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The fixed charge density (FCD) in the intervertebral disc (IVD) matrix is essential for its capacity of ab-
sorbing water, particularly during overnight bed rest. However, the FCD decreases with IVD degeneration,
reducing the disc propensity to swell and the related convective transport of molecules across the IVDs.
The objective of this study was to investigate the effects of the FCD on water intake in the IVD during

bed rest.
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A multibody musculoskeletal model was extended to include the osmotic properties of the IVDs, and
used for the analysis of IVD swelling and its water content in a human subject during bed rest. The
simulations were conducted with both healthy lumbar IVDs and lumbar IVDs with a reduced FCD.

It was predicted that a decrease in the FCD had a considerable impact on the IVDs swelling during
bed rest. A 20% and a 45% reduction in the FCD resulted respectively in an average 25% and 55% reduction
of disc water intake overnight.

This study provided an additional, quantitative information on IVD swelling in human subjects dur-
ing bed rest. The computational model presented in this paper may be a useful tool for estimating disc
hydration at different loading and pathological conditions.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The main solid components of the extracellular matrix (ECM) of
the intervertebral disc (IVD) are collagen fibers and proteoglycans
(PGs) [1]. The PGs are negatively charged macromolecules, and the
equivalent concentration of charged groups on PGs is known as
fixed charge density (FCD). The FCD causes high osmolarity inside
the tissue, which attracts water into the disc to maintain tissue
hydration (i.e., swelling) [2]. This swelling behavior is essential for
the IVD to support compressive loads [3].

The human spine is subjected to various loads with different
postures (i.e., standing, sitting, supine) and activities during the
day. Consequently, over a 24-hours period, the compressive loads
on the IVDs vary greatly, causing fluid flow into and out of the
IVDs. In particular, at bed rest, the compressive load on the IVDs
is lower compared to that at standing, resulting in an increase in
disc water content and disc height [4,5].

Disc hydration is important for the transport of molecules
across the disc, as tissue hydraulic permeability and solute diffu-
sivity depend on disc water content [6-8]. Diffusion is the main
transport mechanism for small molecules (e.g., oxygen, glucose),
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whereas the diurnal fluid flow across the discs (associated with
water content change in IVDs) could contribute considerably to
the transport of large solutes (e.g., growth factors) [9]. Therefore,
knowledge of disc water content is crucial to understand disc nu-
trition.

However, water content in IVDs changes with age, pathologi-
cal and loading conditions [2,3,10-15]. Albeit quantitative results
on water content increase in IVDs during bed rest have been pre-
sented in the literature [4], few studies report a quantitative anal-
ysis on the effect of the FCD on disc water absorption overnight.

Multibody musculoskeletal models are useful tools for biome-
chanical investigations, and have been extensively used for the
analysis of the lumbar spine kinetics [16-24]. In the present study,
an existing multibody model was extended to include the disc
swelling behavior. The objectives of this study were to provide a
quantitative tool to estimate the effect of the FCD on water con-
tent in the disc, and to investigate disc water content during bed
rest.

2. Methods

In this study, the multibody musculoskeletal swelling model
for human lumbar spine was developed with the AnyBody Mod-
eling System (Version 7.1, AnyBody Technology, Aalborg, Den-
mark). Briefly, the model included 5 lumbar vertebrae, 198 muscle
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Fig. 1. (a) Full body musculoskeletal model used in this study, (b) detailed view of the lumbar vertebrae and ligaments, and (c) representation of the trunk muscles included

in the model.

fascicles and 6 lumbar ligaments (supraspinous, interspinous,
anterior and posterior longitudinal, intertransverse and flavum)
[25] (Fig. 1).

The IVDs were represented as 6 degrees of freedom (DOFs)
joints with linear elastic properties:

M; = h; - 6; (1)

F =k x;, (2)

where M; is the reaction moment (Nm) and F; the reaction force
(N) generated by the IVD joint, ; is the rotation angle (deg)
around the ith axis, x; is the displacement (m) along the ith axis,
and h; and k; represent the rotational and translational stiffness
of the IVD, respectively. The stiffness parameters were based on
data from the literature [26-28], and represent the combined stiff-
ness of IVD and facet joints (Table 1). Note that, in Table 1, the

Table 1

Parameters used as inputs for the simulations.
T [K] 310
¢* [mol/m?] 150°
Po"'np 0.85"
DoV ar 0.775°
IVD stiffness
Flexion [N m/deg] 0.54°
Extension [N m/deg] 0.78°
Lateral Bending [N m/deg] 0.69¢
Axial Rotation [N m/deg] 2.52¢
Compression/Tension [N/mm)] 820¢
Shear [N/mm] 245¢

2 From Zhu et al. [31].

b From Gu et al. [32].

¢ From Schmidt et al. [26]. 30% of the reported values were used, since ligaments
are modeled explicitly [29,30].

d Adapted from Pollintine et al. [27].

¢ From Bisschop et al. [28].

Table 2
Lumbar discs initial height (hy) and cross-sectional area (Agisc)
used for the simulations.

ho [mm]* Agise [mm?]°
L1-L2 9 1425
L2-L3 104 1658
L3-14 115 1714
L4-1L5 11.8 1684
L5-S1 113 1709

2 From Roberts et al. [33].
b From Pooni et al. [34].

contribution of the ligaments to the rotational stiffness was sub-
tracted since the ligaments were modeled explicitly [29,30]. The
initial height and cross-sectional area for each of lumbar discs are
listed in Table 2.

In this study, the muscles were implemented as active force el-
ements, and the spinal ligaments were represented as nonlinear
springs (Table 3), based on the in vitro measurements by Chazal
et al. [35].

The swelling pressure () of the IVD was given by [36]:

T = RT[ ¢ + 4¢7 — ZC*], (3)

where R is the universal gas constant, T the absolute temperature,
c* the concentration of salt (NaCl) in the extradiscal fluid, and cf is
the FCD. The FCD (moles per volume of fluid) is related to tissue
deformation according to Lai et al. [36]:

= __
g +J-1
where ¢yf is the FCD at a reference state, ¢o" is the water vol-

ume fraction (i.e., water content) at the reference state, and J is the
ratio of tissue volume after deformation to that at the reference

(4)
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Table 3
Ligaments stiffness (K) implemented in the model, based on in vitro measurements by Chazal
et al. [35].
Ligament K [N/mm] Strain [%] K [N/mm)] Strain [%] K [N/mm)] Strain [%]
ALL 36.2 0-11 115.9 11-41 43 41-51
PLL 52.7 0-11 127 11-28 371 28-37
IS 13 0-14 385 14-36 10.3 36-48
SS 13 0-14 385 14-36 10.3 36-48
FL' 234 0-8 54.5 8-20 125 20-25
IT 12.5 0-9 614 9-15 25 15-17

ALL=anterior longitudinal ligament; PLL=posterior longitudinal ligament; IS=interspinous;

SS=supraspinous; FL=flavum; IT=intertransverse.

* Per side.

state. An increase in the IVDs cross-sectional area during bed rest
has been reported in the literature [37], and in this study, we as-
sumed that when the IVD imbibes water (swelling), the percentage
changes in its dimension are approximately the same in all three
principal directions. Therefore, the volume ratio (J) of the disc may
be estimated by:

h 3
(L) .

where h is the disc height and hy is the disc height at the reference
state. The water volume fraction of the IVD (¢W) can be calculated
as follows (after Lai et al. [36]):

w_ Q0 +]-1
¢ =7

Considering the normal direction of the IVD (perpendicular to
the upper surface of the disc), at equilibrium (i.e., no fluid loss or
gain) we can write:

Foxe = K5+ Ez, (7)

where Fey is the normal component of the compressive force act-
ing on the IVD due to body weight, muscle forces, and ligament
forces, Fs is the force (in the normal direction) generated by the
swelling pressure, and Fg is the elastic force (due to disc defor-
mation) in the normal direction (Eq. (2)). Since lumbar vertebrae
facets have been reported to be loaded in disc compression and
spine extension [38-40], the facet contact forces were neglected in
this study.

The magnitude of the swelling pressure depends on the FCD
(Eq. (3)), which is constant in the nucleus pulposus (NP) and al-
most linearly decreases towards the outer annulus fibrosus (AF)
[12]. The corresponding swelling pressure follows the same trend
(Fig. 2), and therefore an average value of FCD in the AF may be
used to estimate the mean value of 7 in the AF. Based on Urban
and Maroudas’ results for a healthy IVD [12], the average FCD in
the AF corresponds to the 80% of the FCD in the NP.

Therefore, the IVD swelling force, F, can be expressed as:

(6)

Fs = 7tnp - Anp + T0AF - Anr, (8)

where myp and mr are the swelling pressures in the NP and AF,
respectively, and Ayp and A, are the cross-sectional areas of the
NP and the AF, respectively. Considering that the NP occupies ap-
proximately 40% of the IVD cross-sectional area [34,41,42], combin-
ing Egs. (3) and (8) we have:

Fs =AgisRT |:0.4 (1 [ ek +4c — 26*) +0.6 <‘ [cht +4c — 2C*>] ,

(9)

where Agj. is the IVD cross-sectional area, cfyp is the mean FCD in
the NP, and cf4r is the mean FCD in the AF (which is assumed to
be 80% of cFyp).

Table 4

Values of FCD in the NP at the reference state (c,fyp) calculated
from the FCD per tissue dry weight and the hydration reported in
Urban and McMullin [2]. The values in the table represent the av-
erage of the values, at each lumbar level, reported in Urban and
McMullin [2] for discs up to 37 years of age.

Level L1-L2 L2-13 L3-14 L4-15 L5-S1

cofnp [mol/m3] 261 242 239 215 217

The average water volume fraction of the IVD can be estimated
by:

@Y =04-P%+0.6- Pk, (10)

where ¢np"Y and @Y are the water volume fraction in the NP and
in the AF, respectively.

The swelling force Fs was calculated by Eqs. (4) and (9) using
cofnp values calculated from literature measurements (Table 4) [2].
The Fex in the standing posture (i.e., the reference state) was pre-
dicted at all lumbar levels (with a model simulation) by introduc-
ing offset forces required to prevent relative motion of adjacent
vertebrae [43]. The correspondent elastic force Fg in the standing
posture, due to the compression of the disc solid matrix, was cal-
culated by Eq. (7).

The bed rest was simulated by a subject lying on a supporting
surface (Fig. 3). The initial curvature of the spine was assumed to
be the same as the curvature in standing. The method for treating
the contact between body and supporting surface was the same
as that described by Rasmussen et al. [44]. Briefly, contact ele-
ments were defined between a series of points along the body and
the supporting surface (Fig. 3). The contact elements were mod-
eled as artificial muscles capable of exerting compressive and fric-
tional forces, and these contact forces were calculated as part of
the muscle optimization process (see below). The friction coeffi-
cient between the body and the support was assumed to be 0.5
[45].

The muscle and joint reaction forces in the system were cal-
culated by an inverse dynamics process [46] in AnyBody. A third-
order polynomial criterion was used in this study for muscle opti-
mization [47,48]. The spinal ligaments were assumed to be in their
undeformed state in the standing posture (i.e., the reference state)
[49]. The kinematics of the 6-DOFs lumbar joints was predicted
based on the equilibrium of forces and moments acting on the
lumbar spine. Thus, the present musculoskeletal model allowed to
predict the changes in IVDs height (and therefore J, Eqs. (5) and
(7)) and in the lumbar curvature during bed rest, at equilibrium.

Based on the in vitro measurements of the decrease of the FCD
with age reported by Urban and McMullin [2] for a 25, 44 and 68
years old spines, three cases were simulated:

(1) Normal lumbar discs (with FCD values listed in Table 4)
(2) 20% reduction in the FCD in all lumbar discs
(3) 45% reduction in the FCD in all lumbar discs.
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Fig. 2. Fixed charge density (FCD) distribution in the sagittal direction for a 27 year-old IVD, adapted from [12], and corresponding swelling pressure (7r) distribution
calculated from Eq. (3). For a linear decrease of the FCD from the NP to the outer AF, a quasi-linear decrease in the swelling pressure is calculated.
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Fig. 3. Representation of the resting support and contact points for the spine used
in the bed rest simulation. The contact points are distributed along the spine in
correspondence of the cranium and the vertebrae: T2, T6, T9, T10, T11, T12, L1, L2,
L3, L4, L5, Sacrum. Arms and muscles are not shown for clear visualization.

3. Results

A human subject of 174cm and 72kg was simulated. The
material properties and parameters were reported in Tables 1
and 2. During standing, the compressive force (Fexr) was predicted
to range between 387N and 431N among the lumbar IVDs. The
calculated values of Fr ranged between 57N and 181N among the
5 lumbar discs (Table 5).

During bed rest, Fex; was predicted to range between 61 N and
136 N among the lumbar IVDs (Table 6). The predicted water con-
tent in normal lumbar IVDs (Eq. (10)) ranged from 82.2% to 82.4%
during bed rest (increased from an overall value of 80.5% at stand-
ing), corresponding to an averaged 9.9% increase in IVD volume

Table 5
Predicted compressive forces (Fey) at each lumbar level dur-
ing standing, and correspondent elastic forces calculated

from Eq. (7).
Level Fext [N] Fe [N]
L1-L2 406 98
L2-L3 388 57
L3-14 387 83
L4-L5 409 164
L5-S1 431 181

Table 6
Predicted compressive forces (Fey) at each lum-
bar level during bed rest.

Level Fext [N]
L1-L2 61
L2-13 73
L3-14 78
L4-15 95
L5-S1 136
2.0
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1.4 ] |
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Fig. 4. Predicted water content (i.e., water volume fraction) increase during bed
rest (at equilibrium) for a normal spine, and for the cases of 20% and 45% decreases
in the FCD.

compared to standing. The increase in water content (i.e., the
difference in water volume fraction) ranged from 1.7% to 1.9%. For
the case of a 20% decrease in FCD, the increase in IVD water con-
tent was predicted to range between 1.2% and 1.4% (average 7.3%
IVD volume increase), while it ranged between 0.7% and 1% (aver-
age 4.2% IVD volume increase) in case of a 45% reduction of the
FCD (Fig. 4).

4. Discussion

In this study, a multibody musculoskeletal model was extended
to include the IVD swelling behavior, and employed to investigate
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the effect of FCD on the water content in IVDs during bed rest.
With decreasing FCD, the IVDs swelled less during overnight bed
rest, resulting in smaller amount of fluid intake in IVDs. For ex-
ample, if FCDs in lumbar discs are reduced by 45%, the averaged
fluid intake is reduced by ~55% (from 1.7-1.8% to 0.7-1.0%, see
Fig. 4), compared to the intake in normal discs. The IVD’s water
absorption during bed rest is considered an important mechanism
for the convective transport of large solutes. The present study
shows that when the FCD content decreases, the capacity of the
IVD to imbibe fluid overnight declines, possibly impairing the con-
vective transport of molecules into the disc [9]. Moreover, this in-
vestigation confirms that bed rest plays an important role in disc
nutrition [4].

The calculated average volume increase (9.8%) in normal lum-
bar discs is comparable with the in vivo measurement of disc vol-
ume increase (3.6-16.9%, average: 10.6%) in five normal subjects
aged 21-32 years, after at least 8-h overnight bed rest on a hos-
pital bed [4]. This indicates that the presented model is capable
of predicting disc swelling with reasonable accuracy, even though
some simplifications and assumptions have been made in the
analysis.

In this study the IVD was modeled as a linear elastic structure,
instead of a more realistic nonlinear material. Effort shall be made
in the future to improve the accuracy of the model predictions.

In summary, the present study introduced a new multibody ap-
proach for the investigation of the role of the FCD on the IVD’s
swelling properties. The predicted volume change in normal lum-
bar disc at bed rest is consistent with the results reported in the
literature. The decrease of the FCD (associated with PG content)
in the IVDs was predicted to have a substantial impact on the
discs capacity of absorbing fluid during overnight bed rest, pos-
sibly affecting the supply of nutrients to the disc. The computa-
tional approach presented in this paper may be a useful tool in
predictive analyses of disc swelling behavior and its related spine
biomechanics.
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