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Abstract A new musculoskeletal model for the lumbar
spine is described in this paper. This model features a
rigid pelvis and sacrum, the five lumbar vertebrae, and a
rigid torso consisting of a lumped thoracic spine and rib-
cage. The motion of the individual lumbar vertebrae was
defined as a fraction of the net lumbar movement about the
three rotational degrees of freedom: flexion—extension lateral
bending, and axial rotation. Additionally, the eight main mus-
cle groups of the lumbar spine were incorporated using 238
muscle fascicles with prescriptions for the parameters in the
Hill-type muscle models obtained with the help of an exten-
sive literature survey. The features of the model include the
abilities to predict joint reactions, muscle forces, and mus-
cle activation patterns. To illustrate the capabilities of the
model and validate its physiological similarity, the model’s
predictions for the moment arms of the muscles are shown
for a range of flexion—extension motions of the lower back.
The model uses the OpenSim platform and is freely avail-
able on https://www.simtk.org/home/lumbarspine to other
spinal researchers interested in analyzing the kinematics of
the spine. The model can also be integrated with existing
OpenSim models to build more comprehensive models of
the human body.
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1 Introduction

Lower back pain has been posited to originate from biome-
chanical-based deficits (Adams 2004; McGill et al. 2000;
White and Panjabi 1978b). For this reason, musculoskeletal
models are of great interest to back pain researchers as they
provide an inexpensive and efficient method to determine
features such as muscle activation patterns, joint torques and
forces, contributions of passive and active stiffness elements,
and optimal posture, among others, which can be used to dif-
ferentiate the motion of subjects with and without lower back
pain.

The complexities of the muscle architecture for the spine
and interpatient variability in the spine and vertebral joint
geometries, among others, naturally cause the development
of these models to be both time-consuming and difficult.
Despite these challenges, several models of the human lum-
bar spine have been presented in the literature (Bogduk et al.
1992a; Cholewicki et al. 1995; de Zee et al. 2007; El-Rich
et al. 2004; Huynh et al. 2010; Lambrecht et al. 2009; McGill
and Norman 1987; Shirazi-Adl 1991; Stokes and Gardner-
Morse 1995). Chronologically, these models typically show
increased complexity and realism. The model presented in
the present paper extends this body of work in two man-
ners. First, the detailed lumbar muscle anatomy is combined
with the musculotendon force-generating parameters elabo-
rated on extensively in Zajac (1989). Second, the model is
based on the open-source platform OpenSim (Delp et al.
2007) and can be incorporated into existing musculoskel-
etal models that have been developed using this platform.
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These models include representations of the cervical spine
(Vasavada et al. 1998) and the lower limbs (Arnold et al.
2010).

The model discussed in this paper is closest in similar-
ity to that discussed in de Zee et al. (2007). Their model,
featuring the 154 muscle fascicles reviewed in Hansen et al.
(2006) study, uses the commercial software Anybody. Our
model incorporates a more detailed characterization of the
quadratus lumborum by Phillips et al. (2008), newer data on
the multifidus muscle groups, and non-zero lumbar masses
and moments of inertia of the lumbar vertebral bodies for
more accurate kinematic and dynamic analyses of lumbar
motion. In Sect. 2.2, we review the Hill-type muscle model
(Hill 1938; Zajac 1989) used in the OpenSim platform for
the purposes of producing more realistic muscle activation
patterns. Next, we provide a brief background on joint kine-
matics in Sect. 3.

Following a presentation of the model and its muscle
architecture in Sect. 4, we use the model to predict the
moment arms about £5/8] for a range of flexion—extension
motions of the lower back. The limitations of the model and
proposed future refinements are subsequently discussed in
Sect. 5.

2 A review of the lumbar spine muscle architecture
2.1 Muscle anatomy

The model features the eight main muscle groups of the lower
back: erector spinae (ES), rectus abdominis (RA), internal
obliques (I0), external obliques (EO), psoas major (PM),
quadratus lumborum (QL), multifidus (MF), and the latissi-
mus dorsi (LD). The psoas, multifidus, and quadratus lum-
borum muscle groups are hypothesized to act as stabilizers
of the lumbar spine (Nachemson 1966, 1968; Macintosh and
Bogduk 1986, 1987; McGill etal. 1996a,b, 1999; Lonnemann
et al. 2008; Rosatelli et al. 2008; Ward et al. 2009a,c), while
the erector spinae and the abdominal muscles (specifically,
the rectus abdominis) are the primary locomotors of the spine.
In the following sections, we provide a brief description of
the eight different muscle groups included in the model and
present the actual muscle architecture details in Table 1.
The erector spinae is the broadest and largest muscle
group in the lower back. Following the description by
Bogduk (2005), this muscle group has been divided into four
main components: the longissimus thoracis pars lumborum
(LTpL), the longissimus thoracis pars thoracis (LTpT), the
iliocostalis lumborum pars thoracis (ILpT), and the iliocos-
talis lumborum pars lumborum (ILpL). The incorporation of
these muscle groups into the model are depicted in Fig. 1.
The reader is invited to cross-reference these images with
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Fig. 1 The muscle architecture implemented in the model for the erec-
tor spinae muscle group: a Longissimus thoracis pars lumborum, b
Longissimus thoracis pars thoracis, ¢ Iliocostalis lumborum pars lum-
borum, and d Iliocostalis lumborum pars thoracis

those presented in the study by Macintosh and Bogduk (1987,
1991), and Bogduk et al. (1992a).

The abdominal muscles are global muscles that function
primarily as flexors and axial rotators of the trunk. Our model
of the internal and external obliques is based on the detailed
description of these two muscle groups given in Stokes and
Gardner-Morse (1999), where the obliques are each mod-
eled using six fascicles while the explanations of Stokes and
Gardner-Morse (1999) and Wilkenfeld et al. (2006) are uti-
lized to model the rectus abdominis (see Fig. 1a).

The inclusion of the psoas major into the model follows
the detailed descriptions by Bogduk et al. (1992a,b), and
Santaguida and McGill (1995), and is depicted in Fig. 2b,
while the attachment points of the multifidus muscle group
(based on Figs. 2 and 3 of Macintosh and Bogduk 1986) are
shown in Fig. 2c.

We adopted the description of the quadratus lumbo-
rum in Phillips et al. (2008) and categorized this muscle
group into three subgroups: the anterior fibers, the middle
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Fig. 2 The muscle architecture implemented in the model for the a
Abdominals, b Psoas major, ¢ Multifidus, d Quadratus lumborum, and
e Latissimus dorsi

fibers (lumbocostals), and the posterior fibers (see Fig. 2d).
However, as their anatomical study found a prevailing incon-
sistency in the existence of certain muscle fascicles across
subjects, our model only includes muscle fascicles that were
present in at least 50% of their subjects.

The attachment points for the latissimus dorsi muscle fas-
cicles in our model were based on the comprehensive archi-
tectural study undertaken by Bogduk et al. (1998). Figure 3
of Bogduk et al. (1998) illustrates the thirteen fascicles on
each side: five from the tips of the lumbar spinous processes,

six from the lower six thoracic spinous processes, and costal
fibers from the 11th and 12th ribs, which have been replicated
in our model (Fig. 2e).

2.2 Musculotendon models

The musculotendon system can be approximated as a force-
generating spring and damper system and can be described
in a number of ways. One of the more commonly used is
the Hill-type model (Hill 1938; Zajac 1989) utilized in the
OpenSim software package to estimate muscle and tendon
forces.

Briefly, the Hill-type model is composed of one non-linear
spring (representing the tendon) attached to an active contrac-
tile element in parallel with a passive elastic spring. Ana-
tomically, a pennation angle « is sometimes seen between
the muscle and tendon (see Fig. 3a). For the purposes of
modeling, it is usual to prescribe force-length and force-
velocity curves for the muscle. Typical normalized force-
length curves can be seen in Fig. 3b, c. These curves have
several scaling factors, namely the maximum isometric force
(FOM ), optimal fiber length (@34 ), and tendon slack length
(EST). Each of these factors must be chosen appropriately in
order to obtain physiologically meaningful results.

The lumbar spine model we developed here employs
the musculotendon model described in Thelen (2003). This
model is an improvement over the basic Hill-type model
as it allows for the incorporation of age-related changes in
dynamic contraction. However, as our efforts in this paper
are directed more towards the development of the model
and less toward the estimation of muscle forces and joint
moments due to a given motion or load, we refer the inter-
ested reader to the Appendix section of Thelen (2003) for
a more thorough explanation of the parameters necessary to
compute the ensuing muscle forces. These include the pas-
sive muscle and tendon strain due to the maximum isomet-
ric muscle force FOM , the active and passive shape factors,
the force-velocity shape factor, and the maximum normal-
ized lengthening force. Changing these parameters affect the
force exerted by the muscles in different ways and would be
an interesting avenue of further study.

2.3 Determination of muscle parameters

Even with Zajac and Hill’s notable work on producing a
simplified mathematical model of the musculotendon actua-
tors, one is still left with the task of determining the neces-
sary parameters (F OM , Eﬁ’l , o, and ZST) Unfortunately, these
parameters are non-trivial to estimate and prescribing their
values involves detailed anatomical studies, assumptions,
and estimation algorithms (Garner and Pandy 2003).
Physiological cross-sectional area (PCSA) is commonly

scaled as a good approximation to maximum isometric force
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Fig. 3 A Hill-type muscle (a) T

model used to represent the ¢

force-generating capacity of a ~— (T —|=—— M cos(a) ———— FT

musculotendon actuator. Here,
FM is the muscle force, FT is
the tendon force, « is the muscle
fiber pennation angle, £ is the
tendon length, M is the muscle
fiber length, £M7 is the length of
the musculotendon actuator, a is
the muscle activation level, k£
is the passive shape factor, and

kT is the tendon stiffness. a The (b) .67 — Total for a = 1.0 (T) (©) 167 — Total fora = 1.0 (T)

mechanical model. b A — Active (A)
- - Passive (P)

normalized muscle force-length

curve. ¢ A normalized

force-length curve based on the

modifications made by Thelen F_ﬁ
(2003). The images are E;
reproduced from a, b Delp et al.

(1990), and ¢ Thelen (2003)

— Active (A)
- - Passive (P)

M
T
o

F (f"l . In their extensive anatomical studies of the spine,
Bogduk (1980, 2005); Bogduk et al. (1992a) and Macintosh
and Bogduk (1987, 1991) determine PCSA by dividing mus-
cle volume by muscle fascicle length:

Vol
PCSA = EO L (1)

mf

Others such as Han et al. (1992) and Hultman et al. (1993)
use a series of computed tomography scans to produce an
estimate of the PCSA.

Due to different methods and varying subject ages,
reported values of PCSA for the lumbar musculature are
inconsistent. In addition, some anatomical studies only
focused on particular muscle groups, while ignoring oth-
ers. Therefore, data for the lumbar musculature were gath-
ered from several sources (Bogduk et al. 1992a; Delp et al.
2001; Phillips et al. 2008; Rosatelli et al. 2008; Stokes and
Gardner-Morse 1999), as opposed to a cohesive set of sub-
jects. Piecing together data from several dissection studies
is not ideal (Arnold et al. 2010). Hence, in order to increase
accuracy and consistency, the data for muscle groups were
normalized against the erector spinae and compared with the
data presented by Marras et al. (2001). Our motivation for
using the ES muscle group to normalize the other muscle
groups was driven by the fact that it was both the largest
muscle group and that there were more data on this muscle
group than any of the others.

Table 2 gives a summary of a comparison of PCSA for
the muscle groups, where the data presented by our model is
summed over all the fascicles within that group.
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The relationship which scales PCSA to maximum isomet-
ric force is

FM = K x PCSA. )

However, the estimation of the force coefficient K, com-
monly referred to as the specific tension, has reported values
ranging from 34 to 100 N/cm? (Farfan 1973; Weis-Fogh and
Alexander 1977; Bogduk et al. 1992a; El-Rich et al. 2004;
Arnold et al. 2010; Ikai and Fukunaga 1968; van Dieén and
Kingma 1999; Schultz and Andersson 1981). Recent models
(Vasavada et al. 1998; Hansen et al. 2006; Arnold et al. 2010)
have utilized values of K in the range of 35-61N/cm?. In
the interest of consistency with our extensive use of Bogduk
and Macintosh’s muscle data, a K value of 46N/cm? was
employed.

We utilized the pennation angles of the ES, QL, and RA
as reported in Delp et al. (2001) for our model under the
assumption that the pennation angle for a muscle group
is fairly consistent among all fascicles in that group. Pen-
nation data for the psoas were obtained from the detailed
descriptions by Ward et al. (2009a) and Arnold et al. (2010).
The pennation angle of the lumbar MF was assumed to
be zero based on a study of the cervical MF by Ander-
son et al. (2005) and descriptions of the muscle geome-
try in Macintosh and Bogduk (1986); Rosatelli et al. (2008)
and Ward et al. (2009c¢,b). Likewise, the pennation angle for
the LD was also taken to be negligible as a consequence of
insufficient information.

Muscle fiber length was determined based on a ratio of
musculotendon length: £/ /¢MT (see Table 1). Optimal fiber
length (Z,’J"’ ) is assumed to scale with optimal sarcomere
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Table 1 Muscle modeling parameters: PCSA (mm?), maximum isometric force FDM (N), a ratio of the muscle fiber length to the musculotendon

length ¢/ /¢MT, sarcomere length £5 (jum), optimal fiber length £ (m), pennation angle « (degrees), and tendon slack length £7 (m)
0 S

Muscle Name PCSA FM of jeMt A o o ef
Psoas [B-Ps] est. [G] (W] [Ar]
Ps_L1_VB 211 97 0.800 3.11 0.1841 10.7 0.0647
Ps_L1_TP 61 28 0.800 3.11 0.1818 10.7 0.0639
Ps_L2_TP 211 97 0.800 3.11 0.1597 10.7 0.0561
Ps_L3_TP 101 46 0.800 3.11 0.1394 10.7 0.0490
Ps_L4_TP 161 74 0.800 3.11 0.1195 10.7 0.0420
Ps_L5_TP 173 80 0.800 3.11 0.1034 10.7 0.0363
Ps_L5_VB 191 88 0.800 3.11 0.0903 10.7 0.0317
Ps_L1_L2_IVD 120 55 0.800 3.11 0.1660 10.7 0.0583
Ps_L2_L3_IVD 119 55 0.800 3.11 0.1440 10.7 0.0506
Ps_L3_L4_IVD 36 17 0.800 3.11 0.1235 10.7 0.0434
Ps_L4_L5_IVD 79 36 0.800 3.11 0.0998 10.7 0.0351
RA (S] (D] (D] (D]
rect_abd 567 261 0.788 2.83 0.2986 0 0.0810
ES (B1] (D], M] (D] (D]
ILpL? IL_L4 189 87 0.274 2.37 0.0167 13.8 0.0354
IL_L3 182 84 0.274 2.37 0.0252 13.8 0.0533
IL_L2 154 71 0.274 2.37 0.0373 13.8 0.0789
IL_LI1 108 50 0.274 2.37 0.0514 13.8 0.1089
ILpT“ IL_RS 23 11 0.381 2.37 0.1546 13.8 0.2165
IL_R6 31 14 0.417 2.37 0.1483 13.8 0.1793
IL_R7 39 18 0.452 2.37 0.1459 13.8 0.1536
IL_R8 34 16 0.462 2.37 0.1293 13.8 0.1308
IL_R9 50 23 0.600 2.37 0.1424 13.8 0.0838
IL_R10 100 46 0.600 2.37 0.1175 13.8 0.0692
IL_RI1 123 57 0.640 2.37 0.1011 13.8 0.0506
IL_RI2 147 68 0.640 2.37 0.0731 13.8 0.0366
LTpT* LTpT_TI 29 13 0.260 2.31 0.1028 12.6 0.2430
LTpT_T2 57 26 0.257 2.31 0.1061 12.6 0.2550
LTpT_T3 56 26 0.257 2.31 0.1067 12.6 0.2565
LTpT_T4 23 10 0.257 2.31 0.1068 12.6 0.2566
LTpT_T5 22 10 0.257 2.31 0.1008 12.6 0.2421
LTpT_T6 32 15 0.267 2.31 0.1031 12.6 0.2360
LTpT_T7 39 18 0.306 2.31 0.1183 12.6 0.2236
LTpT_T8 63 29 0.346 2.31 0.1261 12.6 0.1997
LTpT_T9 73 34 0.330 2.31 0.1244 12.6 0.2108
LTpT_T10 80 37 0.330 2.31 0.1123 12.6 0.1716
LTpT_T11 84 38 0.330 2.31 0.0980 12.6 0.1494
LTpT_T12 69 32 0.330 2.31 0.0780 12.6 0.1189
LTpT_R4 23 10 0.330 2.31 0.1355 12.6 0.2065
LTpT_R5 22 10 0.330 2.31 0.1270 12.6 0.1936
LTpT_R6 32 15 0.353 2.31 0.1357 12.6 0.1847
LTpT_R7 39 18 0.333 2.31 0.1295 12.6 0.1942
LTpT_RS 63 29 0.290 231 0.1061 12.6 0.1984
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Table 1 Continued

Muscle Name PCSA EM of jeMT A o o 128
LTpT_R9Y 73 34 0.254 231 0.0915 12.6 0.2080
LTpT_R10 80 37 0.327 231 0.1072 12.6 0.1657
LTpT_R11 84 38 0.370 2.31 0.1045 12.6 0.1313
LTpT_R12 69 32 0.300 2.31 0.0633 12.6 (0.073)° 0.1230

LTpL® LTpL_LI 79 36 0.419 2.31 0.0813 12.6 0.0944
LTpL_L2 91 42 0.433 2.31 0.0677 12.6 0.0744
LTpL_L3 103 47 0.436 2.31 0.0549 12.6 0.0596
LTpL_L4 110 51 0.438 2.31 0.0392 12.6 0.0424
LTpL_L5 116 53 1.000 2.31 0.0515 12.6 0.0019

QL [P] [D] [D] (D]
QL_post_L.1-L3 40 18 0.505 2.38 0.0384 7.4 0.0322
QL_post_I.2-L4 53 24 0.505 2.38 0.0222 7.4 (0.0306)° 0.0186
QL_post_1.2-L3 31 14 0.505 2.38 0.0502 7.4 0.0421
QL_post_I.2-1.2 19 9 0.505 2.38 0.0348 7.4 0.0191
QL_post_1.3-L1 28 13 0.505 2.38 0.0856 7.4 0.0445
QL_post_L.3-L.2 30 14 0.505 2.38 0.0504 7.4 0.0423
QL_post_1.3-L3 50 23 0.505 2.38 0.0361 7.4 0.0303
QL_mid_L3-12.3 13 6 0.624 2.38 0.0546 7.4 0.0284
QL_mid_L3-12.2 14 7 0.624 2.38 0.0579 7.4 0.0301
QL_mid_L3-12.1 24 11 0.624 2.38 0.0631 7.4 0.0328
QL_mid_L2-12.1 20 9 0.624 2.38 0.0408 7.4 0.0212
QL_mid_L4-12.3 12 5 0.624 2.38 0.0729 7.4 0.0379
QL_ant_I.2-T12 15 7 0.624 2.38 0.1045 7.4 0.0543
QL_ant_L.3-T12 29 13 0.624 2.38 0.1033 7.4 0.0537
QL_ant_1.2-12.1 10 5 0.624 2.38 0.0999 7.4 0.0519
QL_ant_1.3-12.1 19 9 0.624 2.38 0.0987 7.4 0.0512
QL_ant_1.3-12.2 13 6 0.624 2.38 0.0929 7.4 0.0482
QL_ant_1.3-12.3 15 7 0.624 2.38 0.0869 7.4 0.0451

MF [B1] [R] [W-MF] [An]

MF_mls 40 18 0.661 2.27 0.0468 0 0.0195
MF_mlt.1 42 19 0.730 2.27 0.0752 0 0.0225
MF_mit.2 36 17 0.730 2.27 0.0943 0 0.0283
MF_mlt.3 60 28 0.730 2.27 0.1030 0 0.0309
MF_m2s 39 18 0.677 2.27 0.0454 0 0.0176
MF_m2t.1 39 18 0.727 2.27 0.0639 0 0.0194
MF_m2t.2 99 46 0.727 2.27 0.0809 0 0.0246
MF_m2t.3 99 46 0.727 2.27 0.0917 0 0.0279
MF_m3s 54 25 0.661 2.27 0.0397 0 0.0165
MF_m3t.1 52 24 0.709 2.27 0.1028 0 0.0342
MF_m3t.2 52 24 0.709 2.27 0.0854 0 0.0284
MF_m3t.3 52 24 0.709 2.27 0.0854 0 0.0284
MF_mds 47 21 0.562 2.27 0.0372 0 0.0235
MF_mét.1 47 21 0.667 2.27 0.0548 0 0.0222
MF_mét.2 47 21 0.667 2.27 0.0734 0 0.0297
MF_m4t.3 47 21 0.667 2.27 0.0848 0 0.0344
MF_m5s 23 10 0.562 2.27 0.0147 0 0.0093
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Table 1 Continued

Muscle Name PCSA FM of eMT A o o 12

MF [B1] [R] [W-MF] [An]
MF_m5t.1 23 10 0.667 2.27 0.0759 0 0.0308
MF_m5t.2 23 10 0.667 2.27 0.0568 0 0.0230
MF_m5t.3 23 10 0.667 2.27 0.0175 0 0.0071
MF_m1.laminar 19 9 0.681 2.27 0.0313 0 0.0119
MF_m?2.laminar 22 10 0.681 2.27 0.0269 0 0.0102
MF_m3.laminar 23 11 0.681 2.27 0.0262 0 0.0099
MF_m4.laminar 17 8 0.681 2.27 0.0286 0 0.0109
MF_mS5.laminar 36 17 0.681 2.27 0.0256 0 0.0097

EO (S] est. [G] [D] [D]
EOI 196 90 0.389 2.83 0.0359 0 0.0570
EO2 232 107 0.410 2.83 0.0379 0 0.0552
EO3 243 112 0.455 2.83 0.0384 0 0.0466
EO4 234 108 0.470 2.83 0.0393 0 0.0448
EO5 273 126 0.480 2.83 0.0471 0 0.0515
EO6 397 183 0.500 2.83 0.0565 0 0.0571

10 [S] est. [G] [D] [D]
101 185 85 0.400 2.83 0.0422 0 0.0640
102 224 103 0.400 2.83 0.0435 0 0.0659
103 226 104 0.400 2.83 0.0517 0 0.0783
104 268 123 0.600 2.83 0.0697 0 0.0470
105 235 108 0.600 2.83 0.0568 0 0.0383
106 207 95 0.600 2.83 0.0544 0 0.0367

LD (B-LD] est. [B-LD]
LD_LI 90 41 0.790 2.3 0.3161 0 0.0692
LD_L2 90 41 0.790 2.3 0.3383 0 0.0741
LD_L3 110 51 0.790 2.3 0.3551 0 0.0778
LD_L4 110 51 0.790 2.3 0.3719 0 0.0815
LD_L5 110 51 0.800 2.3 0.3902 0 0.0801
LD_T7 40 18 0.800 2.3 0.2238 0 0.0460
LD_T8 40 18 0.800 2.3 0.2325 0 0.0477
LD_T9 40 18 0.840 2.3 0.2570 0 0.0402
LD_T10 60 28 0.840 2.3 0.2797 0 0.0438
LD_T11 60 28 0.800 2.3 0.2848 0 0.0585
LD_T12 50 23 0.800 2.3 0.3032 0 0.0623
LD_R11 60 28 0.800 2.3 0.2407 0 0.0494
LD_RI12 40 18 0.800 2.3 0.2445 0 0.0502
LD_Il 70 32 0.950 2.3 0.4321 0 0.0187

The source of this data is given at the top of each muscle column

est. implies these data were not explicitly given, but it was determined graphically or by description

a Data for £/ /¢MT estimated graphically from Fig. 2 (ILpT), Fig. 6 (LTpT), and Fig. 8 (LTpL) of [M]

® Value should be close to 1 based on Fig. 4 of [M], but using this value causes the model to produce muscle force patterns that are inaccurate

¢ ¢T value should assume the value given in parenthesis, but doing this causes the model to produce muscle force patterns that are inaccurate
Key: [Ar]: Arnold et al. (2010), [An]: Anderson et al. (2005) [B1]: Bogduk et al. (1992a), [B-LD]: Bogduk et al. (1998), [B-Ps]: Bogduk et al.
(1992b), [D]: Delp et al. (2001), [G]: Gray (1980), [M]: Macintosh and Bogduk (1987), [P]: Phillips et al. (2008), [R]: Rosatelli et al. (2008), [S]:
Stokes and Gardner-Morse (1999), [W]: Ward et al. (2009a), and [W-MF]: Ward et al. (2009b)
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Table 2 Comparison of

previously reported PCSA Muscle group Our model [M] [D] [A] [McG]
(mmz) values in lumbar spine Mean age & Sex n/a 26, M 67,M&F n/a n/a, M
models

QL 434 526 120 313

RA 567 905 260 567

LD 970 2,174

MD 1,058 765
Only data for one side are 10 1,345 1.026 1,345 1,950
shown (Key: [M]): Marras et al.
(2001), [D]: Delp et al. (2001), ~ EO 1,575 1,006 1,575 1,600
[A]: Arjmand and Shirazi-Adl Psoas 1,463 1,949 1,374 850
(2006), and [McG]: McGill ES 2,788 2,595 1,000 3,002
(1996). The data from Marras
et al. (2001) are taken from the LT 1,608 590 1,709
right side of male subjects IL 1,180 410 1,293
length in the following manner tendon slack length can also be thought of as the length of

s the tendon when the muscle is in the neutral position.
L

M =M 0 (3)

E_Sv

where £ g is the optimal sarcomere length of the animal being
studied, £3 is the measured resting sarcomere length, and ¢¥
is the resting muscle fiber length. We utilized an optimal
sarcomere length of 2.8 wm in line with reported optimal
sarcomere lengths in humans in the range of 2.7 to 2.8 um
(Walker and Schrodt 1974; Lieber et al. 1994). The resting
sarcomere lengths for the erector spine, quadratus lumborum,
and rectus abdominis muscles were based on values reported
by Delp et al. (2001). Recent extensive studies on the mul-
tifidus and psoas major (Ward et al. 2009a,b,c) were used
to determine the sarcomere length and fiber lengths of these
groups. As there was no such data for the latissimus dorsi
group, we approximated the value by taking an average of
the back muscles to get a resting sarcomere length of 2.3 pm.
Our model assumes the resting sarcomere length of a muscle
group is also consistent among all its fascicles.

Due to a tendon’s relatively high stiffness (about
180N/mm) (Lichtwark and Wilson 2008), fiber force is
highly sensitive to the accuracy of the data used, and sev-
eral estimation algorithms have been developed to determine
tendon slack length (Manal and Buchanan 2004; Lee et al.
2008). However, since sufficient data do not exist in the lit-
erature on the tendon slack lengths of all the fascicles of the
lumbar musculature, they were estimated by generalizing the
relationship between muscle length and tendon slack length,

05~ MT — M cos(a), 4)

where « is the muscle fiber’s pennation angle and ¢ 7 and
£M are musculotendon length and known muscle fiber length,
respectively, in the neutral position. Note that, as this approx-
imation employs the resting muscle fiber length £¥, the
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3 Joint kinematics

The joints connecting the lumbar bodies are each modeled as
a six degree-of-freedom custom joint. As is standard practice
in dynamics, it is convenient to define a set of coordinates
{q1,q2, - .., q30} to describe the degrees of freedom. Fol-
lowing Vasavada et al. (1998), we then impose 27 integrable
constraints of the form

g9k = fk (q1.92,93), (K =4,...,30), &)

to reduce the model of the lumbar spine to a three degree-
of-freedom system. In particular, g1, g2, and g3 parameter-
ize the flexion—extension, axial rotation, and lateral bending
respectively, of the rotation of the thoracic spine segment 77
relative to the sacrum Sj.

In agreement with White and Panjabi (1978b), we have
assumed that the motion of each of the lumbar vertebrae is
assumed to be linear functions of the coordinate of interest,
namely flexion—extension, axial rotation, and lateral bending.
That is,

y =kx, (6)

where x is one of the three degrees of freedom, y is the related
vertebral coordinate, and k is the slope of the function. For
example, if x represents the total lateral bending motion of
the spine, and y is the lateral bending at the £4/Ls joint, then
the slope & is 0.1812 (cf. Table 3).

The values used to determine the amount of flexion—
extension motion were taken from Wong et al. (2006), while
data from Rozumalski et al. (2008) were utilized for lateral
bending motion. However, these data were normalized to 25°
in accordance with the ROM of the lumbar spine in lateral
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Table 3 Slope, k defining the

linear relationship between net Body Flexion extension [W] Lateral bending [R] Axial Rotation [F]
lumbar motion and motion atthe ., 0255 0.188 0.0288889
individual vertebrae

Lo 0.231 0.25 0.0311111

L3 0.204 0.2452 0.037778

Ly 0.185 0.1812 0.037778
Key: [F]: Fujii et al. 2007), [R]: £ 0.125 0.1356 0.0355556

Rozumalski et al. (2008), [W]:

Wong et al. (2006) ROM

(=70°1t020°)

(—25°t025°) (—45°1045°)

bending as mentioned in the study by Troke et al. (2001).
Axial rotation motion of the model was based on data pre-
sented in Fujii et al. (2007).! Table 3 summarizes the slope
values used for each of the five lumbar levels.

4 Musculoskeletal model results

In order to build the model, we began with a generic represen-
tation of the torso and lower extremity created by Delp et al.
(1990) and modified by Arnold et al. (2010) using digitized
bone geometry from a male subject with a height of 170cm.
The 5 lumbar vertebra were then each individually translated
and rotated to match the correct spinal posture. The lumbar
lordosis was subsequently compared with data presented in
Cholewicki et al. (1996) and Meakin et al. (2008) to ensure
accuracy. The vertebral geometries were correlated with the
anatomical studies by Gilad and Nissan (1986), Nissan and
Gilad (1986), and those of Panjabi et al. (1992), and the inter-
vertebral heights adjusted according to the ratio of vertebral
height and disc height. That is, we took the given 3D bone
geometry from the existing lumbar spine bone geometry file
in OpenSim, placed point markers on particular anatomi-
cal locations (e.g., top front point, bottom front point), and
then used these markers to get values for the front vertebral
heights and rear vertebral heights of each lumbar vertebrae.
Then, using the ratio of vertebral height to disc height given
in the literature, we estimated the intervertebral disc height.

The locations of the instantaneous axis of rotation (IAR)
of each of the five joints were taken from the kinematic
radiographic study by Pearcy and Bogduk (1988) of sub-
jects engaging in flexion and extension movement from the
upright position. Figure 4 shows the IAR location of each of
the five joints and was set to the mean of the IAR location
of the ten individuals as depicted in Fig. 9 of (Pearcy and
Bogduk 1988).

1 Cf. text on pages 1869 and 1890 of the results section of Fujii et al.
(2007).

Fig. 4 Locations of the instantaneous axis of rotation denoted by e for
the 5 lumbar intervertebral joints based on the mean values reported by
Pearcy and Bogduk (1988)

The masses and moments of inertia of each vertebral body
were determined from the extensive examinations by Pearsall
et al. (1994, 1996) and presented in Table 42

The muscle architecture as described in Sect. 2.1 was
modeled based on anatomic bone locations (Bogduk 2005).
Figure 5 depicts the musculoskeletal model of the lumbar
spine detailed here in the neutral posture (a) and flexed by
50° (b).

4.1 Moment arms during flexion—extension

The tendency of a muscle to rotate a bone about a joint is
described by the moment arm of the muscle. The moment

2 The moments of inertia were altered slightly to satisfy the inequality
constraint [;; + Ij; > Ik, i # j #k #i
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Table 4 Mass and inertia estimates for the trunk as determined by Pearsall et al. (1996) (coordinates have been altered to correspond with the

coordinate convention used in the OpenSim model)

Level Mass (g) Trunk mass (%) Body mass (%) Ly Iyy (kg cm?) I,
Upper trunk 13,149 44.6 18.5 1,650.0 1,500.0 1250.0
L 1,677 5.7 2.4 111.3 175.3 64
Lo 1,689 5.7 2.4 109.1 168.2 59.1
L3 1,670 5.7 2.3 106.6 160.8 55.1
Ly 1,799 6.2 2.6 112.3 164.3 52.0
Ls 1,824 6.3 2.6 121.9 176.5 54.6
Pelvis & Sacrum* 7,486 25.6 10.7 750.0 800.0 300.0

* These numbers represent the total of the pelvis/sacrum values. For simplicity, the model assumes that the sacrum is welded to the pelvis, and only

the sacrum S; has non-zero mass and moment of inertia properties

Fig. 5 A detailed musculoskeletal model of the lumbar spine consist-
ing of 238 muscle fascicles, 13 rigid bodies, and 5 intervertebral joints
in the a Neutral posture and b 50° flexion position

arm is a useful parameter to study as it both defines the func-
tion of a muscle about a joint and provides a straightforward
metric for validating the accuracy of muscle paths used in a
given musculoskeletal model (Pandy 1999).

Numerically, it is common to define the moment arm of
a muscle about the ith-generalized coordinate as the nega-
tive of the change in effective length of the musculotendon
actuator system £ with respect to the change in the ith-

effec
generalized coordinate g;,

pi = ——agé‘/[ffgc. 7
9q;
Here, the effective length of the musculotendon actuator sys-
tem is defined as the length of the portion of the muscle that
spans the joint of interest. That is, if two bodies A and B
of a given musculoskeletal model have attachment points P;
through P,,_; on body A and P, through P, on body B, with
the line connecting point P, to P,_; spanning the joint of
interest, the moment arm of the muscle depends only on the
change in the effective muscle length, ||rp;;—1 — rpy, || (cf.
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MT
effec

\ N Muscle

Fig. 6 The points P, Q, R, and S define the muscle path of the muscle
shown with the points P and Q fixed in body A while the points R and
S are fixed in body B. The effective length of the muscle ngfgc is equal
to the length of the line joining the points Q and R in the diagram. The
figure also depicts the generalized coordinates g1, g2, and g3 used to
compute the moment arms of the muscle as defined by Eq. (7)

Figure 6 for the case n = 4). Equation (7) corresponds to
Eq. (4) of Pandy (1999), Eq. (3) of Erdemir et al. (2007), and
is the method utilized in OpenSim to determine the moment
arms (Delp and Loan 1995).

Figure 7 presents a plot of the mean and standard deviation
boundaries of the moment arms of the seven relevant muscle
groups about the £5/S; joint for motion ranging from 20°
flexion to 20° extension (corresponding to 2.5° degrees of
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Fig. 7 The moment arms for (a) (b)
the primary lumbar muscle — B . 6 LTpT
groups about the £5/S; joint g 5 ILpT g 5
during flexion—extension motion ~ ~
of the lumbar spine. The lines E 4 é 4
represent the mean of all < 3 T < 3
fascicles within that muscle = 5 p=
group and the shaded region E GE) 2
represents =1 standard deviation S 1 S 1
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flexion and extension at the £5/S joint, as can be seen from
Table 3). Only the muscles fascicles crossing the £5/S; joint
were included in the calculation in line with Eq. (7). For this
reason, the moment arm of the LD muscle group is not shown.

We found that the moment arms of the iliocostalis lum-
borum pars thoracis muscle group decreased with extension,
while those of the longissimus thoracis pars thoracis muscle
group remained constant throughout the range of motion. In
the interest of brevity, we elected to represent the moment
arms of the iliocostalis lumborum pars lumborum and lon-
gissimus thoracis pars lumborum muscle groups using a sin-
gle curve as the moment arms of these two muscle groups
were similar for the range of motion analyzed (cf. Fig.7¢).
Overall, the moment arms of the erector spinae muscle groups
agree quantitatively with the anatomic measurements pro-
vided in Bogduk et al. (1992a), Macintosh et al. (1993) and
Jorgensen et al. (2003), while the moment arms of the mul-
tifidus muscle group about the £5/S; joint (Fig. 7d) concur
with those given in Macintosh et al. (1993). Similar quan-
titative agreements were found for the moment arms of the
rectus abdominis, the obliques, the psoas, and the quadratus

lumborum muscle groups with the moment arms reported in
Jorgensen et al. (2001) and Phillips et al. (2008). The small
moment arms of the internal and external obliques, the psoas,
as well as the quadratus lumborum muscle groups are as
expected since these muscle groups exert little influence as
flexors of the lumbar spine (Bogduk 2005).

From Eq. 7, it is apparent that negative moment arms occur
when the change in effective muscle length and change in
joint rotation are both of the same sign. Hence, the negative
values for the abdominal and psoas muscle groups (Fig. 7e, f)
indicate that these two muscles are flexors rather than an ex-
tensors. We took the absolute value of these muscles for com-
parison with previous anatomical studies as these determined
the moment arms via direct measurements of the muscles to
predefined points of rotation.

It is illustrative to point out that the moment arms of
the individual muscle fascicles of a given muscle group
may not always follow the same pattern nor have the same
magnitude. For example, the moment arm of the deep MF
muscle that goes from the £4 vertebra to S| (MF_m4.lam-
inar) decreases while the deep MF muscle from Ls to S
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MF_m4t.3
44 MF_m4t.2
-4 NFEmdt1
g MF.mb5t.1
S
3.8
= MF_mb5t.2
= MF-m5t.3
< 3.5
g 7 MF_md4s
[}
% 3.2
E MF_mb5s
29 MF_mb5.laminar
MF_m4.laminar
2.6
[T 2 -1 0 1 2
Extension  £5/81 Angle (degrees) Flesion

Fig. 8 The moment arms of the individual muscle fascicles of the mul-
tifidus muscle group about the £5/S; joint during flexion—extension
motion of the lumbar spine. Only those muscle fascicles crossing the
joint are depicted. Our notation follows the convention used by Bogduk
et al. (1992a), Macintosh et al. (1993) where mKs indicate the fas-
cicles from Lk that arise from the shaft of the spinous process and
mKt.1,mKt.2, and mKt.3 correspond to the three fascicles from the tip
of the Lk spinous process. The m4.laminar and m5.laminar fascicles,
on the other hand, correspond to the deep multifidus fascicles spanning
from L4 to S and from L5 to Sy, respectively

body (MF_mS5.laminar), as well as the superficial fibers
arising from the £4 spinous process (MF_m4s, MF_m4t.1,
MF_m4t.2, and MF_m4t.3), all increases as the spine is
flexed (cf. Figure 8).

5 Discussion and conclusions

In this paper, we have presented a novel lumbar spine model
using OpenSim, an open-source musculoskeletal simulation
software. This lumbar spine model is currently, to the best
of our knowledge, the most physiologically detailed non-
commercial musculoskeletal model available. It is primarily
intended as an analytic tool for researchers to analyze spinal
kinematics in the hopes of further improving our under-
standing of the pathology behind, and potential remedies for,
chronic lower back pain.

It has been shown that specific muscular activation pat-
terns are necessary to maintain spinal stability (Brown et al.
2006; Cholewicki et al. 2000; El-Rich et al. 2004). This
model is an ideal starting point for studying the hypothesis
that lower back pain is a consequence of joint degeneration in
combination with altered muscle activation patterns. In par-
ticular, this model is well suited to study the phenomena of
antagonistic muscle co-activation during lifting and the con-
comitant effects on spinal stability. Electromyographic data
from subjects asked to perform kinematic tasks that require
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proprioceptive feedback (Moseley et al. 2003; Brown and
McGill 2009) could serve as input with the ensuing kine-
matics studied and compared with those obtained from sub-
jects with lower back pain to identify possible sources of
treatment.

While the model can be used to analyze tasks such as the
effect of lifting technique, posture, and muscle imbalance
on the joint reaction loads and muscle recruitment strat-
egy, motions that are governed by the central nervous sys-
tem (e.g., reflex-type motions) can only be simulated by the
model if the user specifies the associated muscle activation
patterns produced under those conditions. It is hoped that the
existence of our model will spur the formation of a publicly
available database containing the relevant muscle activation
patterns that can be accessed and modified by the com-
munity of researchers interested in analyzing lumbar spine
kinematics.

Despite the complexity of the model, there are still a
number of improvements that need to be incorporated.
For example, coupled motion was not included in our
model despite data showing that lateral bending and axial
rotation are usually accompanied by motion in the other
two degrees-of-freedom (White and Panjabi 1978a; Pearcy
and Tibrewal 1984; Ochia et al. 2006; Fujii et al. 2007,
Kozanek et al. 2009; Li et al. 2009). This was because the
ensuing change in the results was not significant enough
to justify the increase in computational cost as a result
of the increase in the model’s complexity. The incorpo-
ration of a stiffness matrix to model the intervertebral
joint kinematics (Metzger et al. 2010; Panjabi et al. 1976;
Stokes et al. 2002; O’Reilly et al. 2009) would overcome
this in an analytically and numerically tractable manner.
Aside from allowing for coupled motion, the stiffness
matrix representation of the joint would also permit a
more transparent relationship between the joint displace-
ments and rotations and the accompanying forces and
moments.

Needless to say, it is encouraging to note that a number of
musculoskeletal models of the spine that employ 6 degree-
of-freedom bushing elements—akin to a diagonal stiffness
matrix—to model the intervertebral joint have recently been
developed (Huynh et al. 2010; Monteiro et al. 2011), but
none of these allow for the more complex off-diagonal load-
displacement coupling evidenced in the joint. We are in the
process of improving upon this functionality in OpenSim and
plan to employ this stiffness matrix in a future model in lieu
of constraint functions.

However, the effects of the other passive structures in the
lumbar spine, such as the ligaments and facet joints on con-
straining the lumbar motion, have not been included. These
passive structures are hypothesized to play a synergistic role
with the muscles in maintaining spinal stability (Granata
2006). While the ligament effects can be incorporated into the
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stiffness matrix formulation mentioned previously, the con-
straining effects of the facet forces are more involved due to
the geometry of (and forces in) the facet joints.

Our model also currently mimics the action of the abdom-
inal muscles using straight line muscle paths that may not
accurately replicate the action of intra-abdominal pressure
(IAP) on spinal kinematics. This biomechanically over-
simplifies the contribution of the abdominal wall to both
reducing spinal loading (Stokes et al. 2010) and increas-
ing lumbar stability (Cholewicki et al. 1999). Neverthe-
less, a more accurate representation of the IAP using, for
example, an elastic membranous pressure vessel (Daggfeldt
and Thorstensson 1997) or more realistic three-dimensional
curved muscle paths (Stokes et al. 2010) is beyond the current
scope of the OpenSim software. Limitations in the program
and a lack of data also meant that we were forced to model
the TAR as fixed in the body below it despite studies showing
that the location and orientation of the IAR differ depending
on the primary motion (White and Panjabi 1978a; Woltring
et al. 1985) and that the arc length pathways of the IAR are
longer in patients with lumbar segmental instability (Ahmadi
et al. 2009).

The wide inter-subject variation, for example, with respect
to lumbar curvature, muscle cross-sectional area, and mus-
cle strength necessarily means that the generality of the
model renders it unsuitable for a subject specific analy-
sis. Unfortunately, this is a problem common to all generic
musculoskeletal models. Nevertheless, one of the main
advantages of the model presented in this paper is its open-
source nature that naturally allows for further improvements
and modifications to be performed in a straightforward and
simple manner by other spinal researchers. The availability of
amodel such as ours in the public domain permits those inter-
ested in modeling the dynamics and kinematics of the lumbar
spine to do so with relative ease without having to construct a
model from the ground up. Furthermore, this allows for dif-
ferent research groups utilizing the model to compare their
results in a more transparent manner. Of particular benefit
with regard to the open-source nature of our model is the
ease with which our model can be integrated with existing
OpenSim models. For example, assimilating our model with
existing models of the limbs and other sections of the spine
(Delp et al. 1990; Vasavada et al. 1998; Holzbaur et al. 2005;
Crabtree and Higginson 2009; Ramsay et al. 2009; Arnold
et al. 2010; Xiao and Higginson 2010) will hopefully lead
to more accurate musculoskeletal models for the purposes
of improved analysis of specific physiological parameters of
interest.

Nonetheless, we caution that the results obtained using
the model are dependent on the validity of the input param-
eters used to construct the model and, in some cases, cannot
be validated due to the current lack of data in the literature.
This sentiment was also echoed in de Zee et al. (2003, 2007)

with regard to their commercial AnyBody model. However,
we are optimistic that the existence of lumbar musculoskel-
etal models such as ours will encourage lumbar research-
ers into providing the necessary experimental data in line
with the research conducted. Additionally, the open-source
nature of our model naturally lends itself to improvement by
the biomedical research community, such that the limitations
mentioned above may be addressed in a straightforward, col-
laborative manner.
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