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Abstract

Purpose The interrelations between age-related muscle deterioration (sarcopenia) and vertebral fractures have been suggested
based on clinical observations, but the biomechanical relationships have not been explored. The study aim was to investigate
the effects of muscle ageing and sarcopenia on muscle recruitment patterns and spinal loads, using musculoskeletal multi-
body modelling.

Methods A generic AnyBody model of the thoracolumbar spine, including > 600 fascicles representing trunk musculature,
was used. Several stages of normal ageing and sarcopenia were modelled by reduced strength of erector spinae and multi-
fidus muscles (ageing from 3rd to 6th life decade: > 60% of normal strength; sarcopenia: mild 60%, moderate 48%, severe
36%, very severe 24%), reflecting the reported decrease in cross-sectional area and increased fat infiltration. All other model
parameters were kept unchanged. Full-range flexion was simulated using inverse dynamics with muscle optimization to
predict spinal loads and muscle recruitment patterns.

Results The muscle changes due to normal ageing (> 60% strength) had a minor effect on predicted loads and provoked
only slightly elevated muscle activities. Severe (36%) and very severe (24%) stages of sarcopenia, however, were associated
with substantial increases in compression (by up to 36% or 318N) at the levels of the upper thoracic spine (T1T2-T5T6)
and shear loading (by up to 75% or 176N) along the whole spine (T1T2-L4L5). The muscle activities increased for almost
all muscles, up to 100% of their available strength.

Conclusions The study highlights the distinct and detrimental consequences of sarcopenia, in contrast to normal ageing, on
spinal loading and required muscular effort.

Graphical abstract These slides can be retrieved under Electronic Supplementary Material.
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The weakening of major spine extensors, typical for changes until
60 years of age, was predicted to be compensated for by the action
of other muscles, without a substantial effect on spinal loads.
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More substantial deterioration, associated with severe to very
severe stages of sarcopenia, profoundly altered muscle activation
levels and loading conditions of the spine.
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significantly increases the risk of future skeletal fractures,
in particular in the spine—by a factor of 12.6 [3], which is
referred to as “vertebral fracture cascade” [4]. Taking into
account that the global population over the age of 60 years
will double its 2015 size to reach nearly 2.1 billion by 2050
[5], vertebral fractures become a pressing problem.

The risk of vertebral fracture is in general determined by
the mismatch between the load applied on a vertebra and
vertebral bone strength, and both can be influenced by the
health of trunk muscles [6]. Sarcopenia, an age-related pro-
gressive loss of muscle mass and function, affects around
30% of the population over the age of 60 [7] and up to 50%
of those aged 80 and above [8]. It has been found to be a
risk factor for osteoporotic vertebral fractures [9]. Due to
the interrelations between muscle and bone tissues [10, 11],
sarcopenia is often accompanied by a lower bone mineral
density [12, 13], which correlates with decreased vertebral
compressive strength [14]. Furthermore, vertebral loading
greatly depends on the forces generated by the muscles;
therefore, age-related changes in trunk muscle properties
and function are likely to affect the load distribution and
orientation in the spine. Stronger back muscles indeed are
associated with reduced fracture risk [15], but they deterio-
rate with age faster than the extremity muscles [16]. The
age-related changes include greater fatty infiltration [17, 18]
and lower strength of the lumbar extensors [19] but higher
levels of trunk muscle co-activation [20]. Finally, the det-
rimental effect of sarcopenia on trunk muscle endurance,
leading to impaired balance [21] and increased risk of falls
[22], further contributes to the risk of traumatic overload
and fracture.

Despite demonstrated associations between the health
of trunk muscles and vertebral fractures [6], the underly-
ing biomechanical relationships have not been explored yet
in detail. Trunk muscle deterioration might influence the
whole spine biomechanics, leading to overload and fatigue
of some muscle groups, as well as vertebral overload and
increased risk of fracture. Having insight into these changes
may elucidate the role of sarcopenia in the vertebral fracture
cascade, which could support prevention and management
of vertebral fractures in the elderly.

Therefore, the main objective of this work was to inves-
tigate the biomechanical effects of trunk muscle ageing
and sarcopenia on muscle recruitment patterns and spinal
segmental loads. For this purpose, musculoskeletal multi-
body modelling was used, allowing to analyse whole spine
biomechanics and the interplay of muscular activity and
vertebral loading. This method has been successfully used
previously for studying the effects of post-operative changes
in paraspinal muscles [23, 24], as well as for the investiga-
tion of clinical problems, such as thoracic hyperkyphosis
[25], or vertebral fractures [26], and in other contexts [27,
28]. In this study, several stages of normal ageing (from

3rd to 6th life decade) and more pronounced degeneration,
regarded clinically as sarcopenia, were simulated by reduc-
ing the strength of the most relevant spine extensors: erec-
tor spinae and multifidus, assuming their function is critical
for adequate spine loading distribution. The strength loss
was modelled to reflect the decrease in cross-sectional area
and increased fat infiltration reported in the literature. We
hypothesized that deterioration of these major trunk muscles
requires activation of other muscles with suboptimal lines of
action, leading to higher muscle activities and a change in
the load orientation and distribution in the spine.

Methods
Thoracolumbar spine model

A generic AnyBody musculoskeletal model of the thora-
columbar spine, representing male anatomy of body height
180 cm and weight 75 kg and validated for sagittal tasks,
was used [29, 30]. The model comprises rigid bodies rep-
resenting the bones of: sacrum and pelvis, 5 lumbar and 12
thoracic vertebrae, 10 pairs of ribs, a sternum and a segment,
representing the cervical spine with the skull. The individual
vertebrae articulate through spherical joints (joint rotation
centres located at the mid-height of the intervertebral disc
space and posterior at 38—-43% of the discs’ anterior—poste-
rior diameters [31]), with applied stiffness properties, lin-
early depending on joint rotation [29]. Also, elastic elements
were defined to mimic ribcage structures [29] and an intra-
abdominal pressure (IAP) model is included in the lumbar
region [33, 34]. In this model, intra-abdominal pressure is
created by an artificial muscle with a strength equivalent to
max. value of 26.6 kPa, as found in the work of [32], that
acts on the abdominal volume. This volume is approximated
by a cylinder delimited by the transversus muscle and rela-
tive position of thorax and pelvis. Thus, IAP is affected by
the activation of the transversus muscles and changes in the
abdominal volume. (For more model details, please refer to
the previous works describing its components: lumbar [33,
35], thoracic [29, 30], cervical [36].)

All major trunk muscle groups are included (i.e. erec-
tor spinae, multifidus, semispinalis, quadratus lumborum,
psoas major, rectus abdominis, transversus, obliquus inter-
nus and externus, levator costarum, subcostalis, transversus
thoracis, intercostalis, scalenus and hyoid), represented by
over 600 individual fascicles. Each muscle fascicle is mod-
elled as a simple force element, spanning over the shortest
path between origin and insertion (approach applied to short
muscles, such as semispinalis) or as a via-node type pass-
ing through several segments, to account for muscle wrap-
ping (e.g. erector spinae or psoas major). Tendon properties,
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force-length and force-velocity relationships (thus also any
age-related changes affecting them) are neglected, and only
muscle strength defines the force-generating capacity of a
muscle.

Muscle deterioration modelling

To investigate the influence of muscle ageing and sarco-
penia on spinal segmental loads, the strength of the tho-
racic and lumbar erector spinae (ES) and multifidus (MF)
muscles was reduced in the model. The strength of every
muscle fascicle is defined by its physiological cross-sec-
tional area (PCSA) multiplied by a coefficient of maximum
muscle stress of 90 N/cm?. Various studies reported the
force coefficient to be within the range of 34—100 N/cm?,
as summarized in [37], but the higher value is preferred
to ensure model robustness for simulating various tasks,
especially as the sensitivity of spinal load predictions to
this parameter was shown to be low [38]. As sarcopenia
is manifested by fat infiltration and muscle atrophy, the
corresponding PCSA was defined as follows:

PCSA,  qucea = PCSA, ;i * (100% — Fat[%])
# (100% — PCSA loss[%])

To model the effects of ageing from the 2nd to 6th life
decade, a detailed dataset regarding properties of both ES
and MF assessed in various age groups and at different
lumbar spinal levels, reported in a recent imaging-based
study [17], was used. As the volume of the lumbar regions
of ES and MF was observed not to change significantly
with progressing age [17], the corresponding PCSA was
reduced only by the reported fat infiltration. In order to
account for differences between spinal levels, the path of
each fascicle was evaluated and its PCSA reduction was
based on the highest fat content observed at the spinal lev-
els over which it spans (strength determined by the weak-
est region). The muscles of the thoracic region were scaled
according to the fat content reported for the L1 level.

For modelling sarcopenia stages, general levels of mus-
cle deterioration proposed in the literature were used to
model the strength reduction of ES and MF, as detailed
data regarding composition and volume of paraspinal mus-
cles are lacking. The severity of fat infiltration has been
typically considered as normal/mild below 10%, slight/
moderate for 10-50% and severe for above 50% [39, 40].
Regarding PCSA reduction, a previously mentioned study
observed no significant decrease in the volume of ES and
MF with age [17], but a 40% decrease in muscle cross-
sectional area is possible between 20 and 60 years of age
[41]. Based on these data, we defined levels of fat infil-
tration as 40-60% and PCSA reduction levels as 0, 20
or 40%. From the resulting values of determined relative
muscle strength (60%, 48%, 40%, 36%, 32%, 24%), four
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were selected to represent: mild (60%), moderate (48%),
severe (36%) and very severe (24%) stages of sarcopenia.
For each condition, all fascicles of the ES and MF were
scaled homogenously by the same factor. The simulated
degrees of natural ageing and sarcopenia are summarized
in Table 1.

No age-related changes, except reduction in mus-
cle cross-sectional area, were modelled. In other words,
remaining model parameters such as body weight, height,
mass distribution, posture, passive properties of the joints
or kinematic patterns were the same for all simulated
conditions.

Simulations
Simulated task

Inverse dynamics simulations of a forward flexion task to the
end of range (Fig. 1) were performed, using the AnyBody
modelling system [42]. The kinematics of the thoracic and
lumbar spinal segments and pelvis flexion with respect to
the global reference frame were the same for all simulated
conditions. They were prescribed by joint rotation angles
over task time, as based on the average spinal segmental
motion profile recorded for healthy young subjects. (The
measurement methodology and derived motion pattern are
presented in detail in [43].)

Table 1 Summary of the simulated conditions, with the correspond-
ing relative muscle strength derived from the fat content and PCSA
reduction levels

Condition PCSA reduc- Fat content (%) Relative
tion (%) strength
(%)
Model default - - 100
Normal ageing
20-29 years old - <35 Min. 65
30-39 years old - <37 Min. 63
4049 years old - <37 Min. 63
50-62 years old - <40 Min. 60
Sarcopenia
Mild - 40 60
Moderate 20 40 48
Severe 40 40 36
Very severe 40 60 24

Note that for the normal ageing the fat content was level-dependent
and different for ES and MF, as reported by Crawford et al. (values
for females) [17], whereas for sarcopenia all ES and MF fascicles
were scaled by the same factor, independently on the spinal level
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Fig.1 Selected snapshots of the simulated forward flexion task
with indicated corresponding trunk inclination angles (based on the
reported measurement from which intervertebral angles and pelvis
rotation were derived [43])

Inverse dynamics

Optimization-based inverse dynamics simulations allow
to determine muscle and joint reaction forces, by solving a
system of Newtonian equations of motion satisfying equi-
librium between external and internal forces and moments
acting on the represented body segments [44]. The redun-
dancy problem is solved by muscle recruitment optimization
scheme, based on some physiological clues [42, 45]. The
cost function to be minimized in this problem is a sum of
cubed muscle activities (ratios of generated fascicle force
to the maximum allowed force that could be produced).
Satisfying this criterion is thought to mimic the muscle
recruitment by the central nervous system: it minimizes
muscles fatigue (by recruiting stronger muscles to generate
more force than weaker muscles) while improving muscle
synergy (preferring force distribution over a larger num-
ber of muscle fascicles). Since the model contains muscles
spanning over multiple joints, the muscle optimization can
recruit muscles considered antagonists to satisfy equilibrium
requirement at all joints [46]. Through the inverse dynamics
simulations with the muscle optimization routine, the muscle
forces as well as the resulting loads acting on the joints are
determined.

Analysed simulation output

With the focus on the risk of vertebral fractures, the maxi-
mum compression and shear loads acting on thoracolum-
bar intervertebral joints (T1T2-L5S1) during the task were
analysed for different stages of muscle ageing and sarcope-
nia. In order to analyse the changes in muscle recruitment,
maximum muscle activities as well as task-averaged muscle
forces were analysed. The activity of a muscle fascicle is
the ratio of the force it generates to its absolute strength
(maximum possible force). The activity of a given muscle
is defined by the highest activity level of its individual fasci-
cles, which in the context of musculoskeletal simulation pre-
dictions can be interpreted as a measure of muscle fatigue. In
other words, the overall muscle fatigue is determined by the
greatest effort among its fascicles. The total force produced
by the muscle (understood as a sum of forces generated by
the fascicles) also provides information regarding muscle
effort, from an endurance perspective.

With the focus on the risk of vertebral fractures, the maxi-
mum compression and shear loads acting on thoracolum-
bar intervertebral joints (T1T2-L5S1) during the task were
analysed for different stages of muscle ageing and sarcope-
nia. In order to analyse the changes in muscle recruitment,
maximum muscle activities as well as task-averaged muscle
forces were analysed. The activity of a muscle fascicle is
the ratio of the force it generates to its absolute strength
(maximum possible force). The activity of a given muscle
is defined by the highest activity level of its individual fasci-
cles, which in the context of musculoskeletal simulation pre-
dictions can be interpreted as a measure of muscle fatigue. In
other words, the overall muscle fatigue is determined by the
greatest effort among its fascicles. The total force produced
by the muscle (understood as a sum of forces generated by
the fascicles) also provides information regarding muscle
effort, from an endurance perspective.

Results
Muscle recruitment
Normal ageing

Muscle recruitment patterns were similar to intervertebral
joint loading variation for the different stages of normal
muscle ageing (Supplementary Material 2, Section 1). A
mild to moderate increase in activities of the ES and MF
muscles was found, compared to the default model and
between different age stages. At the same time, the average
forces generated by the ES and thoracic MF were slightly
reduced with age. A mild increase in activity and force was
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Fig.2 Muscle activation pattern for the simulated levels of sarcope-
nia: maximum muscle activities during the analysed tasks and mus-
cle forces averaged over its duration. For definition of these measures,
please refer to Methods section: Analysed simulation output. (Note
the increasing role of transversus abdominis in supporting the spine

predicted for the semispinalis, quadratus lumborum as well
as transversus and oblique muscles.

Sarcopenia

Considerable variation in muscle activation and force pro-
duction were predicted for all sarcopenia stages (Fig. 2).
With the weakening of the ES and MF muscles, their activi-
ties increased, while the generated forces decreased. Dete-
rioration of these muscles leads to a substantially increased
activity and forces of almost all other trunk muscles. For the
severe and very severe sarcopenia stages, the simulations
predicted several muscles performing at close to or at their
maximum capacity.
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through the intra-abdominal pressure; its activation applies forces on
the abdominal volume, which consequently applies extending forces
on the lumbar spine, making this muscle to act indirectly as a spine
extensor)

Spinal segmental loads
Normal ageing

Both the compression and shear loads acting on segments
T1T2-L5S1 were almost unaffected by the changes in ES
and MF representing ageing from the 3rd through the 6th
decade of life (Fig. 3). Minor changes in maximum compres-
sion were observed (<3% or<35 N increase for the tho-
racic and < 7% or < 102 N decrease for the lumbar segments)
when compared to the default “normal” model. The changes
in shear magnitude were also small, below 33 N. (For refer-
ence, changes expressed as relative to normal condition are
presented in the Supplementary Material 2, Section 2.)
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Fig.3 Maximum segmental loads (top: compression, bottom: antero-posterior shear magnitude) predicted for various stages of modelled ageing
of ES and MF muscles. (For reference, relative changes with respect to normal condition are presented in Supplementary Material 2, Section 2)

Sarcopenia

Substantial differences in maximum segmental loads were
found for the simulated degrees of sarcopenia (Fig. 4). In
general, with progressive ES and MF muscle deterioration,
there was an increase in maximum compression at thoracic
levels (T1T2-T11T12), by up to 318N or 36%. Maximum
shear at thoracic and upper lumbar levels (T1T2-L1L2)
increased by up to 176N or 60%. The greatest differences
were seen at the upper thorax (T1T2-T5T6) for severe and
very severe stages of sarcopenia.

Discussion

The age-related deterioration of trunk musculature has been
suggested to be an important factor in vertebral fracture for-
mation and subsequent cascade. The back muscles support

the spinal column to maintain optimal posture and provide
mobility, generating most of the loading acting on the verte-
bra. Therefore, their loss of function may increase vertebral
fracture risk directly by segmental overload or indirectly by
affecting balance. Nevertheless, to date these effects have
not been evaluated from a biomechanical perspective. In
this work, we investigated the biomechanics of the entire
thoracolumbar spine associated with stages of trunk muscle
ageing and sarcopenia, simulated as the strength reduction,
using an established musculoskeletal model [29]. The result-
ing estimates of spinal segmental loads and muscle activa-
tion patterns cast light on the biomechanical consequences
of degenerated spine extensors, especially for the risk of
vertebral fractures or spinal instability caused by muscular
fatigue.

The simulations predicted similar loads and only slightly
elevated muscle forces for various stages of healthy ageing
up to 60 years of age. Decreased function of erector spinae

@ Springer



2656

European Spine Journal (2018) 27:2650-2659

Maximum compression

2 T T T T T T T T T T T T T T T T T
I Normal
I Sarc-Mild
1.5 (— |l Sarc-Mod -
[ sarc-Sev
= Sarc-V.Sev
=
o 1 .
e
(o]
[T
05 .
0
NI P S SO I RN I SN I R SN B SRS BN
R O R AR PO G R
Maximum shear
0.6 T T T T T T T T T T T T T T T T T
05 _
04 .
z
X,
o 03[ |
<
(o]
[T
02 _
01 F .
0
A I L I P I I C AN N N R N N S )
S O O N R AR PO NP N R

Fig.4 Maximum segmental loads (top: compression, bottom: shear) predicted for several stages of sarcopenia affecting ES and MF muscles.
(For reference, relative changes with respect to normal condition are presented in Supplementary Material 2, Section 3)

and multifidus muscles due to age-related fat infiltration was
efficiently compensated for by other muscles, without major
changes in spinal load distribution. Simulations of sarcope-
nia, however, revealed that more severe reduction in ES and
MF strength requires elevated activity of almost all other
muscles—this expected result provides an intuitive explana-
tion for muscular fatigue in sarcopenia patients. Increased
muscle co-contraction was previously observed in the elderly
subjects [47] and in the patients with vertebral fractures [48],
and it has been suggested to compromise spinal balance as
well as increase spinal loads. In agreement with previously
reported measurements [47], our study did predict increased
activity in both spine flexors and extensors (hence co-con-
traction), but it might be overestimated because the abdomi-
nal muscles were not affected by age-related changes in our
model. Increased compression at the upper thoracic spine
levels, predicted in this study, might contribute to compres-
sive fractures in this area. Moreover, elevated shear along
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the whole spinal column profoundly alters the predicted load
direction at thoracolumbar and lower thoracic levels (due to
shear/compression imbalance), and the failure strength of
the vertebrae is significantly reduced under off-axis loading
[49].

The results of this study are limited by the shortcom-
ings of the applied model. One of the limitations is that pas-
sive muscle properties and force-length relationships are
disregarded. Modelling muscles as simple force actuators
neglects the decreasing force generation capacity due to
elongation, tendon contribution and the effects of flexion-
relaxation phenomenon. Predicted muscle activation lev-
els and forces are likely overestimated, especially at large
degree flexion. The magnitude of this inaccuracy may differ
between simulated conditions, as tendon mechanical proper-
ties change with older age and sarcopenia [41, 50]. This con-
stitutes a major limitation to the study findings, which neces-
sitates future experimental work focused on characterization
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of trunk muscle-tendon ageing, as the scarce data reported
to date are somewhat conflicting and limited to lower limbs
and selected age groups only [50].

Also, the predictions of high activities of the transverse
abdominis muscles might be exaggerated due to the role
of applied intra-abdominal pressure (IAP) model. The
IAP is generated by the transversus muscles acting on the
abdominal volume; in other words, the greater transversus
activity—the greater IAP and extending forces applied to the
spine. Since transversus effectively acts as a spine exten-
sor, it is recruited by the optimization algorithm to support
function of the deteriorated extensors. However, this might
be an artefact related to applying normal IAP model in sar-
copenia simulations. On the other hand, related IAP values
reaching up to 8 kPa predicted for very severe sarcopenia,
although greater than for normal condition (max. 3 kPa),
are still within reported ranges for daily activities [51]. The
IAP was shown to have stabilizing and unloading effect on
the spine [34, 51] by relieving extensors [52, 53], but its
role in the context of sarcopenia should be elucidated in the
further research. Future experimental studies could also sup-
port evaluation of the model validity for simulating sarco-
penia cases, which in this work has been inferred from prior
validation performed for healthy spine biomechanics [29].

The simplifications assumed in representation of trunk
muscle ageing are also a source of study limitations. As
a preliminary model of sarcopenia, only the strength of
major spine extensors, ES and MF, was scaled, although
some studies suggest that also other trunk muscles might be
affected by degenerative changes. While fat infiltration does
not significantly change with age for the psoas major [18],
it does seem to affect abdominal muscles, such as the rec-
tor abdominis or internus and externus oblique [54]. Trunk
muscle size appears to in general decrease with progress-
ing age [55], but the specific effects of ageing or sarcope-
nia on morphology of various trunk muscles have not been
reported; therefore, they were neglected in this study. For the
same reason (insufficient data), the properties of the thoracic
ES and MF were assumed to be the same as in the upper
lumbar spine, the modelling of sarcopenia stages was based
on somewhat arbitrary definition of severity degrees and
disregarded level-dependency and differences between the
ES and MF muscles. As the ES and MF are the largest spine
extensors, they play a major role in overall spine biomechan-
ics. However, the effect of their deterioration on spinal loads
might be enhanced or perhaps hindered by degeneration of
other muscle groups. Recent advances in medical image
segmentation and analysis methods [56, 57] should encour-
age further imaging studies of sarcopenia, providing more
detailed characterization of trunk muscles properties in the
future (including multiple muscle groups and spinal regions,
assessed in patients presenting various severity levels of
sarcopenia). Such comprehensive datasets are necessary for

overcoming the limitations of the current study and pursuing
more sophisticated investigations of biomechanical implica-
tions of sarcopenia.

Another important limitation of this study arises from
modelling the muscle strength loss based solely on the
reduction of PCSA and fatty infiltration and assuming a lin-
ear relationship between muscle size/composition and its
force-generating capacity [58]. Besides muscle composition,
sarcopenia induces changes in muscle contractile properties
and tendon stiffness [41], metabolism and neural activation
[59] as well as muscle fibre type [59] and angles [19]. All
these changes might affect muscle force generation, reflex
and latency, and consequently activation patterns but were
not represented in our model due to insufficient data and
technical restrictions of musculoskeletal modelling. In the
future, cross-disciplinary projects should be pursued to col-
lect complete data on various sarcopenia-related changes and
to develop more complex multi-scale models, which would
allow to capture these changes and predict their impact on
spine biomechanics.

Also, the age-related changes in spinal posture and
kinematics that affect spinal loads [25, 60, 61] and might
coincide with sarcopenia have not been considered. As the
increase in the upper thoracic loads simulated for sarcopenia
began at a relatively high forward trunk lean angle of about
60° (Supplementary Material 2, Section 4), it is also debat-
able whether or not such a trunk flexion would be attempted
by sarcopenia patients. The increase in muscle activation, on
the other hand, occurred already very early during the execu-
tion of the task—(Supplementary Material 2, Section 5)—
and lasted throughout the task, which implies a profound
effect of sarcopenia on muscle fatigue, hence spinal stability
and balance.

In conclusion, the effects of sarcopenia on spinal biome-
chanics have been evaluated, suggesting a possible role of
age-related muscle deterioration on vertebral fracture risk.
The weakening of major spine extensors, typical for changes
until 60 years of age, was predicted to be compensated for
by the action of other muscles, without a substantial effect
on spinal loads. More substantial deterioration, associated
with severe to very severe stages of sarcopenia, profoundly
altered muscle activation levels and loading conditions of
the spine.
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