties in the inner AF to match the
values in the outer AF (n =8 models; Table 1).

2.1 Model geometry and mesh

The model geometry and mesh were extracted from our pre-
vious joint-level model (Figs. 1a, b) (Yang and O’Connell
2017). Briefly, AF geometry and meshes were generated using
a custom-written algorithm to process published data contain-
ing averaged disk geometry from human male L.3-L4 disks
(n=13; MATLAB 2013, Mathworks, Inc. Natick, MA) (Pelo-
quin et al. 2014). In Series I models, annular rings were created
by starting at the outermost layer (Fig. 1a) and building inward
for multilayered models. The 20-layer rectangular model had
same layer length, width, and thickness as our previous study
(Yang and O’Connell 2018). Fibers were orientated at +30°
with respect to the transverse plane for annular ring models
and with respect to Z-axis for the 20-layer rectangular model
(Fig. 1c). Models in Series II contained AF geometry of the
complete annulus fibrosus (20 layers), representing the native
AF architecture (Fig. 1b). The fiber angle in Series II models

“~7 mm
(20 layers)

was defined as either homogeneous (+30°) or inhomogeneous,
ranging from +43° in the innermost AF layer and decreas-
ing linearly to +28° in the outermost AF layer (Cassidy et al.
1989).

2.2 Material properties

Triphasic mixture theory was used to describe the tissue as
a combination of three phases: a solid phase and two fluid
phases (water and monovalent ions) (Ateshian et al. 2004; Lai
et al. 1991; Maas et al. 2012). The solid phase consisted of
the extrafibrillar matrix and nonlinear fibers, where W; rep-
resents strain energy density functions (Eq. 1) (Maas et al.
2012). The extrafibrillar matrix was defined as a compress-
ible hyperelastic material using the Holmes—Mow description
(Egs. 2—4). Matrix material properties were assumed to be
spatially uniform and held consistent across all models. Mate-
rial coefficients (E,,, v, and ) were selected based on values
reported in the literature (Table 2) (Cortes et al. 2014). E,, v,
and S represent Young’s modulus, Poisson’s ratio, and material
exponential stiffening coefficient, respectively.

W= Wmatrix + Wﬁber (1)
1
Wmatrix (11712"]) = EC(EQ - 1) 2)

where Q and ¢ were expressed as:

s
0= ﬂ+2ﬂ [(214 - A)(Il —3) +ﬂ,(12 —3) _(}'+2M)ln.]2]
3)

A+2
C=7ﬂ @)

I, and I, are the first and second invariants of the right
Cauchy—Green deformation tensor, C (C=F'F) and J
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Table 2 Material parameters for models in Series I

Solid phase Fluid phase

E., (MPa) 0.025 ko (mm*/(Ns)) 0.0064
v (unitless) 0.16 M (unitless) 4.8

f (unitless) 3.3 ¢ (unitless) 0.938
E; (MPa) 46 FCD (mmol/L) —100

7 (unitless) 4.5 Diree (mm2/s) 0.00147
I, (unitless) 1.06 D (mmz/s) 0.0008
@, (unitless) 0.3 S (unitless) 1

E,, Extrafibrillar matrix modulus; o, Poisson ratio; f, nonlinear
parameter for the Holmes—Mow description; Ej, collagen fiber modu-
lus; y, exponential term for the toe-region response of the fibers; ),
the stretch ratio between the toe- and linear-regions; ¢, tissue solid
fraction; ky, hydraulic permeability in the reference configuration; M,
nonlinear parameter for permeability; ¢, osmotic coefficient; FCD,
fixed charge density; Dy, ion diffusivity in water; D, ion diffusivity
within tissue; and S, ion solubility (Cortes et al. 2014; Holzapfel et al.
2005; Urban and Maroudas 1979; Yang and O’Connell 2017)

are the Jacobian of the deformation gradient tensor, F
(J=det(F)). A and p are the Lamé coefficients, which are
related to Young’s modulus (E,) and Poisson’s ratio (v).

Fibers were defined using a nonlinear stress—stretch rela-
tionship with defined toe- and linear-regions separated by a
transition stretch value (4, I, = A2, Eqs. 5-8) (O’Connell et al.
2009). In Eq. 5, Y"describes the toe-region nonlinearity (unit-
less), the invariant /, represents the square of the fiber stretch
(I,=a-C-a, where a is the unit vector that describes the fiber
angle in the reference configuration), and E; represents the
fiber linear-region elastic modulus (MPa, constant). In this
expression, Y, I, and E; are independent coefficients, which
were calibrated using data from single-lamellae tensile tests
(Holzapfel et al. 2005), as described previously (Yang and
O’Connell 2017). Fiber stiffness in Series I models was homo-
geneous and calibrated to the stiffness of single-lamellae from
the outer AF (Table 2). The fiber stiffness in Series I models
was either held constant throughout the AF or inhomogeneous,
increasing linearly from the inner AF to outer AF (Table 3).
All fibers were limited to acting only in tension.

0 I, <1
£ Y
=(1,-1 1<1I,<1,
Wﬁber y( 1 )l 0
Ef<1(§ —1,5) +B(I,— 1) + W, 1, <1,
®)
E.
f -3/2 2-y
E=—"—1""(I,-1 6
- =l ©
EIT -1
p=-12 [ 22Z 4 @
2 |20/-1)
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Table 3 Additional material parameters for models in Series II (other
parameters are shown in Table 2)

Inhomogeneous Homogeneous
Inner AF Outer AF
FCD (mmol/L) -300 —100 —100
Fiber angle 43° 28° 30°
Fiber stiffness
E; (MPa) 16.5 46 46
y (unitless) 5.5 4.5 4.5
I, (unitless) 1.09 1.06 1.06

For inhomogeneous model descriptions values were linearly interpo-
lated from the inner AF to the outer AF. Ej, collagen fiber modulus;
7, exponential term for the toe-region response of the fibers; /;, the
stretch ratio between the toe- and linear-regions; FCD, fixed charge
density (Antoniou et al. 1996; Cassidy et al. 1989; Holzapfel et al.
2005; Urban and Maroudas 1979; Yang and O’Connell 2017)

%=§%—W ®)

In the triphasic mixture theory, the negative fixed charge
density (FCD) in the solid description was used to rep-
resent the GAG composition in the extrafibrillar matrix
by assuming 2 mol of charge per GAG mole (molecular
weight=502.5 g/mol; Eq. 9) (Jackson et al. 2009). An FCD
of — 100 mmol/L was used for annular rings in Series I,
representing the GAG content in the outer AF (Urban and
Maroudas 1979). Similar to fiber angle and stiffness, the
GAG distribution of models in Series II was either held fixed
at — 100 mmol/L or was inhomogeneous, decreasing linearly
from — 300 mmol/L in the inner AF to — 100 mmol/L in the
outer (Table 3) (Antoniou et al. 1996; Urban and Maroudas
1979). The total number of fixed charges was conserved;
therefore, the local FCD depended on volumetric changes
(Eq. 105 ¢, represents the solid volume fraction in the ref-
erence configuration, subscript ‘0’ for FCD represents the
reference configuration, while ‘1’ represents the swollen
configuration; Table 2).

2 mmol charges Wgag

FCD, =
07 05025gGAG 1L ©)
1 =@
FCD, = FCD, (10)
— @

Fluid (i.e., water) and ion phases were included to simu-
late tissue swelling (Table 2) (Stadie and Sunderman 1931;
Yasuda et al. 1968). FCD influenced fluid and ions move-
ment by affecting their electrochemical potential. Free dif-
fusivity (Dy,.) and diffusivity (D) were used to describe
how quickly ions diffused through the water and the tissue.
Permeability (k) was used to describe fluid flow through the
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tissue and was strain dependent. Parameters k, and M were
selected based on AF experimental data (Holmes—Mow per-
meability model; Eq. 11; Table 2) (Cortes et al. 2014).

2
KU) = ko(f_ %) ey (11
0

2.3 Simulation, model validation, and data
analyses

All simulations were conducted in FEBio (Maas et al. 2012).
Boundary conditions for all models allowed specimens to
freely deform, except that bulk tissue translational move-
ment was restricted. This was achieved by fixing one degree
of freedom of a few nodes such that the X-position was fixed
for three nodes on the bottom and mid-sagittal planes (YZ
plane), the Y-position was fixed for three nodes on the bot-
tom and anterior region, and the Z-position was fixed for
six nodes on the mid-transverse plane (XY plane). These
nodes were picked to utilize AF swelling symmetry. The
reference configuration represented a state of osmotic dehy-
dration, which is equivalent to the tissue hydrated under an
infinitely high concentration of saline. Steady-state swell-
ing (quasi-static) condition was simulated by increasing
the FCD from zero to the specified value (10 steps in 1-s
simulation), while the saline condition of the surrounding
environment remained constant (0.15 M phosphate-buffered
saline; 150 mmol/L). Since the simulation was quasi-static,
water and ion redistribution and tissue deformation reached
equilibrium at each time-step.

Deformations caused by free-swelling conditions were
analyzed. The swelling ratio was calculated as the volume
in the deformed condition divided by the volume in the ref-
erence configuration. Swelling ratio, fiber stretch, and fiber
reorientation were calculated for each element. Weighted
averages were calculated for each parameter, using ele-
ment volumes as a weighting factor. For complete AF ring
models (20 layers), circumferential, axial, and radial stretch
and stress were calculated for each element. Weighted aver-
ages were calculated for each layer, as well as for the whole
model, to calculate layer-averaged and model-averaged
values. It should be noted that circumferential and radial
directions referred to local coordinates (i.e., normal to and
aligned with the lamellae, respectively). Lastly, region-
dependent swelling was evaluated for the anterior, lateral,
and posterior regions of the innermost and outermost layers
(Fig. 1b). Only fibers in tension were included in the calcula-
tion of average fiber stretch.

In our previous study, rectangular models that represented
samples used in uniaxial tensile tests were validated by com-
paring volumetric and dimensional changes from swelling
to free-swelling experiments on bovine AF explants (Bezci
et al. 2015; Yang and O’Connell 2018; Zak and Pezowicz

2016). In the current study, annular rings in Series I used
the same material properties and fiber angle. Further vali-
dation was performed for the Control model in Series II.
The circumferential-direction stretch was compared with
experimentally measured residual stretches of bovine disks
(Duclos and Michalek 2017; Michalek et al. 2012). The
Control model was considered valid if the circumferential
stretch in inner and outer AF followed the same behavior of
experimental observations and the magnitude was within
one standard deviation of the reported mean.

3 Results
3.1 Model validation

The volume of the Control AF model increased by 58%
under free-swelling conditions, which was comparable to
values reported in the literature (up to 70%) (Bezci et al.
2015; Zak and Pezowicz 2016). Swelling of the Control AF
model resulted in compressive circumferential stretch in
the innermost AF layer (layer-averaged stretch =0.92) and
tensile circumferential stretch in the outermost AF layer
(stretch=1.076), which was within one standard devia-
tion of the residual stretch measured in bovine AF explants
(Fig. 2) (Duclos and Michalek 2017; Michalek et al. 2012).
Since model results were comparable to reported values, the
Control AF model was considered valid for evaluating AF
swelling behavior.

3.2 Effect of annularrings (SeriesI)

In general, within 1-4 layers, annular ring models had a
similar response to +30° rectangular models with respect
to swelling ratio, fiber stretch, and fiber reorientation. For
the 1-layer annular ring model, there was a 52% increase
in volume with swelling (swelling ratio =1.52; Fig. 3a,

121
1.1p
1.0 - I

09

Circ. Stretch

0.8
0.7
0.6

Inner AF Outer AF

m Current Study Michalek 2012 BDuclos 2017

Fig.2 Circumferential stretch due to osmotic swelling in the inner
and outer AF for the Control model was within one standard devia-
tion of the reported mean in the literature (Duclos and Michalek
2017; Michalek et al. 2012). Gray dashed line represents a stretch-
free condition
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b), resulting in an average tensile fiber stretch of 1.019
and fiber reorientation of ~ 5°. Annular ring models with
2—4 layers had a decrease in lateral width and an increase
in anterior—posterior width with swelling, making the
specimens slightly more rounded (Fig. 3a—2nd row). The
2-layer annular ring model experienced twisting, which
was similar to observations for even-layered rectangular
specimens; however, twisting was not observed in annu-
lar ring specimens with four or more layers (Fig. 3a).
The largest difference in swelling ratio between rectan-
gular and annular ring specimens was observed with 2-
and 20-layer models, where the kidney-bean geometry
resulted in less tissue swelling (swelling ratio for 20-layer
models = 1.45 for rectangular vs. 1.41 for the annular
ring; Fig. 3b).

There were large differences in the swelling behavior
of the 20-layer annular ring model when compared to
the 20-layer rectangular model. Swelling with a kidney-
bean geometry resulted in the formation of inhomoge-
neous stretch and stress in the circumferential direction.
The circumferential-direction stretch and stress were

compressive in the inner layers and tensile in the outer
layers (Fig. 3c, d).

3.3 Complete AF model (Series Il)

Swelling caused dimensional changes for all 8 models in
Series II. The anterior—posterior width of the outer AF
increased by 19% in the HG-HA-HS model (i.e., homoge-
neous description) and 31% in the G-A-S model (i.e., spa-
tial variation in properties). In contrast, the lateral width of
the outer AF was relatively consistent with swelling (<3%
change from reference configuration), making the final spec-
imen geometry slightly more circular after swelling (Figs. 4,
5—1st row). The anterior—posterior width of the inner AF
also increased with swelling; however, the lateral width of
the inner AF experienced contraction (Figs. 4, 5—2nd row).

The average swelling ratio was between 1.41 (HG-HA-
HS) and 1.61 (G-HA-S; Figs. 4, 5—1st row). The swelling
ratio of models with an inhomogeneous GAG distribution
(1.53-1.61) was greater than the swelling ratio of models
with a homogeneous GAG distribution (1.41-1.44). The

a 1-layer b
Reference 1-layer 2-layer 3-layer 4-layer 20-layer 16 r Rectangular
136° mm  Annular Ring
g , - : 2
g 4 & 5 1.5
3 K =
I~ v i i =
" 214
2 g £ £ g - £ g o
:(O(: EQ @ o &
;; ) S el 0 o N
R 3 IN_S¢ & 4 1.3
% @immn Glmm Sitmm SGémn S6Tmm S90mm 1- 2- 3- 4- 20-
Swelling Ratio # of Layer
| il |
<1.35 1.40 1.45 1.50 1.55
c d
Cir. Stretch Cir. Stress (kPa)
| Il | T [ | ! | |
0.75 0.85 0.95 1.05 1.15 -50 0 50 100

Fig.3 a Swelling and bulk deformations of rectangular models and
annular ring models. Images for 1-4 layer rectangular specimens
adapted from Yang and O’Connell (2018). b Model-averaged swell-
ing ratio for rectangular and annular ring models. ¢ Longitudinal
stretch (Z-axis) in the 20-layer rectangular model and circumferential-
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direction stretch in the 20-layer annular ring model (full AF model)
after swelling. d Longitudinal stress (Z-axis) in the 20-layer rectan-
gular model and circumferential stress in the 20-layer annular ring
model after swelling
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swelling ratio was higher in the lateral AF than in the ante-
rior and posterior AF, regardless of the spatial distribution of
GAG:s, fiber angle, or fiber stiffness (Fig. 6a, b). Homogene-
ous distribution of GAGs (HG) throughout the AF reduced
swelling in the inner AF by ~50% (Fig. 7-blue lines vs. black
lines). Swelling of the inner AF was also decreased by a
homogeneous distribution of fiber stiffness (HS; Fig. 7—
triangles vs. circles), but increased by a homogeneous fiber
angle (HA; Fig. 7—dashed line vs. solid line).

Along the circumferential direction, all models developed
compressive stretch and stress in the inner AF and tensile
stretch and stress in the outer AF (Figs. 4, 5—2nd and 3rd
rows). Region-based differences showed that the compres-
sive stresses in the inner AF were highest in the anterior AF
and lowest in the lateral AF (Fig. 6c—black bars). Tensile
stresses in the outer AF were highest in the posterior AF and
were 2—-3.5X greater than the tensile stresses in the anterior
and lateral AF (Fig. 6d—black bars). A homogenous GAG
distribution decreased stresses in the inner and outer AF
of all three regions by over 60%, with the largest absolute
drop observed in the anterior inner AF and the posterior
outer AF (Fig. 7c, d—black bar vs. gray bar). Layer-aver-
aged circumferential-direction stress also highlighted the
decrease in stress with a homogenous description of GAGs
(Fig. 8b—blue vs. black lines). Using a homogeneous fiber
angle (HA) or fiber stiffness (HS) description had a relatively
little impact on region-dependent circumferential-direction
stress, except for the tensile stresses in the outer posterior
AF (Fig. 6d—black bar vs. patterned bars).

A homogeneous distribution of GAGs (HG) had little
impact on the circumferential-direction stretch in the inner
AF, but caused a 50% decrease in the circumferential-direc-
tion tensile stretch in the outer AF (Fig. 8a—blue vs. black
lines). Homogeneous fiber stiffness (HS) increased the cir-
cumferential-direction compressive stretch at the inner AF
by more than 50%, but had a relatively little impact on the
circumferential-direction stretch in the outer AF (Fig. 8a—
triangles vs. circles). A homogeneous distribution of fiber
angle (HA) had a relatively small effect on the stretch in the
circumferential direction (Fig. 8a—dashed vs. solid lines).

In general, all models developed tensile stretch in the
axial direction of the inner AF, (Figs. 4, 5—4th row). In the
Control model, the tensile stretch was 1.27 in the inner AF
and the magnitude decreased linearly from the inner AF to
the outer AF such that the axial-direction stretch was com-
pressive in the outer AF (Figs. 4, 5—4th row). A homo-
geneous distribution of GAGs and fiber stiffness (HG and
HS) resulted in relatively uniform axial-direction stretch
throughout the AF. That is, there was a 30% decrease in
axial-direction stretch from the inner AF to the outer AF
in the G-HA-S model, but only decreased by 8% in the
HG-A-HS model (Fig. 8c—blue vs. black lines). The axial-
direction tensile stress in the inner AF decreased with a

homogeneous distribution of GAGs or fiber stiffness (HG
and HS; Fig. 8c—blue vs. black lines or triangles vs. circles)
and increased with a homogeneous distribution of fiber angle
(HA; Fig. 8c—solid vs. dashed lines). Axial-direction stress
was relatively low in all models, save for the innermost and
outermost layers, which experienced tensile and compressive
stresses, respectively (Figs. 4, 5—5th row—and 8d).

Large tensile deformations were observed in the radial
direction, with the lowest values observed in the poste-
rior-lateral AF (Figs. 4, 5—6th row). Layer-averaged radial
stretches greater than 1.2, with values near 1.3 in the outer
AF for all models (Fig. 8e). Layer-averaged radial stretch
was higher in the inner AF than in the outer AF of models
with an inhomogeneous GAG distribution, while the layer-
averaged radial stretch was relatively consistent throughout
the AF in models with a homogeneous GAG distribution
(HG; Fig. 8e—blue vs. black lines). Radial stretch decreased
with a homogeneous distribution in fiber angle (HA;
Fig. 8e—dashed vs. solid lines) and increased with a homo-
geneous distribution in fiber stiffness (HS; Fig. 8e—trian-
gles vs. circles). Radial-direction stresses were relatively low
throughout the AF (<13 kPa; Figs. 4, 5—7th row—and 8f).
Layer-averaged radial stresses were slightly higher in the
middle layers of the AF for models with inhomogeneous
GAG distribution (Fig. 8f—Dblue vs. black lines).

Fiber stretch in the inner AF was lower in the anterior
and posterior regions than in the lateral regions, but, in the
outer AF, fiber stretch was highest in the anterior and pos-
terior regions (Fig. 4, 5—=8th row). All models had similar
fiber stretch in the outermost layer (average =1.03; Fig. 4,
5—8th row—09a). Fiber stretch was greatly reduced by a
homogeneous distribution in fiber stiffness and GAG (HS &
HG; Fig. 9a—triangles vs. circles and blue vs. black lines).
Fiber stretch in the inner AF decreased with a homogene-
ous distribution of fiber angle (HA), but did not alter fiber
stretch in the middle or outer AF (Fig. 9a—dashed vs. solid
lines). The greatest layer-averaged fiber stretch occurred in
the inner AF of the Control (G-A-S) model (1.10), and the
lowest layer-averaged fiber stretch occurred in the inner AF
of the homogeneous (HG-HA-HS) model (1.01; Fig. 9a—
black solid line with circles vs. blue dashed line with trian-
gular markers).

The behavior of fiber reorientation with swelling was
similar for all models (Figs. 4, 5—Ilast row). Fibers in the
inner AF reoriented toward the axial direction (positive fiber
reorientation; Figs. 4, 5—Ilast row), while fibers in the ante-
rior and posterior regions of the outer AF reoriented toward
the transverse plane (Fig. 9b—black lines). A homogene-
ous distribution of GAGs (HG) decreased the magnitude
of fiber reorientation throughout the AF (Fig. 9b—blue vs.
black lines).
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«Fig. 4 Swelling ratio, stretch and stress in the circumferential, axial,
and radial directions, fiber stretch, and fiber reorientation. Data
shown for G-A-S (Control model), HG-A-S, G-HA-S, and HG-HA-
S models (n=4/8; data for the other models are shown in Fig. 5). In
the last row, positive value represents fiber reorientation toward axial
direction, while negative value represents fiber reorientation toward
the transverse plane

4 Discussion

Simulations showed that the annular ring geometry for
specimens with 4 or fewer layers had little impact on swell-
ing ratio, fiber stretch, and fiber reorientation. However, the
kidney-bean shape played an important role as the number
of lamellae increased toward the native AF architecture (20
layers) such that circumferential-direction stretch and stress
in the full AF model were compressive in the inner AF and
tensile in the outer AF. These stretch and stress were com-
parable to experimental observations (Figs. 3, 4—2nd row)
(Duclos and Michalek 2017; Michalek et al. 2012). Alter-
ing the distribution of GAGs, fiber stiffness, or fiber angle
affected the magnitude and distribution AF swelling, stress
and stretch, fiber reorientation, and fiber stretch.

Previous studies showed that residual strains of the
bovine AF and arterial walls are compressive at the inner
layers and tensile at the outer layers (Chuong and Fung
1986; Duclos and Michalek 2017; Fung 1991; Mengoni
et al. 2017; Michalek et al. 2012). Inhomogeneous distribu-
tions of circumferential-direction stresses (compressive at
the inner wall and tensile at the outer wall) are important
to maintain a uniform tensile circumferential stress distri-
bution throughout the wall during physiological loading
(Rachev and Greenwald 2003). These findings suggest that
AF residual stress is driven largely by the inner AF GAG
content. This is further supported by the AF having a larger
GAG content than other fiber-reinforced tissues that only
experience tensile residual strains (e.g., 10-50 times higher
GAG content than tendons or ligaments) (Amiel et al. 1983;
Rigozzi et al. 2009).

Material properties in the full AF models were region
independent, but residual stretch, residual stress, fiber
stretch, and fiber reorientation were region dependent due
to the asymmetrical AF geometry (Figs. 4, 5, 6). Larger
compressive strains were predicted in the circumferential
direction of the anterior inner AF, which agreed well with
experimental observations. However, Duclos and Michalek
reported tensile compressive strains in the posterior AF and
regional differences that showed greatest tensile strains in
the outer AF of the lateral AF, which did not agree well
with our model predictions (Duclos and Michalek 2017).
In both the bovine and human disks, peak tensile residual
strains in the outer AF corresponded to areas with the small-
est radius of curvature in the inner AF. Outer dimensions of
the bovine disk are cylindrical, but the NP is more elliptical

with the long axis along the lateral width (O’connell et al.
2007). Similarly, the kidney-bean shape of the human disk
results in a lower radius of curvature in the posterior AF.
The kidney-bean shape of human lumbar disks combined
with layer-dependent material properties resulted in more
complex distributions of residual stress and strain (Anto-
niou et al. 1996; Cassidy et al. 1989; Holzapfel et al. 2005;
Skaggs et al. 1994).

In this study, GAG loss in the inner AF was described by
a decrease in fixed charge density to match the fixed charge
density of the outer AF. Diurnal loading causes a fluctuation
in fluid volume by up to 20% (Botsford et al. 1994), altering
disk joint stiffness (Bezci et al. 2015; Bezci and O’connell
2018; Emanuel et al. 2018; Vergroesen et al. 2016). Regard-
less of hydration condition, the swelling capacity of the
healthy AF has been shown to be approximately 70% of the
NP (Bezci et al. 2015). Therefore, AF swelling and residual
strains likely fluctuate with the diurnal loading and hydra-
tion conditions.

The quantity and quality of GAGs in the inner AF
decrease greatly with age and degeneration (Antoniou et al.
1996; Roughley et al. 2006; Urban and Maroudas 1979).
We showed that GAG loss in the inner AF impacts swelling
capacity, tissue deformations, and development of residual
strains (Figs. 4, 5, 6, 7, 8—HG vs. G). Radial pressure from
the NP, applied to a hydrated AF, would decrease the mag-
nitude of stress and strain in the circumferential direction.
Early degenerative changes are noted with a decrease in NP
GAG content and intradiscal pressure (Adams and Roughley
2006). These changes, however, may increase the magnitude
of compressive strains in the inner AF during physiologi-
cal loading. Thus, it is likely that tissue remodeling in the
inner AF occurs with age and degeneration to maintain stress
homeostasis throughout the AF. The findings from this study
support the notation that tissue remodeling through GAG
deletion, rather than collagen stiffening, is more effective in
reducing residual strains.

While the motivation for studying GAG distribution on
residual strain formation in the AF was based on arterial
wall research, there are interesting differences that should
be noted. The GAG content in arterial walls increases due
to an increase in blood pressure with disease (Roccabianca
et al. 2014). Together, these findings support the notion that
GAGs are crucial for maintaining stress homeostasis with
disease and degeneration, especially in annular ring struc-
tures. Moreover, variations in local GAG composition may
result in regional differences in circumferential strains that
may increase the risk of annular tears (Duclos and Michalek
2017).

A decrease GAGs in the inner AF resulted in a reduction
in the magnitude of axial-direction stretch and fiber reori-
entation (Figs. 8c, 9b). This finding is comparable to the
decrease in fiber reorientation with degenerated AF tissue
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«Fig.5 Swelling ratio, stretch and stress in the circumferential, axial,
and radial directions, fiber stretch, and fiber reorientation. Data
shown for G-A-HS, HG-A-HS, G-HA-HS, and HG-HA-HS models
(n=4/8; data for the other models are shown in Fig. 4). In the last
row, positive value represents fiber reorientation toward axial direc-
tion, while negative value represents fiber reorientation toward the
transverse plane

under ex situ tensile loading (Guerin and Elliott 2006).
Fiber reorientation in tissue-level specimens increases
fiber engagement during tensile loading (Guerin and Elliott
2006). Moreover, changes in fiber orientation affect joint-
level mechanics such that disks with fibers oriented closer
to the axial plane have a higher torsional stiffness and larger
shear strains at the AF-bone boundary (Yang and O’Connell
2017). Therefore, a decrease in fiber reorientation with GAG
remodeling in the inner AF may help to protect the fibers
from experiencing larger deformations during complex joint
loading (e.g., compression with bending).

Our previous work showed that fiber orientation affected
the swelling behavior of rectangular tissue specimens,
while fiber stiffness only affected fiber stretch (Yang and
O’Connell 2018). However, in the annular ring struc-
ture, both fiber orientation and fiber stiffness (HA & HG)
altered swelling behavior. A homogeneous fiber angle (HA)
description resulted in an overestimation of swelling ratio,
axial stretch, and fiber reorientation, while predictions for
radial stretch and fiber stretch were underestimated (G-A-S
vs. G-HA-S model). A homogenous description of fiber
stiffness (HS; i.e., an increase in inner AF fiber stiffness)
decreased swelling ratio, stretch in the circumferential and

Fig.6 Swelling ratio averaged
for the anterior, lateral, and
posterior regions of innermost
a and outermost b layers for
G-A-S, HG-A-S, G-HA-S, and
G-A-HS models. Compressive
and tensile circumferential
stress averaged for the anterior,
lateral, and posterior regions
of innermost ¢ and outermost
d layers for G-A-S, HG-A-S,
G-HA-S, and G-A-HS models 1.0
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Fig.7 Layer-averaged swelling ratio for each layer within an AF
model (shown for all eight models in Series II). Black lines represent
models with inhomogeneous GAG distribution (black for G), while
blue lines represent models with a homogeneous distribution in GAG
(blue for HG). Solid lines represent models with an inhomogeneous
distribution in fiber angles, while dashed lines represent models with
a homogeneous distribution in fiber angles. Circles represent models
with an inhomogeneous distribution in fiber stiffness, while triangles
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axial directions, and fiber stretch (Figs. 7, 8, 9). A decrease
in circumferential-direction residual stretch due to stiffer fib-
ers may lead to an underestimation of deformations during
mechanical loading. Taken together, these findings suggest
that recapitulating spatial variations in fiber stiffness and
fiber angle is important for properly describing AF mechan-
ics and, therefore, joint-level mechanics.
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lines represent models with inhomogeneous GAG distribution (black
for G), while blue lines represent models with a homogeneous distri-
bution in GAG (blue for HG). Solid lines represent models with an

While the current model included spatial variations in
GAG content, fiber stiffness, and fiber orientation, regional
differences in fiber stiffness, fiber angle, and matrix compo-
sition were not investigated and may result in more complex
strain distributions (i.e., differences between anterior and

@ Springer

inhomogeneous distribution in fiber angles, while dashed lines repre-
sent models with a homogeneous distribution in fiber angles. Circles
represent models with an inhomogeneous distribution in fiber stift-
ness, while triangles represent models with a homogeneous distribu-
tion in fiber stiffness

posterior AF) (Holzapfel et al. 2005; Skaggs et al. 1994)
(Duclos and Michalek 2017). Due to a lack of experimental
data, comparisons between model predictions and experi-
mental data were limited to comparing results from bovine
disks. The difference in disk geometry (kidney-bean shape
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Fig.9 Layer-averaged a fiber stretch and b fiber reorientation for
each layer. Positive value represents fiber reorientation toward axial
direction, while negative value represents fiber reorientation toward
the transverse plane. Black lines represent models with inhomogene-
ous GAG distribution (black for G), while blue lines represent models
with a homogeneous distribution in GAG (blue for HG). Solid lines
represent models with an inhomogeneous distribution in fiber angles,
while dashed lines represent models with a homogeneous distribu-
tion in fiber angles. Circles represent models with an inhomogeneous
distribution in fiber stiffness, while triangles represent models with a
homogeneous distribution in fiber stiffness

vs. cylindrical shape) likely contributed to differences in
residual strains in the posterior AF (Duclos and Michalek
2017). Finally, our current model did not include the NP,
cartilage endplate, and bony endplate, which will alter tissue
swelling, and, therefore, the formation of residual stresses/
strains and fiber reorientation of the full intact motion seg-
ment. Future work will investigate the effect of hydration on
strain distributions throughout the disk joint.

In conclusion, the annular ring structure greatly impacts
tissue swelling of thick-walled structures (e.g., 20 layer
model vs. <4 layers). Development of swelling-based
residual stretch in the AF was region dependent and compa-
rable to experimental data, suggesting an important role of
water absorption and swelling in stress homeostasis. Model

simulations also suggest that GAG remodeling in the inner
AF, due to a decrease in intradiscal pressure from the NP,
likely acts to balance stress distributions throughout the
AF. Lastly, findings from this study demonstrate the need
to recapitulate native fiber architecture and matrix swell-
ing behavior, as these properties will affect sub-failure and
failure mechanics predicted by computational models as
well as the mechanical behavior of engineered disks.
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