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Abstract

Purpose 1t is well established that posterior spinal surgery
results in damage to the paraspinal musculature. The
effects of such iatrogenic changes on spinal loading have
not been previously investigated, particularly at levels
adjacent to a spinal fusion. Therefore, the objective of this
study was to investigate the effect of simulated muscle
damage on post-operative spinal loading at the adjacent
levels to a spinal fusion during upright postures using a
mathematical model.

Methods A musculoskeletal model of the spine using
ArtiSynth with 210 muscle fascicles was used to predict
spinal loading in an upright posture. The loading at L1-L2
and L5-S1 were estimated before and after simulated
paraspinal muscle damage (i.e., removal of muscle
attachments at L2-L5) along the lumbar spine, both with a
spinal fusion at L2-L5 and without a spinal fusion.
Results The axial compressive forces at the adjacent levels
increased after simulated muscle damage, with the largest
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changes being at the rostral level (78 % increase in pres-
ence of spinal fusion; 73 % increase without spinal fusion)
compared to the caudal level (41 % in presence of fusion
and 32 % without fusion). Shear forces increased in a
similar manner at both the rostral and caudal levels. These
changes in loading were due to a redistribution of muscle
activity from the local lumbar to the global spinal
musculature.

Conclusions The results suggest that the paraspinal mus-
cles of the lumbar spine play an important role in adjacent
segment loading of a spinal fusion, independent of the
presence of rigid spinal instrumentation.

Keywords Muscle damage - Adjacent segment
degeneration - Lumbar spine - Biomechanics -
Musculoskeletal model - ArtiSynth

Introduction

The degeneration of the segment adjacent to a lumbar spine
fusion is commonly seen following fusion surgery [1].
Prevention of adjacent segment degeneration (ASD)
requires an understanding of its etiology. While some
believe this phenomenon is simply an expression of the
natural history of multi-segmental spinal column degener-
ation [2—4], many believe ASD represents an accelerated
degenerative process that can be explained through
biomechanical modeling [1, 5-7].

Animal studies have shown that increased loading
across the intervertebral disc accelerates disc degeneration
[8—12]. Therefore, any factor that changes normal loading
at the adjacent levels may have an influence on the
development of ASD. One factor that may cause that
change is paraspinal muscle dysfunction.
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Paraspinal muscles are vital for the effective functioning
of the spine, yet we know surprisingly little about their
behavior in the setting of preoperative deconditioning or in
post-operative muscle behavior. It is likely that many
patients prior to spine surgery have dysfunctional para-
spinal musculature, and that this is exacerbated due to
iatrogenic changes following surgery. For example, we
know that paraspinal muscle function is abnormal in a
range of prevalent clinical conditions including acute and
chronic low back pain [13-16], spinal stenosis [17, 18], and
degenerative spondylolisthesis [19]. In addition, it is well
established that spine surgery can damage posterior mus-
culature through resection of the paraspinal muscles from
the posterior elements or simple retraction of paraspinal
muscles to the side which is done to provide surgical
exposure [14, 20-22]. Spinal muscle damage after posterior
fusion surgeries has been manifested in forms of loss of
cross-sectional area (CSA) [23], atrophy [24, 25], altered
muscle activations [26, 27], and reduced muscle strength
[20, 24, 28, 29]. The effect of paraspinal muscle damage on
spinal forces and moments has not been studied previously,
particularly with respect to the adjacent segment changes.

Many in vitro biomechanical studies have been con-
ducted to address possible abnormal biomechanical chan-
ges at the adjacent levels to a spinal fusion. Most of these
studies make assumptions about the post-operative spine
that are not necessarily valid. For example, the popular
Hybrid method assumes that the patient’s post-operative
spinal motion is the same as it was pre-operatively [30]. A
recent review of in vivo kinematic studies shows that this
assumption appears to be false as the majority of subjects
in carefully done clinical studies demonstrated lower
overall lumbar spine range of motion than pre-operatively
[31, 32]. Further, biomechanical studies conducted in the
laboratory use either a stiffness (displacement-controlled)
or a flexibility (load-controlled) loading protocol to address
adjacent segment changes. Both protocols yield obvious
results as noted recently in another review paper [33],
wherein excessive loading at adjacent levels is predicted by
stiffness approaches [34—36] and no changes are predicted
by flexibility approaches [37—41]. Therefore, we are in
need of alternative approaches to assess the biomechanical
changes at adjacent levels to spinal instrumentation in the
lumbar spine.

Musculoskeletal dynamic models have been described
as effective tools to provide insight into the functioning of
the entire spine [42-48]. From our perspective, they pro-
vide an ideal tool with which to assess post-operative
muscle dysfunction on the levels adjacent to a spinal
fusion. Bresnahan et al. [48] used the musculoskeletal
model developed by de Zee et al. [45] to investigate the
effect of the reduction of muscle cross-sectional areas on
muscle recruitment strategy and observed a substantial
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change in estimated muscle activation pattern. However,
they did not report on spinal loading. Also the model that
they used for their analysis did not include intervertebral
disc stiffness, ligaments, and muscle force-length curves.
The purpose of our study was to investigate the effect of
muscle damage on post-operative spinal loading at the
adjacent levels to a spinal fusion during upright postures by
using a recently developed physiological musculoskeletal
model of the lumbar spine [49].

Materials and methods
Musculoskeletal model

The musculoskeletal model of the lumbar spine used
ArtiSynth (www.artisynth.org), an open source biome-
chanical modeling toolkit. This computer software was
developed at the University of British Columbia and can
combine multi-body dynamics and finite element methods
in a fast and convenient fashion [50-52].

A brief description of the current model follows [49].
The bone and muscle geometries were taken from a recent
study by Christophy et al. [46], in which muscle parameters
are incorporated for a full Hill-type musculotendon model
including the tendon ratios and the pennation angles [53].
The five lumbar vertebrae were modeled as rigid bodies
that could move, the thoracic vertebrae and ribcage were
modeled as a single rigid body fixed to the L1 vertebra, and
the sacrum and pelvis were fixed to the ground. The
mechanical behavior of the lumbar functional spinal units
(i.e., a pair of adjacent vertebrae, connecting ligaments,
facet joints, and intervertebral disc) was modeled as a
6 x 6 stiffness matrix [54], with only diagonal terms
modeled due to lack of experimental data in the literature.
The rotational stiffness terms were taken from the study by
Heuer et al. [55], while the translational terms were
adopted from Gardner - Morse and Stokes’s study [56].
Muscle groups that could influence the loading at the
lumbar spine were modeled and these included the erector
spinae (eight fascicles for iliocostalis lumborum pars
lumborum, 16 fascicles for iliocostalis lumborum pars
thoracis, 10 fascicles for longissimus thoracis pars lum-
borum, and 42 fascicles for longissimus thoracis pars tho-
racis), multifidus (50 fascicles), psoas major (22 fascicles),
quadratus lumborum (36 fascicles), internal oblique (12
fascicles), external oblique (12 fascicles), and rectus
abdominis (two fascicles), which totalled 210 muscle fas-
cicles. Hill-type muscle models were used and the muscle
force-length and force—velocity curves were taken from
the study by Millard et al. [57] and tendons were assumed
to be rigid. We modeled the rectus sheath as a rigid body
connected to the sacrum through a hinge joint and we
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Target Points

Fig. 1 Symmetric target points in the rib cage specified for tracking
the motion of the thorax

modeled the mechanical effect of the intraabdominal
pressure as an upward force fixed to the thorax (i.e.,
moving with it). The force was considered to be 60 N for
normal standing [58].

Forward dynamics-assisted data tracking was imple-
mented in a way that a set of weighted cost functions were
combined as a total cost function and minimized per each
time step through quadratic programming. The cost func-
tion ensured that the model-generated velocity was closest
to the desired velocity for tracking a target trajectory and
that muscle redundancy was addressed while limiting
overall muscle activation and ensuring smoother muscle
activation over time [59].

In ArtiSynth, forward dynamics-assisted data tracking is
coded in a way so that the trajectories of multiple points
can be tracked. We specified two target points in our
model, whose locations were symmetric with respect to the
sagittal plane and both belonged to the ribcage (Fig. 1).

The detailed validation of the model is described else-
where [49]. The model was able to predict axial forces at
L4-L5 that had the same ratio between them as had the
three measured intradiscal pressures in the study by Wilke
et al. [60] (see Table 5 in [49]).

Study design
To study the effect of spinal muscle damage on spinal

loading, we designed two model scenarios. The first sce-
nario (No Fusion) consisted of two models: one

a No Fusion

Muscles Intact
(Healthy)

Muscles Damaged

b Fusion

Percutaneous
Fixation

Fixation through
Open Surgery

Fig. 2 a No fusion scenario of the study design: comparing the spinal
loads between a healthy subject and a patient with dysfunctional
lumbar musculature (muscles are conceptually drawn in this figure,
but in the model the complicated architecture of the muscles is
implemented). b Fusion scenario of the study design: comparing the
spinal loads between a patient receiving percutaneous pedicle screw
fixation and a patient undergoing open fusion surgery (muscles are
conceptually drawn in this figure, but in the model the complicated
architecture of the muscles is implemented)

representing the spine of a healthy subject with intact
muscles, while the other characterizing the spine of that
subject after a sham surgery, in which the muscles were
detached from L2 to L5 (Fig. 2a). Both models were asked
to stay upright by prescribing the same target positions.
The resulting forces at the intervertebral joints of the
models were contrasted. The second scenario (Fusion) was
similar to the first, except both models included a simulated
spinal fusion: one represented the spine of a patient
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Fig. 3 Simulation of iatrogenic muscle damage to the longissimus
thoracis pars thoracis. For fascicles with multiple attachment points,
the points that were located at injury levels were removed and the
remaining points were reconnected together to again form that
fascicle

receiving minimally invasive fusion surgery with percuta-
neous pedicle screw fixation where posterior muscles are
kept intact, and the other typified a patient undergoing open
fusion surgery where muscles were detached from the
instrumented vertebrae (Fig. 2b).

Note that in order to simulate muscle damage, we
treated muscle fascicles of our model in two ways. If a
fascicle had only two attachment points and at least one of
them was on the injured levels, that fascicle was removed
from the model. But if a fascicle had multiple attachment
points, only the points that were located at the injury levels
were removed and the remaining points were connected
together again to form that fascicle (Fig. 3).

Also note that instead of modeling flexible screws and
rods, we assumed that the fusion was complete and there-
fore we treated the instrumented vertebrae (here L2-L5) as
one rigid body by fixing them together.

To compare the muscle geometries between the healthy
and injured models, we calculated muscle PCSA at each
spinal level by summing up the PCSA of all fascicles that
passed that level. Each vertebral level was defined by a
transverse plane passing though the midpoint of the line
connecting the centroids of the two vertebrae adjacent to
that plane (Fig. 4). Any fascicle that crossed the plane
was included. Therefore, the method was effective for
levels L1-L2, L2-1.3, and L3-L4, but not for L4-L5 or
L5-S1. For these two lowest levels the transverse plane
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Fig. 4 Definition of each spinal level for calculation of muscle
physiological cross sectional areas (PCSA). Each vertebral level was
defined by a transverse plane passing though the midpoint of the line
connecting the centroids of the two vertebrae adjacent to that plane.
The method was effective for levels L1-1.2, L2-1.3, and L3-L4, but
not for L4-L5 and L5-S1. For those two lowest levels the transverse
plane cuts through the pelvis, therefore the fascicles with origins on
the superior aspect of the pelvis were not considered

cuts through the pelvis; therefore, the fascicles with ori-
gins on the superior aspect of the pelvis were not included
(Fig. 4).

Results

For the No Fusion scenario, the axial and shear forces at
the adjacent vertebral levels (i.e., L1-L2 and L5-S1)
increased with muscle damage (Fig. 5a). The increase in
the axial force was larger at the rostral level L1-L2 (73 %
increase; 483 N) than at the caudal level L5-S1 (32 %
increase, 307 N), while the percentage increase in the shear
force was similar at both levels (rostral 74 % increase;
caudal 85 % increase). The magnitude of flexion—extension
moments applied on adjacent levels, however, were small.

The same trend was observed for the Fusion scenario
where both the axial and shear forces increased at the
adjacent levels with muscle damage with the larger
increase in the axial force being at the rostral adjacent level
(78 % increase; 610 N) than at the caudal one (41 %
increase; 438 N). As in the No Fusion scenario, the shear
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a No Fusion

Muscles Intact Muscles Damaged

Axial  Shear  Flexion Axial  Shear  Flexion
Force Force  Moment Force Force  Moment
-285 2.0 -496 -0.5
+483 N
Axial  Shear  Flexion Axial ~ Shear  Flexion
Force Force  Moment Force Force  Moment
331 -1.2 613 -0.3
+307 N

b Fusion

Muscles Intact Muscles Damaged

Axial  Shear  Flexion
Force Force  Moment

337 74

Axial  Shear  Flexion
Force Force  Moment

+610N
L5-S1
Axial  Shear  Flexion Axial  Shear  Flexion
Force Force Moment Force Force Moment
932 -6.3

516 83

+438N Y

-®

Fig. 5 a Predicted spinal loads at the adjacent levels for No Fusion
scenario. Forces are in N, moments are in Nm, and positive values for
shear forces point to the anterior direction. b Predicted spinal loads at
the adjacent levels for Fusion scenario. Forces are in N, moments are
in Nm, and positive values for shear forces point to the anterior
direction

force percentage increases were similar at both levels
(rostral 82 % increase; caudal 81 % increase) (Fig. 5b).

We did further analysis to determine the reason for a
larger increase in the axial force at the rostral adjacent level
in comparison to the caudal one. Since the trends of the
results were similar in both scenarios, we only explored the
No Fusion scenario in more detail. The loads at each
intervertebral level were compared with and without
muscle damage (Fig. 6), as were the PCSA and individual
muscle group forces crossing the L1-L2 (Fig. 7a) and L3—
L4 (Fig. 7b) levels, respectively.

When comparing the PCSAs of the muscle groups
between the healthy and muscle damage models, we
observed that while at L1-L2, the muscle damage only
reduced the PCSAs of QL and LTpT [i.e., area change: QL
163 mm? (39 %), LTpT 369 mm” (17 %)], at L3-L4 it led
to substantial reduction of PCSA of MF, ILpL, and LTpL in
addition to QL and LTpT [i.e., area change: MF 750 mm?
(80 %), ILpL 665 mm” (76 %), LTpL 381 mm? (71 %), QL
358 mm?® (58 %), and LTpT 411 mm? (20 %)].

These differences in PCSA reductions led to altered
muscle force distributions (Fig. 7a, b). Considering the
muscle groups as three major groups: IO and EO as
abdominal muscles; LTpT and ILpT as global muscles
(which span the entire lumbar spine and are inserted on
thoracic region); and finally MF, LTpL, and ILpL as local
muscles (which are attached to different levels of the
lumbar spine), our results showed that after injury the sum
of forces in IO and EO increased by 341 N (189 %) at both
LI1-L2 and L3-L4 levels. Similarly the sum of forces in
LTpT and ILpT (global muscles) increased at both levels
[145 N (68 %) for L1-L2 and 148 N (71 %) for L3-L4].
However, while the sum of forces in MF, LTpL, and ILpL
(local muscles) decreased at L3-L4 by 105 N (55 %), it
increased at L1-L2 by 23 N (53 %).

Discussion

We used a dynamic musculoskeletal model of the lumbar
spine to study the effect of muscle damage on spinal
loading, specifically at the adjacent levels. Muscle damage
was simulated by detaching the muscle fascicles, as they
are often resected from the vertebrae during surgery. The
two scenarios, one without and one with spinal fusion, both
led to increased loading at both adjacent levels during
neutral standing. This suggests the possible role of muscle
damage in altered loading and accelerated degeneration of
the disc adjacent to the lumbar spinal fusion, independent
of the type of surgical fixation.

Our results demonstrated that with muscle damage,
larger increases in axial forces occurred at the rostral
adjacent level (78 % in presence of fixation and 73 %
without fixation) in comparison to the caudal level (41 %
in presence of fixation and 32 % without fixation). This is
interesting as both radiographic and symptomatic adjacent
segment degeneration are reported clinically to mostly
occur at the rostral level [5, 61-64]. Given that animal
studies have demonstrated increased degenerative changes
at the disc under increased compressive loads [8—12], our
results are consistent with these clinical observations.

To further investigate the reason for a larger increase in
axial force at the rostral adjacent level, we provide the
following simple geometric model for the entire spine that
analytically predicts similar results. Consider the spine as a
rigid bar that is hinged to the sacrum at the L5-S1 joint
(Fig. 8). If a force W representing the body weight is
applied at the tip of the bar, to keep the bar at equilibrium,
a force representing the resultant of muscle forces should
be applied in a way to cancel out the moment caused by the
force W about the hinge joint.

To study the effect of lumbar muscle damage on spinal
loads, we considered two cases: in Case 1, the force
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Fig. 6 Predicted spinal loads at
all lumbar intervertebral levels

. . Axial Shear
for No Fusion scenario. Forces
. . Force  Force
are in N, moments are in Nm,
.. 658 -285
and positive values for shear
forces point to the anterior e el
direction 893 -228
L4-15 11 -44
959 331

The Amount of Increase in Loads After Injury

| T , EIEEE
1314 |

Flexion Axial Shear Flexion
Moment Force Force Moment
2.0 1141 -496 -0.5
0.2 1268 -326 -0.6
-0.9 1324 -179 -0.4
-1.4 1365 135 -0.4
-1.2 1266 613 -0.3
N

- Axial Shear Flexion
Force Force Moment
483 211 2.5 —
+ 472 -54 -0.8
431 49 0.5

L4-L5 381 179 1.0
L5-S1 307 282 0.9

representing the resultant of local muscles (attached to the
lumbar spine) is applied at the middle of the bar (Fig. 8b),
while in Case 2, the force representing the global muscles
(attached to the thoracic spine) is applied at the tip of the
bar (Fig. 8c). We also assume the direction of the forces is
such that they meet at the same point (i.e., point P such that
OM = PM = MT and 0, = 20,) (see Fig. 8a). Solving this
simple system (equations shown in Fig. 8) yields the ratio
between F, and F as a function of 0, only and does not
depend on the angle the bar makes with horizontal line
(Fig. 9). Note that F, and F; represent the muscle forces
and are thus proportional to the axial forces in the spine.
For small angles of 0, (i.e., <20°) the ratio between the
axial forces is less than 1.15 (blue line in Fig. 9). This
means that for small muscle angles, whether F; (repre-
senting local muscles) or F, (representing global muscles)
is maintaining the balance of the bar, the axial force at L5—
S1 (point O in Fig. 8a) will not be very different. This links
with the small increase (32 %) observed at the caudal
adjacent segment when lumbar muscles were damaged in
the computational model.

However, the situation becomes different at the rostral
level with muscle damage. In case 2, the axial force due to
global muscles (F; cos 0,) is applied along the entire bar. In
contrast, in case 1, the axial force due to local muscles
(F, cos 0,) starts from the middle of the bar and thus is
applied only over the lower half. Therefore, if we assume
L1-L2 being located above the middle point, in case 1 there
is no axial force on L1-L2, whereas in case 2, there is axial
force applied by F,. Thus, with damage to the local muscles,
the overall spine loading becomes more like Case 2 and this
explains the observed larger axial force at the rostral adja-
cent level (73 %) in the computational model.

To the best of our knowledge, the effect of muscle
damage on spinal loading has not been investigated
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previously. One study investigated the effect of muscle
damage on muscle activations pattern, but did not report on
spinal loading [48]. In that study, Bresnahan et al. [48] used
the model developed by de Zee et al. [45] and simulated the
muscle damage by successively reducing the CSA of the
damaged muscles at L3-L5 by 10, 30, and 40 % from all
posterior muscles (multifidus, LTpL, ILpL, LTpT, ILpT).
They observed that accordingly, the activation of erector
spinae muscle changed in flexion—extension and lateral
bending, but the change was largest in axial rotation.
However, they did not measure the spinal loads; and
intervertebral disc stiffness, ligaments, and muscle force—
length and force—velocity curves were not incorporated in
their model.

Muscle force—length curves and nonlinear stiffness of
the functional spinal units were implemented in our model.
Also, the motions of the lumbar vertebrae were not pre-
defined as a function/fraction of the total lumbar spine
motion, which was done in the studies by de Zee et al. [45],
Han et al. [47], and Christophy et al. [46]. This feature
allowed each vertebra to move independently and was
necessary for modeling the rigid fixation, which would
alter the motion function. Finally, in contrast to Bresnahan
[48], in our model muscle damage was simulated by
detaching the injured fascicles rather than uniformly
reducing the CSAs of all posterior muscles. Detaching
muscles led to nonuniform reduction in CSAs of posterior
muscles and varied between levels (see Fig. 7b). Despite
these strengths, our model had some limitations that need
future improvement.

As addressed in the study by Malakoutian et al. [49], one
major limitation of the model was the sensitivity of the
spinal forces to kinematic input. However, our study was
focused on addressing the relative effect of muscle damage
on forces and thus changes in the absolute force
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Fig. 7 a Physiological cross-sectional area (PCSA) and force of each
muscle group crossing L1-L2 level for No Fusion scenario. PCSA is
in mm% b Physiological cross-sectional area (PCSA) and force of
each muscle group crossing L3-L4 level for No Fusion scenario.
PCSA is in mm?. EO external oblique, /O internal oblique, RA rectus
abdominis, Ps psoas major, MF multifidus, QL quadratus lumborum,
ILpL iliocostalis lumborum pars lumborum, /LpT iliocostalis lumbo-
rum pars thoracis, LTpL longissimus thoracis pars lumborum, LTpT
longissimus thoracis pars thoracis

magnitudes were unlikely to alter the observed percentage
changes. Other limitations of the model included assuming
straight lines between the remaining attachment points of

Case 2

Fig. 8 A simple analytical model of the spine. a The spine is
modeled as a rigid bar hinged at L5-S1 joint (point O). b Case 1
represents a spine maintained at equilibrium by the resultant of local
muscles, while in case 2 ¢, the resultant of the global muscles is
keeping the spine upright. The equilibrium equations mandate that

_ Wiy _ Wiy
Fy = I, sin 0, and P, = I sin 0,

35
.5 T T T T T T T

Fa cos 82
Fy cos 8y
kig Fz 4
Fy

Force Ratio

6, (degrees)

Fig. 9 The ratios of muscle forces and their axial components
between case 1 and case 2 as a function of 0,. The ratios are obtained

as: B2 — lisin0 L(2sin0ycos) cos 0, and (F2)giar __ Fpcos0, _ I tan6;

Fi " bLsin0, b sin 0, Daviat  F1cos0p — Ltan0,
_ 1tan20, _1 2 tan 0, _ 1
2wy 2 (1-(an6,)’)tan6, ~ 1—(tan0,)’

injured muscles (Fig. 3), neglecting off-diagonal terms of
the stiffness matrix of the functional spinal units, and not
considering the mechanical stability of the model into the
system equations, which should be considered in the future
versions of the model.

The current study only simulated severe muscle damage
at three vertebral levels (L2-L5) and the fusion/fixation
was assumed to be rigid. Also, only the case of upright
standing was studied. Obviously, different degrees and
lengths of muscle damage, in addition to other tasks and
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postures, should be investigated in the future to tease out
the effects of muscle dysfunction in specific spinal
pathologies. We only modeled iatrogenic muscle damage
and we did it by detaching the muscles from the treated
levels. Other forms of muscle damage simulation can
include adding the effect of fat infiltration and scar tissue or
considering adaptive changes in architecture and mechan-
ical properties of the muscle. Investigation of the effects of
fixations with different stiffness is also of high interest to
clinicians, although we do not expect a significant effect
given the observation herein of the force changes without
any fusion being present.

In conclusion, the findings of the present study suggest
that the paraspinal muscles of the lumbar spine may play an
important role in the etiology of adjacent segment changes
beside a spinal fusion and that this effect is independent of
spinal instrumentation. This observation is consistent with
those studies that have observed decreased disc height at
the adjacent level [7]. Further, the finding is consistent with
those investigators who suggest that anterior approaches
that spare the posterior musculature may have a role in
reducing the development of adjacent level changes [2, 65].
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