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Background: Computational spine models of various types have been employed to understand spine function,
assess the risk that different activities pose to the spine, and evaluate techniques to prevent injury. The areas in
which these models are applied has expanded greatly, potentially beyond the appropriate scope of each, given
their capabilities. A comprehensive understanding of the components of these models provides insight into their
current capabilities and limitations.

Methods: The objective of this review was to provide a critical assessment of the different characteristics of model
elements employed across the spectrum of lumbar spine modeling and in newer combined methodologies to help
better evaluate existing studies and delineate areas for future research and refinement.

Findings: A total of 155 studies met selection criteria and were included in this review. Most current studies use
either highly detailed Finite Element models or simpler Musculoskeletal models driven with in vivo data. Many
models feature significant geometric or loading simplifications that limit their realism and validity. Frequently,
studies only create a single model and thus can’t account for the impact of subject variability. The lack of model
representation for certain subject cohorts leaves significant gaps in spine knowledge. Combining features from
both types of modeling could result in more accurate and predictive models.

Interpretation: Development of integrated models combining elements from different model types in a framework
that enables the evaluation of larger populations of subjects could address existing voids and enable more
realistic representation of the biomechanics of the lumbar spine.

1. Introduction

Computational modeling has become a common and valuable tool in
the study of the biomechanics of the spine. For more than 50 years,
computational models have been employed to understand general spine
function, assess the risk that different activities pose to the spine, eval-
uate different techniques and interventions to prevent injury, better
understand the function of spines altered by disease or age, evaluate the
impact of various surgical procedures, and even in the design and
assessment of new surgical instrumentation. Over such a long course of
development and research, modeling has become increasingly more
complex and detailed and has expanded to a large range of different use
cases. However, the majority of computational spine modeling has
evolved to the point where it can be classified into just two primary
categories. Musculoskeletal models have frequently been used for whole
body, sports, and industrial biomechanics research, while finite element
models are typically used in more detailed, clinically oriented research.
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Both model types are very useful and have their own unique capabilities,
but they both also have important limitations. In recent years, the use
case for each model type has expanded greatly, potentially beyond the
appropriate scope of each model given their capabilities. For example,
static finite element models have been used to evaluate lifting and other
dynamic work activities (Arjmand et al., 2012) while simplified rigid
body musculoskeletal models have been used in the clinical space to
evaluate surgical constructs (Benditz et al., 2018). The limitations
inherent in each model type make their implementation in these specific
use cases questionable. Furthermore, there are various other features of
both model types whose limitations could have significant impacts on
the results of these studies. In particular, the use of overly simplified
models as well as very small numbers of subject-specific models is
commonplace in the literature and likely results in study outcomes that
are not representative of much of the population. Combining the best
features from finite element and musculoskeletal modeling would most
likely address many existing limitations, but relatively few models of
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this type exist. While a number of articles have reviewed and compared
existing finite element (Dreischarf et al., 2014; Schmidt et al., 2012) and
musculoskeletal models (Dreischarf et al., 2016; Rajaee et al., 2015)
separately, to our knowledge, there have been no articles reviewing
aspects of both together or combined modeling methodologies in the
lumbar spine. Remus et al., 2021 provided a thorough introduction of
these types of models and their use in other areas like the knee or in
jaw-tongue-hyoid language simulations, but this is still relatively new in
the field of spine research. Therefore, the objective of this review was to
provide a critical assessment of the different characteristics of model
elements employed across the spectrum of lumbar spine modeling and in
newer combined methodologies to help better evaluate existing studies
and delineate areas for future research and refinement.

2. Methods
2.1. Literature search

This review was based on an electronic literature search utilizing
PubMed, Google Scholar, and Science Direct. The following keywords
were used to gather relevant articles: lumbar, spine, model, biome-
chanical, finite element, and musculoskeletal. Literature review articles
and the references for all included studies were also reviewed as a part of
the search.

2.2. Study selection

The resulting articles were screened based on their title and abstract,
and then the full text was evaluated to include in the review. Studies
focused on the cervical or thoracic spine, models that did not include at
least one full motion segment, cadaveric testing without associated
computational modeling, sports biomechanics, scoliosis or spinal
deformity, poroelastic modeling, spinal stability modeling, sudden
loading, or animal modeling were excluded along with any non-English
papers. Recognizing that more recent studies would feature increasingly
advanced models able to take advantage of improved computational
techniques and resources, the review was limited in scope to only arti-
cles published between 2011 and 2021. Only examining articles from
the last ten years helped filter out less relevant models. However, older
studies were frequently investigated to trace the evolution and compo-
sition of certain recent models.

2.3. Data extraction and evaluation

A series of different model characteristics were then recorded from
each of the articles found. Articles were first subdivided into one of three
categories based on Model Type: finite element modeling (FE), muscu-
loskeletal modeling (MS), or Combined FE-MS modeling which
employed elements of both FE and MS models. Next, they were cate-
gorized by Analysis Type into either static, dynamic, or quasi-static. The
source of information used for the model geometry was also identified.
This could include imaging data, literature databases, and various
combinations of sources. Those studies that employed some kind of
geometric simplification (enforced symmetry, level replication, etc.)
were further described as simplified. Vertebrae representation described
whether rigid or flexible elements were used to characterize each
vertebral body. Similarly, IVD representation described the various el-
ements used to represent the intervertebral discs. These included FE
discs, spherical joints (3DoF), bushing-type elements (6DoF), and beam
elements. A separate ligament representation was not included as these
are not present across all model types. Ligaments are almost entirely
absent from musculoskeletal models and are instead usually lumped in
with the disc representations. Facet joint geometric representation
described the sources of the facet surface geometry, simplifications
employed, or if the geometric representation was only used for visuali-
zation. Muscle representation described the methodology employed to

Clinical Biomechanics 100 (2022) 105816

represent loading from the lumbar musculature. And finally, the number
of unique geometric models in each study are listed.

3. Results
3.1. Search results

The original search produced 9878 articles. After filtering out arti-
cles based on the selection parameters identified, a total of 155 articles
were ultimately selected for this review. Fig. 1 describes the article
search and selection process. Tables 1 and 2 describe articles with FE
and MS models, respectively. Table 3 includes articles using Combined
FE-MS models. Many articles utilized the same or nearly similar models
with just minor differences in the experimental design or a different
research focus. These articles were combined in each table where
appropriate.

3.2. Model type

Finite element models were employed in 59 separate studies. Most of
these studies relied on custom models usually created in commercial FE
software packages. Musculoskeletal models were used in 82 studies.
Many of these studies relied on the open-source software OpenSim
(Simbios, California, USA) or the commercial software package
Anybody (AnyBody Technology, Aalborg, Denmark). Fourteen studies
utilized a Combined FE-MS model that employed FE and MS components
in some fashion. These used a variety of open-source and commercial
software packages along with custom models. Among the Combined FE-
MS models, there were three different types of models. Uncoupled
models (6 studies) used the results of one type of model as inputs for the
other type. Coupled models (4 studies) iterate back and forth between
the MS and FE models adjusting parameters to ensure spinal kinematics
or other measures match within some error threshold. Integrated models
combine elements from both MS and FE models in a single compre-
hensive computing environment instead of using parallel models. Only
four studies used models with the Integrated methodology.

(" Articles identified )
through initial key
word search
\ (n =9878) Y, Not in English and
nonhuman articles
excluded
( A (n=2374)
Titles screened
(n=7504)
\_ Y, (" Articles excluded )
based on title and
v selection parameters
4 ) . (n=2374) )
Abstracts screened
(n=1272)
\_ Y, (" Articles excluded )
based on abstract and
P N selection parameters
Full text articles N (n = 986) <
assessed for eligibility
(n =249) ) (" Articles excluded )
based on content
p N assessment
Full text articles ~ (n=94) J
included
(n=155)

Fig. 1. Flow chart illustrating article search and selection process.
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Table 1
Finite element (FE) model articles and associated model characteristics.
Reference Analysis Model Vertebrae VD Facet joint Muscle Number of unique
type geometry representation representation geometric representation geometric models in each
representation study
Ghezelbash et al., 2018, El Ouaaid
et al., 2018, Shahvarpour et al.,
2016, Ghezelbash et al., 2016a,
Ghezelbash et al., 2016b, El Ouaaid . . o L T
et al., 2016, Ghezelbash et al., Static CT-simplified Rigid Beam elements  — Optimization 19,1,12,1,4,1,1,4,1,1,1
2015, El Ouaaid et al., 2013a, El
Ouaaid et al., 2013b, Arjmand
et al., 2013, Arjmand et al., 2012
Bashkuev et al., 2020, Bashkuev . Parametric- Simplified Simulated in
tati FE FE 1 1
et al., 2018, Niemeyer et al., 2012 Static simplified geometry vitro testing 000, 1000, 500
Campbell et al., 2016, Campbell and Static cr FE FE cr Sfmulatecj.l in 1818
Petrella, 2015 vitro testing
Simulated i
Campbell and Petrella, 2016 Static SSM FE FE SSM imrated in 35
vitro testing
T-simplifi imul i
Sohn et al., 2018, Choi et al., 2013 Static CT-simplified  FE FE CT-simplified Simulated in 1,1
geometry vitro testing
Simulated i
Coombs et al., 2017 Static CT Rigid FE CT Tmu & e' n 1
vitro testing
Dreischarf et al., 2015, Schmidt et al., Literature
2012, Dreischarf et al., 2013, . . . . ot Simulated in
Dreischarf et al., 2012, Dreischarf Static CT-simplified FE FE Sl:;zl::d vitro testing LLLLI
etal, 2011 & ¥
Galbusera et al., 2011 Static CTsimplified  FE FE CT-simplified Simulated in
geometry vitro testing
Joukar et al., 2018 Static cT FE FE cT Simulated in 2
vitro testing
Seyed Vosoughi et al., 2019, Lindsey
et al., 2018, Oktenoglu et al., 2015,
Lind t al., 2015, Faizan et al. T-simplifi imul i
indsey etal, UL, Faizan etal, o gpie CT-simplified  FE FE CT-simplified Simulated in 1,1,1,1,1,1,1,1,1
2014, Erbulut et al., 2014, Agarwal geometry vitro testing
et al., 2013, Kiapour et al., 2012a,
Kiapour et al., 2012b
CT-simplified Simulated i
Kim et al., 2015, Kim et al., 2013 Static CT-simplified  FE FE Stmpriie jmiated i 1,1
geometry vitro testing
T-simplifi
Little and Adam, 2015 Static CT-simplified FE FE CT-simplified - 3
geometry
Lo et al., 2019, Chen and Shih, 2018
i ? ! ’ CT-simplified Simulated i
Chen et al., 2015; Shih etal,, 2012,  Static CT-simplified ~ FE FE eo::;pl € vi:;‘tae:ﬁnm 1,1,1,1,1,1
Lin et al., 2013, Liu et al., 2011 8 Y J
P tric- Simplified Simulated i
Meijer et al., 2011 Static 'ararr.uﬂ: ¢ Rigid FE tmprtie fmu 4 e. n Numerous
‘ simplified geometry vitro testing
Naserkhaki et al., 2018, Naserkhaki Simulated in
et al., 2016a, Naserkhaki et al., Static CT FE FE CT . ) 1,3,1
vitro testing
2016b
imul .
Natarajan et al., 2018 Static cT FE FE cT Simulated in 1
vitro testing
X-Ray- . o . i
Nikkhoo et al., 2020 Static parametric- FE FE Simplified Sfmulate('i mn 10
. . geometry vitro testing
simplified
Literature- Simulated in
Park et al., 2013 Static CT-simplified FE FE simplified . . 1
vitro testing
geometry
. . Simulated in
Sharabi et al., 2018 Static CT FE FE CT . . 1
vitro testing
. Simulated in
Song et al., 2014 Static CT FE FE CT . . 1
vitro testing
. . Simulated in
Weisse et al., 2012 Static CT FE FE CT . . 1
vitro testing
Ayturk and Puttlitz, 2011, Woldtvedt Static or FE FE cT S¥mulate<:1 in 11
et al.,, 2011 vitro testing
Zander et al., 2017 Static CT-simplified FE FE Simplified S¥mulate(.:l m 1
geometry vitro testing
CT-simplified Simulated i
Zhang and Zhu, 2019 Static cT FE FE Stmpriie jmiated 1
geometry vitro testing

3.3. Analysis type

Every FE model included in the review relied on a static analysis. The
MS and Combined FE-MS models used a mix of static, quasi-static, or
dynamic analyses. Oftentimes, the exact nature of the analysis was not
clearly defined in the articles. Studies often featured dynamic input data,

but it was not always clear as to whether the simulation and analysis was
truly dynamic, including the inertial impact of the body elements, or just
quasi-static, performing a static analysis at each individual time point.
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Table 2

Musculoskeletal (MS) model articles and associated model characteristics.
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Reference Analysis Model Vertebrae IVD Facet joint Muscle Number of unique geometric models in each study
type geometry representation  representation  geometric representation
representation
Abouhossein Literature
t al., 2013 Li - : imulated i
eral ? Dynamic 1 tera.tl.lre Rigid 6DoF simplified S%mu ateq n 1,1
Abouhossein simplified comet vitro testing
et al.,, 2011 8 v
Actis et al., 2018  Dynamic OpenSim Rigid 6DoF Visualization Optimization 15
Database only
Arshad et al.,
2018, Arshad
et al., 2017,
Arshad et al., . . s
2016, Zander ~ S2HG  Amybody g, 3DoF, 6DoF Viswalization (i iation 6,1,1,4,1,1
Dynamic  Database only
et al., 2015,
Han et al.,
2013, Han
et al., 2012
Bassani et al., . Anybody . Visualization o
2017 Dynamic Database Rigid 3DoF only Optimization 1
Bayoglu et al., . . .
- T- 1
2019, Bayoglu gz:iscl Sm lified Rigid 3DoF Z:lua zation Optimization 1,1
etal, 2017 P v
Beaucage- Visualization
Gauvreau Dynamic  OpenSim Rigid 3DoF onl Optimization 3
etal, 2019 v
Benditz et al., Quasi- Anybody ST
2018, Putzer static/ Database/ Rigid 3DoF Z:)Slu;i;zlznior? Optimization 31,5
et al.,, 2016 Dynamic Imaging y sing
Bruno et al., . OpenSim .. Visualization .
2015 Static Database Rigid 3DoF only Optimization 1
Cannon et al.,
2021, Beach
et al., 2019,
Gooyers et al.,
2018, McGill
t al., 2014, . Literature- .. Visualizati
eral, Dynamic oo Rigid 3DoF isuatization gy 18,20,32,14,21,9,4
Castanharo simplified only
et al., 2014,
McGill et al.,
2013, Ikeda
and McGill,
2012
Christophy et al., . OpenSim . Visualization .
D DoF 1
2012 ynamic o e Rigid 6Do only Optimization
Favier et al., . OpenSim/ L. Visualization S
2021 Static MRI Rigid 3DoF only Optimization 1
Li .
Guo et al., 2021 Dynamic silspl;zliitflitz Rigid 6DoF Simplified Optimization 1
Huynh et al., . Literatt .. Visualizati
L;}E)nlse a Dynamic d;;rlja:;e Rigid 3DoF 011151321 1zation Optimization 1
Ignasiak et al.,
2018, Ignasiak ST
ctal.2016a,  Dynamic AP g 3DoF/6DoF Visualization o . ation  1,1,1
. Database only
Ignasiak et al.,
2016b
Kim and Zhang, . OpenSi .. Visualizati N
‘ZIOI; ang Dynamic Dgf;t)al:; Rigid 6DoF orllsl;la 1zation Optimization 13
Koopman et al.,
2019, Kingma Literat
et al., 2016, Dynamic o€ pigid 3DoF - EMG 10,10,9
) simplified
Faber et al.,
2011
Kuai et al., 2017 Dynamic Anybody Rigid 3DoF Visualization - 33
Database only
Li and Chow,
2020a, Li and .
Chow, 2020b,  Dynamic Li‘;f“l’itf‘i"z' Rigid 3DoF - th?I:I ation 101010
Li and Chow, SmpHHe P atio
2018
Malakoutian
et al., 2016a, . OpenSim . Visualization N
! ’ D Rigid 6DoF Opt t] 1,1
Malakoutian YRAMIC  patabase 18! ° only prifmization ’
et al., 2016b
Dynamic  Anybody Rigid 3DoF Optimization 1

(continued on next page)
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Table 2 (continued)
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Reference Analysis Model Vertebrae IVD Facet joint Muscle Number of unique geometric models in each study
type geometry representation  representation  geometric representation
representation
Mirakhorlo Visualization
et al., 2014 only
Molinaro et al., Dynamic OpenSim Rigid 3DOF Visualization EMQ/ o 10
2020 only Optimization
Morl et al., 2020, Quasi- . . o
. Literature- .. Visualization .
Rupp et al., static/ simplified Rigid 6DoF only Optimization 1,1
2015 Dynamic
Nl;g;‘;rtc etal,  pnamie g:tyga‘z Rigid 3DoF Z:l‘ylahzatm Optimization 10
. . MRI- .
Ning et al., 2012 Dynamic i Rigid 3DoF - EMG 11
simplified
Park et al., 2020, . o
Park et al., Static X.-Ray.-. Rigid 3DoF Visualization Optimization 1,3
simplified only
2012
P‘l;(‘;l"f"" etk hamic zﬁgnﬁe 4 Risid 3DoF - EMG 12
Plamondon
et al., 2017, .
Plamondon Dynamic [iltera‘tl'lre- Rigid 3DoF - - 45,30,45
et al.,, 2014a, simplified
2014b
Raabe and
Chaudhari,
2018, Raabe Dynamic OpenSim Rigid 3DOF Visualization Optimization 8.1
and Database only
Chaudhari,
2016
Samadi and
Arjmand,
2018,
Hajihosseinali o
et al., 2015, Static cr- Rigid 3DoF - Optimization/ ;4
Mohammadi simplified EMG
et al., 2015,
Hajihosseinali
et al., 2014
OpenSim . o
Senteler et al., Dynamic Dz[:tabase/ Rigid 6DoF Visualization Optimization 81
2014 only
X-Ray
Senteler et al.,
2018, Senteler . . . L.
etal, 2017, Static/ - OpenSim bt 6DoF Visualization i iation 1,1,1
Dynamic  Database only
Senteler et al.,
2016
Wang et al., Quasi- OpenSim L. Visualization Simulated In
2020 static Database Rigid 6DoF only Vitro Testing !
Zhu et al., 2021,
Weston et al.,
2020a,
Weston et al.,
2020b,
Lavender
et al., 2020,
Picchiotti
et al., 2019,
Weston et al.,
2018a,
Weston et al.,
2018b,
Westonetal, — p o mic MRC Rigid 6DOF Visualization gy 12,30,10,14,10,62,12,62,12,12,20,16,10,20,10,10,12,12
2017, Hwang simplified only

et al.,, 2017,
Hwang et al.,
2016b, Le and
Marras, 2016,
Rose et al.,
2013, Dufour
et al., 2013,
Splittstoesser
etal., 2012, Le
et al.,, 2012,
Ferguson

et al., 2012,
Yang et al.,

(continued on next page)
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Table 2 (continued)
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Reference Analysis Model Vertebrae IVD Facet joint Muscle Number of unique geometric models in each study
type geometry representation  representation  geometric representation
representation
2011,
Ferguson
et al., 2011
Zwambag and . Literature- .. P
Brown, 2020 Dynamic simplified Rigid 3DoF - Optimization 10
Table 3
Combined FE-MS model articles and associated model characteristics.
Reference Analysis Model geometry Vertebrae IVD Facet joint Muscle Number of unique
type representation representation geometric representation geometric models in
representation each study
Li Li -simplifi imul. i
Dicko et al., 2015 Dynamic iterature Rigid FE iterature-simplified Sfmu atet.i in 1
database geometry vitro testing
Gagnon et al., 2018, Gagnon
et al., 2016, Gagnon et al., Dynamic CT-simplified FE Beam Visualization only EM(,;/, . 30,20,1
elements/FE Optimization
2011
. Quasi- OpenSim .. S
Honegger et al., 2021
onegger et al., 20 static database/CT Rigid 3DoF/FE CT Optimization 8
Khoddam-Khorasani et al., Beam Visualization only/
2020, Khoddam-Khorasani Static CT-simplified/CT Rigid clements, FE cr v Optimization 1,1,1
et al., 2018, Azari et al., 2018
Knapik et al., 2012 Dynamic CT/MRI Rigid FE CT EMG 1
OpenSim s e
Kumaran et al., 2021 Static database/CT- FE FE CT-simplified Optimization 1
s e geometry
simplified
. . . Anybody .. . . S
Liuetal., 2019, Liu et al., 2018  Static database Rigid/FE 3DoF/FE Simplified geometry ~ Optimization 1,1
Rajaee et al., 2021 Static CT Rigid FE CT Optimization 1
. Visible Human . s . .
Remus et al., 2021 g:;scl_ Project — Rigid FE Llet:;fettlre-mmphﬁed i;i:;ﬂ;t;?nm 1
simplified 8 v €

3.4. Model geometry

A wide variety of sources were used to create the spinal geometry of
the models. CT imaging was the most frequently used source for the FE
and Combined FE-MS models. In many cases the models featured sig-
nificant simplifications to the CT-derived geometry that was either
mentioned explicitly, referred to indirectly, or visually evident from
included model graphics. These simplifications frequently included
prescribed bilateral symmetry, reducing both image segmentation and
model development efforts. Vertebrae replication was also included in
some models. Here a single vertebral body model was replicated and
then scaled, translated, and rotated to represent other spinal levels to
reduce model development burden. In some cases, existing spine models
were simply scaled to grossly match one or more dimensions of a new
subject rather than creating a new subject-specific model. Surprisingly,
most studies included little to no information detailing the construction
process progressing from imaging data to a working model. The methods
employed (tracing by hand, thresholding, region-growing, etc.) and
specific segmentation parameters were usually absent. This obscures
further simplifications that may have occurred in the modeling process
and an assessment of the relative model characteristics. Existing litera-
ture geometric databases were used in both FE and MS models, but these
were often for simplified geometric representations or parametric
studies. Many of the MS studies relied on the spine geometry databases
included in the Anybody or OpenSim software packages. Models
generated from these databases were then often scaled to the test sub-
jects with simple anthropometry measures or using imaging data.
Overall, the MS models tended to have much simpler model geometry
than the FE or Combined FE-MS models.

3.5. Vertebrae representation

Given the large stiffness of the vertebrae relative to the surrounding
tissues, many of the MS and Combined FE-MS models, and even some FE
models, represented the vertebrae as rigid bodies. This configuration
reduces computational complexity and is often appropriate in non-
clinical use cases. The remaining models treated the vertebrae as flex-
ible bodies, usually including separate properties for the cancellous and
cortical portions of the bone.

3.6. Intervertebral disc representation

The representation of the intervertebral discs was one of the greatest
sources of variation between models. Three degree of freedom (3DoF) or
spherical joints were the simplest representation and were frequently
used in MS models as well as a few of the Uncoupled and Coupled
Combined FE-MS models. These joints allow rotation about each axis,
but no translation. Six degree of freedom (6DoF) joints or bushings are
more complex, allowing rotation and translation. In some cases, these
are represented by 6 x 6 stiffness matrices that include motion coupling.
More frequently, only the diagonal terms in the matrices are included.
Beam elements are more complex representations used in FE and
Combined FE-MS models. These represent the overall nonlinear load-
displacement response in each direction for each motion segment
(including intervertebral disc, facets, and ligaments), often using results
from previous detailed FE modeling. These offer an efficient method to
represent the highly complex response of the motion segment, but do not
allow for the investigation of the motion or loads in individual compo-
nents. The most advanced disc representations used finite element
modeling for each component of the disc (nucleus pulposus, annular
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fibers, and vertebral endplates). There was considerable variety in the
specific models and type of elements used for each component and in
each study. Furthermore, the material properties used for each of the
different types of disc representation varied from study to study. This
was a function of both the literature source selected for the material
properties and whether the IVD representation was an embodiment of
all the components of the entire motion segment, just the intervertebral
disc, or some combination of lumped and discrete elements.

3.7. Facet joint geometric representation

The facet joints are one of the most difficult elements to extract from
imaging data, given the close proximity of adjacent vertebrae. As a
result, they are frequently simplified in biomechanical models or
omitted altogether. Nearly all MS models do not include any kind of
facet joint representation other than just visualization. More than half of
the FE and Combined FE-MS models feature simplified facet joint ge-
ometry. In many cases, the facets are simply represented as parallel
planar surfaces with angles from the literature (Panjabi et al., 1993). In
others, much of the vertebrae geometry is created from imaging data,
while the facets are represented with a uniform gap between idealized
articulating surfaces. Only 14 FE models and 6 Combined FE-MS models
appear to feature facet surfaces extracted directly from imaging data,
usually CT. Unfortunately, specific details about the exact methods of
facet surface extraction were lacking from most studies and were often
difficult to discern from model graphics. Thus, some of these models
may in fact feature facets simplified in some respect.

3.8. Muscle representation

The lumbar musculature are responsible for the greatest proportion
of loading on the lumbar spine. Nearly all of the FE models and 2 of the
Combined FE-MS models did not include discrete musculature, but
instead simulated in vitro testing, presumably because many studies
referenced in vitro studies for validation or as a source of input data.
This representation typically included a static moment in one of the
cardinal planes along with a follower load applied along the curvature of
the spine in order to stiffen the spine and account for the weight of the
upper torso. The remaining Combined FE-MS models and nearly all the
MS models included some type of distinct representation of the lumbar
musculature. About half of these used electromyography (EMG) to
derive muscle forces, while the other half used some type of optimiza-
tion algorithm. The exact algorithms varied from study to study and in
some cases hybrid algorithms were used that combined both types.
Many studies collected EMG data, but then only used it to validate the
muscle forces from optimization. These validations were usually quali-
tative in nature and often struggled to match the recorded EMG, espe-
cially the antagonistic muscles.

3.9. Number of unique geometric models in each study

The developmental and computational demands inherent in biome-
chanical modeling often restrict the number of models that can be
created in each study. Many studies using MS models created large
numbers of unique models given that these models were generally much
simpler than their FE counterparts. In some cases, data was collected
from a large number of subjects, but models were only created for a
small subset or those at the extremes of a particular anthropometric
measure. A number of studies specifically recruited subjects of a
particular height and weight combination to match existing models,
rather than make a new model for that subject. In 44 of the FE modeling
studies and 11 of the Combined FE-MS, only a single model was created.
Several FE studies created much larger numbers of models, but these
were generally models that featured significant geometric simplifica-
tions. One set of studies created between 500 and 1000 unique models
per study (Bashkuev et al., 2018; Bashkuev et al., 2020; Niemeyer et al.,
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2012). These, however, were simple parametric models made from
relatively basic shapes to conduct probabilistic studies examining the
impact of spine geometry, material properties, and disc and facet
degeneration on spinal loads. One study developed a large number of
unique models using statistical shape modeling, though these were
virtual rather than actual subjects (Campbell and Petrella, 2016).
Reusing a specific model appears to be quite common, especially in FE
models studies. It appears that in some cases, the same exact model was
reused across a large number of studies over many years.

The small number of unique models created, and reuse of certain
models across numerous publications restricts the amount of the popu-
lation represented in these studies. Figs. 2-5 show histograms describing
the demographic information for the models in this review that included
full, detailed representations of the vertebrae. They show the break
down in gender of the models created, the distribution in age of the
subjects on which the models were based, and the distribution in subject
heights and weights. Not all studies are represented in these histograms
as many did not provide any subject demographic information. In some
cases, one or more of the measures were not included. It is evident that
certain portions of the population are underrepresented in these studies.
Only 7 studies included models of females, though it is possible there are
others since subject gender was not specified in many studies. While a
large variety of ages is represented overall, certain ranges only included
1 or 2 subjects. Similarly, for height and weight, certain ranges are well
represented, but then others only include a few subjects. There are
almost no models of subjects at the extremes of heights and weights.

4. Discussion

Computational spine modeling must strike a balance between real-
ism and practicality. This applies to data collection (number of subjects,
number of trials, number and type of sensors, imaging requirements),
model development (number of models, included elements, methods
employed, simplifications), and model processing (number of models
and trials, computational methods, parameters, simplifications). The
purpose and specific goals of each study play a large part in dictating
how a balance is achieved in each of these aspects. Clinically focused
studies often featured highly detailed FE models of the spine with great
computational complexity. This limits the number of models, the types
of analyses, and often requires numerous simplifications. Industrial
biomechanics studies typically use much lower fidelity MS models, but
are able to include greater numbers of subjects, sensor inputs, and trials.
Across the many studies reviewed, practicality was chosen for certain
characteristics at the expense of realism. Assessing the strengths and
weaknesses of each characteristic evaluated allows for identification of
the most realistic elements and areas for future development.

FE models include flexible/deformable individual vertebrae, discs,
facet joints, and ligaments each with their own material properties,
often derived from cadaveric studies. This sophistication enables very
detailed investigation into individual tissue deformations and stresses.
And since there are various tissue tolerance limits in the literature, this
enables an assessment of specific injury risk as well. This is also the best
method to evaluate different surgical constructs as they can be modeled
in detail and their performance and potential side-effects can be
considered. However, this greater detail requires significantly greater
computational effort which often places important limits on the types of
analyses performed and the composition of these models. In addition,
many concessions are made to simplify models to reduce computational
burden and development costs. In the clinical space, these simplifica-
tions and the small number of unique models is noteworthy and calls
into question how generalizable the results are for the entire potential
patient population.

MS models typically treat bones as rigid bodies connected via simple
kinematic or kinetic joints. This enables these models to include the
impact of large whole-body motions and deformations, often using op-
tical, magnetic, goniometric, or inertial motion capture inputs. They can
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also include various types of muscle and other soft tissue representa-
tions. Overall, MS models are simpler computationally, allowing for
more complex analyses and model elements as well as a greater number
of subjects and trials. They are not, however, generally appropriate for
the same type of detailed analysis as FE models and usually report
overall loads on motion segments and not on specific tissues.
Combined FE-MS models blend elements of MS and FE models by
allowing advanced whole-body simulations while still focusing on
detailed analyses of specific tissues. Uncoupled and Coupled models
require a parallel set of models, one MS and one FE. Unfortunately,
coordination of the two is often difficult given the distinct computa-
tional methods, included elements, and various model properties. In
Uncoupled models, there is no feedback to the original model, so there is
often a mismatch in spinal kinematics between the two models. There is
feedback with Coupled models which results in a closer correspondence
in results but requires frequent iteration back and forth between models

to adjust parameters. As a result, they have greater computational de-
mands and model convergence is not guaranteed.

Among the different types of Combined FE-MS models, Integrated
models appear to have the most desirable characteristics. Specifically,
since they combine both types of modeling within a single comprehen-
sive computing environment, they don’t require separate parallel
models that may not match or require numerous iterations for agree-
ment. This enables them to better capture the complex interdependent
relationship between the active musculature and the passive spine
components (Remus et al., 2021). While Integrated models have the
greatest potential capabilities, they are still subject to any limitations
inherent with the mix of other modeling characteristics employed.

The representation of the vertebrae is closely related to the type of
model employed. Given the lower detail typical in MS models, utilizing
rigid vertebrae is a reasonable and computationally convenient
approach. This is usually an acceptable assumption as the vertebrae are
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significantly stiffer than the surrounding soft tissue and thus do not
deform a great deal unless under very large loads (Meijer et al., 2010).
The greater detail typical in FE models often necessitates flexible
vertebrae. This is especially true when evaluating various surgical pro-
cedures and constructs and their impact on the spine. The large stiffness
of rods, screws, interbody devices, cement in vertebroplasty, and other
typical surgical components means that the rigid vertebrae assumption
is no longer valid. In addition, there is often interest in the bone/screw
interface and possible pull-out, the potential for vertebral fractures,
bone remodeling, and the performance of the surgical devices them-
selves. These all require flexible vertebrae. However, oftentimes the
entire spine does not require flexible vertebrae and there is a benefit to
being able to mix and match rigid and flexible depending on the spinal
level. Thus, both representations have a place in spine modeling
depending on a given study’s goals, but the recent overlap in FE and MS
model wusage means that these are sometimes represented

inappropriately.

The representation of the intervertebral discs is also closely related to
the type of model with all FE models employing detailed flexible discs or
beam elements and MS models all using either 3 or 6 degree of freedom
joints. Flexible discs are obviously much more realistic and permit the
evaluation of loads on each of the various components of the disc. These
models will usually also include detailed representations of the indi-
vidual spinal ligaments. A variety of different element types and mate-
rial properties have been used to represent the ligaments and have been
reviewed elsewhere (Hamidrad et al., 2021; Naserkhaki et al., 2018).
Since the disc is a frequent source of low back disorders, discrete
modeling allows a detailed investigation into causal pathways and the
progression of disc degeneration. None of the other disc representations
permit this level of investigation and many are significantly less real-
istic. A number of Coupled and Uncoupled models reported significant
mismatches between detailed and simpler disc models (Azari et al.,
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2018; Khoddam-Khorasani et al., 2018; Khoddam-Khorasani et al.,
2020; Liu et al., 2018; Liu et al., 2019). Several studies have also shown
the importance of including disc translation for accurate modeling and
thus indicate the limitations of 3DoF joints (Arshad et al., 2017; Drei-
scharf et al., 2016).

Regarding the type of analysis, basic physics confirms the impor-
tance of dynamics and motion and their impact on spinal loads. Unfor-
tunately, neglecting the role of dynamics can result in a significant
underestimation of loads on the spine. Since many activities of daily
living and work tasks involve significant motion components, the large
mass of the torso and any external loading can impart large dynamic
forces on the spine. Previous studies have shown that neglecting dy-
namics can result in the underestimation of loads on the spine (Granata
and Marras, 1995). Furthermore, dynamics and specifically spine kine-
matics has been shown to be both a predictor of workplace injuries
(Marras et al., 1993a) and a key differentiator between the function of
healthy and impaired spines (Marras et al., 1993b). Static modeling has
been frequently used with FE models given their regular comparisons
with in vitro studies that typically apply loads in a very slow manner.
Unfortunately, this is an indictment on the realism and appropriateness
of in vitro testing as a source of comparison and validation for FE
models. Static and quasi-static modeling, while significantly simpler
computational, are not representative of most in vivo loading and would
most likely underestimate loads on the spine. Accordingly, dynamic
analyses are important for realistic musculoskeletal modeling of the
spine.

The shape and size of the vertebrae are known to vary widely
throughout the population (Panjabi et al., 1992; Panjabi et al., 1993).
There is also significant modeling evidence to suggest the unique ge-
ometry of the spine has a profound effect on spinal loading. Many
simplified and parametric FE models have shown that manually
manipulating different aspects of the spine’s geometry such as disc area
and height (Natarajan and Andersson, 1999), facet orientation (Kim
etal., 2013; Robin et al., 1994), and vertebrae length, height, width, and
other features (Bashkuev et al., 2018; Bashkuev et al., 2020; Lavaste
et al., 1992; Meijer et al., 2010; Meijer et al., 2011; Niemeyer et al.,
2012) can all influence loading and the overall response of the spine.
Other FE models have shown the importance of including more realistic
curved facet surfaces instead of the more commonly used planar rep-
resentations (Holzapfel and Stadler, 2006). More recent models have
begun to show the differences between generic models and subject-
specific models derived from imaging data (O’Reilly and Whyne,
2008). Thus, including subject-specific geometry in spine modeling is
very important, especially when it comes to model validation (Jones and
Wilcox, 2008). Biomedical imaging, primarily CT, provides the best
means of including this geometry. Unfortunately, while the importance
of making subject-specific models from imaging has been demonstrated,
the great difficulty in creating these models has led to the use of sig-
nificant geometric simplifications or just the development of a single
detailed base model that is then reused across numerous studies (Jones
and Wilcox, 2008). The geometry of the facet joints is most frequently
simplified and thus may be among the most problematic areas. These
simplifications, while computationally beneficial, could reduce the re-
alism of model results. This could be especially problematic in clinical
modeling as the complex geometric arrangement of surgical constructs
during spine fusion and other surgeries suggests an important interac-
tion with patient spine geometry. Clinical FE models very often feature
simplified geometry and generally only a single model is evaluated.
Unfortunately, the ultimate impact of these geometric simplifications on
spinal loads has not been quantified to this point. Models developed
using literature data or the databases included within OpenSim and
Anybody are much easier to implement, but much simpler. They allow
the creation of numerous models for the entire test population, but they
both feature generic spinal geometry and have been described as inap-
propriate for subject-specific biomechanical modeling (Christophy et al.,
2012; Ghezelbash et al., 2020c).
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The same arguments for the importance of including subject-specific
geometry apply for the number of models evaluated in each study. The
important geometric variability present in the population suggests that
not only should detailed, subject-specific models be created, but that
each individual model would be expected to produce unique results.
Thus, it would be important to create and evaluate a variety of models to
get a more complete understanding of the population level response.
Unfortunately, the limited numbers of subject-specific models present in
each study and even across studies generally makes it impossible to
perform any kind of statistical analysis of the results, let alone an
assessment of the biomechanical response across the population or the
impact of subject variability. Ultimately, this severely limits the gener-
alizability of outcomes and prevents a full sensitivity analysis of the
given model. This is especially important given the known variation in
spinal geometry with age, gender, and other factors. The lack of
adequate representation for certain cohorts leaves significant gaps in
spine biomechanical knowledge. Females, certain age groups, and sub-
jects at the highest and lowest percentiles for height and weight are
especially underrepresented. Clearly there is a need for a more thorough
understanding of the range of spine biomechanical responses across
populations of subjects. The simplified geometry of MS models enables
the easier evaluation of a much larger number of unique models; how-
ever, this level of detail is insufficient to capture the true impact of
subject-specific geometry. Though, lessons learned about the important
role of subject-specific kinematics and muscle forces in MS models does
demonstrate the importance of including as much personalized detail
and representation in spine biomechanical modeling as possible (Marras
et al., 2000). This point could be extended to include subject-specific
geometry as well.

Muscle force representation is an important differentiator between
models. Muscle force algorithms usually come from either optimization
routines or physiologic measures. In optimization (also called inverse-
dynamic or inverse-static) models, the force developed in each muscle
is computed to balance internal and external moment demands via al-
gorithms that seek to minimize muscle stress, optimize stability, or are
subject to other objectives. Models using physiologic measures (also
called forward dynamic or biologically-assisted models) derive muscle
forces directly from sensors monitoring biological signals, primarily
EMG.

Optimization models are more common since they are far simpler to
implement, as they don’t require the extra hardware and expertise
necessary for EMG studies. They are also readily available to implement
in both OpenSim and Anybody. They do, however, have many limita-
tions. Principally, optimization models lack a physiologic basis and thus
are unable to replicate muscle force activation patterns like those
measured in vivo. As a result, they are unable to account for inter- and
intra-individual variability in muscle recruitment (Dreischarf et al.,
2016). To combat this, studies will often average together postural in-
formation from multiple subjects and then solve for a single muscle
activation pattern to be representative of the entire test population
(Ghezelbash et al., 2020b). The limitations of these methods are espe-
cially prevalent when attempting to predict abdominal and oblique
antagonistic muscle activity. Optimization algorithms will often predict
no activity for these muscles (Liu et al., 2018), so many studies will
simply assume a constant level of activity across various exertions
(Khoddam-Khorasani et al., 2020). Making assumptions for these muscle
groups or neglecting their impact altogether is especially problematic, as
they have large moment arms relative to the spine and are often very
active in individuals with low back disorders that demonstrate coac-
tivity or guarding after injury (Marras et al., 2001). In addition, opti-
mization models will also frequently feature an extremely large number
of individual muscle fascicles, each with their own unique computed
force. While very detailed, there is a question as to how generalizable
this model structure is for the general population. Furthermore, the large
number of fascicles often requires assumptions about muscle area and
maximum muscle tension as well as the absence of the various active,
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passive, force-length, and force-velocity components normally present
in a Hill-type muscle model (Bayoglu et al., 2019). Optimization models
have also been shown to be overly sensitive to spine kinematics and
posture (Arshad et al., 2016), the specific muscle force algorithms
employed (Park et al., 2020), and the kinetic representation of the spinal
motion segment (Arshad et al., 2017). Ultimately, these collective lim-
itations result in calculated muscle forces that simply do not match in
vivo data (Ghezelbash et al., 2018; Raabe and Chaudhari, 2016). Since
comparisons with in vivo EMG data are often used for validation pur-
poses, this means these models often lack proper validation or instead
rely on a qualitative rather quantitative assessment of derived muscle
force validity.

Models employing EMG to determine muscles forces doesn’t suffer
from many of the limitations present in optimization methods. They are,
however, much more difficult to collect and implement correctly. They
require specialized hardware, specific anatomic knowledge, and strin-
gent standard operating procedures in order to collect reasonable data.
In addition, a number of specific muscle parameters are required to
account for all the elements present in the muscle force equations. These
are often derived through thorough subject-specific calibration and then
are combined with time dependent postural and velocity information
(Hwang et al., 2016a; Hwang et al., 2016b). Since surface electromy-
ography is most often used, that limits the direct use to only the shal-
lower muscles and thus the deeper muscles are either neglected or
assumed to activate using surrogate signals (Cholewicki and McGill,
1996). Fortunately, the muscles with the greatest mechanical advantage
are readily accessible via surface EMG and previous studies using
intramuscular electrodes have shown that many of the deeper muscles
play a smaller role (Marras et al., 1984). Channel limitations and
crosstalk also mean that these types of models generally represent the
trunk musculature with far fewer muscle force vectors unless specific
assumption are made about force distribution. While simpler in terms of
the numbers of muscle vectors compared to their optimization model
counterparts, it does allow the models to be more generalizable and still
very sensitive to individual subject differences (Marras et al., 2000).
Thus, models employing physiologic measures are better able to repre-
sent in vivo muscle forces for individual subjects. However, direct model
validation is still difficult with existing technology. Often, the moment
contribution of EMG-derived muscle forces is compared to external
moment demands on the body to validate muscle force calculations.
While the muscles often contribute the greatest proportion of load to the
spine, this is still not a direct validation of loading on the disc and other
structures in the spine.

The time- and posture-dependent nature, dynamic response, and
overall complexity of the lumbar musculature make it too difficult to
include in most FE modeling. Instead, most FE models typically apply
simple static moments with a follower load. These are intended to be
representative of the overall loads that are typically present on the spine
but are significantly less complex and of a lower magnitude than those
experienced in normal daily life. Unfortunately, recent research has
shown that this combination of simplified loading fails to accurately
represent the complex muscle recruitment forces and varying shear and
compressive loads experienced in vivo (Khoddam-Khorasani et al.,
2018). While this type of load evaluation enables direct comparison with
in vitro testing, the benefits of this type of validation are questionable. In
addition to load profiles and motions that do not match the conditions in
vivo, cadaveric testing does not include active musculature and is sub-
ject to the hydration state, bone quality, and degree of disc degeneration
of the specimen (Ghezelbash et al., 2020a; Honegger et al., 2021;
Khoddam-Khorasani et al., 2018). Furthermore, in vitro experiment data
outputs often feature large standard deviations, and many different
combinations of model input parameters can produce outputs that fall
within these result ranges. In lieu of robust validation methods, under-
taking multiple comparisons can help provide more convincing evidence
of model accuracy (Jones and Wilcox, 2008). Unfortunately, once again
these studies typically only create a single model preventing a
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comprehensive analysis of responses. Thus, it is evident that including
the spinal musculature directly is far preferable over simulated in vitro
testing.

Assessing the various characteristics of all the models reviewed, it
becomes apparent that existing models in the literature have significant
limitations and that a combination that includes aspects typical of both
FE and MS models would be the most beneficial moving forward. The
flexibility of Integrated models seems to provide the best method to
include these various aspects. Unfortunately, each of the Integrated
models reviewed lack one or more of the preferred characteristics pre-
viously discussed. Thus, there is an opportunity to address this void.
Ideally, a biomechanical spine model would include detailed subject-
specific geometry from imaging data with minimal simplifications,
EMG-assisted muscle force elements, whole-body kinematics enabling
dynamic analyses, and could be generated and processed at a scale that
would allow thorough investigation of a large number of subjects.
Future model development toward this target could yield improved
models to guide spine injury prevention, diagnosis, and treatment.

5. Conclusions

Computational modeling is a valuable tool in the study of the
biomechanics of the spine. This literature review identified and evalu-
ated the many different characteristics of the various models employed
in different areas of study. Of particular note, many frequently used
model elements that feature important limitations. Many other model
elements were found to provide more realistic representations of the
spine than others in common use. Most current studies use either highly
detailed FE models or simpler MS models. FE models are able to evaluate
individual tissue deformations and stresses and even the impact of sur-
gical instrumentation. Unfortunately, their greater complexity limits the
number of models and types of analyses performed and often requires
significant simplifications. MS models are able to evaluate whole body
motions and deformations and typically include muscles and other soft
tissues. Their simpler nature enables larger numbers of subjects to be
evaluated. However, they do not include the same level of spinal detail
as FE models and are limited in the types of possible analyses. The
complementary strengths and limitations of each type of modeling
suggests that an approach that combines elements of both types would
be preferrable and would allow for more accurate and predictive
models. Unfortunately, there are relatively few models that combine the
most realistic elements of both types, and none that are able to effec-
tively evaluate large numbers of individual subjects to understand the
variation of responses in the population. Thus, a void exists in the cur-
rent computational spine modeling literature. Development of Inte-
grated models combining elements of FE and MS modeling in a structure
that enables the evaluation of entire populations of subjects could
address this void and enable more realistic and effective representation
of the biomechanics of the spine.
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