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ARTICLE INFO ABSTRACT
Keywords: Objectives: Deep tissue injury is a common form of pressure ulcers in muscle tissues under bony
Deep tissue injury prominences caused by sustained pressure or shear, which has a great impact on patients with

Muscle spasm

Muscle shear modulus
Finite element analysis
Intramuscular stress

restricted mobility such as spinal cord injury. Frequent spasms in spinal cord injury patients
featured by muscle stiffening may be one of the factors leading to deep tissue injury. The purpose
of this study was to investigate the relationship between the gluteal muscle shear modulus and
intramuscular compressive/shear stress/strain.

Methods: A semi-3D finite element model of the human buttock was established using COMSOL
software and the acquired biomechanical data were analyzed through Pearson correlation and
Spearman correlation.

Results: Results showed that the compressive stress, strain energy density, and average von Mises
stress increased with the increase of the gluteal muscle shear modulus.

Conclusion: These results may indicate muscle stiffening caused by muscle spasms could lead to
higher deep tissue injury development risk as well as shed light on effective treatments for
relieving muscular sclerosis mechanically.

1. Introduction

Deep tissue injury (DTI) is the most severe type of pressure ulcers (PU) for its crypticity and fatality, which often occurs in muscle
tissues over bony prominences caused by intensive or prolonged mechanical loading [1]. The incidence rate of DTI is increasing in the
United States [2], with the proportion of 33.6% among the PU patients in 2020 [3]. DTI patients are often prone to complications,
typically diabetes mellitus and spinal cord injury (SCI) [4,5]. SCI patients are extremely susceptible to PU, since PU appeared in SCI
patients for approximately 33% over one year, and 90% over a lifetime [6,7].

The increased risk factors for PU in SCI patients include immobility, muscle atrophy, and spasm [8]. Spasticity is a common
complication of SCI patients [9], with an incidence rate of 65%-78% in recruited chronic SCI patients for more than one year after
injury [10]. In patients with spasms, friction between the body and the bed cushion can cause PU [8]. In the cellular level, spastic
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muscle cells are significantly shorter in morphology and stiffer in mechanical properties than normal cells [11]. The tangent moduli of
muscle cells with spasticity were higher than the healthy ones, indicating that the change of muscle moduli was affected by spasms
[11]. In the tissue level, muscle spasticity was mainly manifested as increased muscle tone and rapid muscle contractions [12]. Muscle
contractions along with spasticity might lead to an abnormal increase in muscle stiffness.

Direct mechanical loading on muscle tissues has been recognized as the most important contributing factor to DTI formation [1],
which can be estimated by compressive stress [13], compressive strain [1], shear stress [14], shear strain [15], strain energy density
[16], or von Mises stress. However, it is difficult to measure these mechanical parameters in the clinic but can be calculated through
finite element (FE) analysis. For instance, the FE model of the human buttock was established to quantify sub-dermal loads [17] or
stress/strain [18] for DTI patients and healthy subjects based on the morphological data with Open MRI of specific human subjects in a
seated posture. Furthermore, DTI developing risk can be quantified by incorporating damage threshold curves from in vitro [1]/vivo
[19] experiments. The diffusion effect of harmful chemicals was combined with the FE model with the mechanical damage threshold
curve to demonstrate metabolites causing cell damage could accelerate the propagation of the damaged area [20,21].

It is difficult to determine the material properties of muscle and fat tissues, and parameters in the literature varied due to different
experimental conditions [22-25]. Inverse finite element analysis (inverse FEA) was conducted as an approach to assess the material
properties [26]. “Inverse” refers to the determination of input parameters by output results, which is achieved by iteratively changing
the input parameters to match the accurate experimental results [26]. In this paper, the material properties of the muscle and fat tissues
in the reference model were estimated through inverse FEA with in vivo buttock contact pressure distribution.

This study aimed to investigate the relationship between the shear modulus and the intramuscular stress/strain, strain energy
density, and von Mises stress of the gluteal muscle in SCI patients through a hyperelastic FE model of the human buttock. We hy-
pothesized that there was a positive correlation between the muscle shear modulus and intramuscular stress/strain, as well as strain
energy density.

2. Methods
2.1. FE modeling

A semi-3D FE cross-sectional model containing the ischial tuberosity, the muscle (gluteal muscle), the fat (fat and skin were
considered as the part of fat), and the cushion was developed using COMSOL Multiphysics to simulate the stress/strain distribution in
muscle tissues [21,27,28]. The process of finite element modeling was shown in Fig. 1a-d. The dimensions in x, y, and z direction were

128 mm, 100 mm and 4 mm respectively.
The mechanical properties (Table 1 [23],) of the ischial tuberosity and the cushion were considered isotropic, homogeneous, and
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Fig. 1. Process of finite element modeling of the human buttock and cushion. (a) The open MRI data during seating; (b) the semi-3D FE model and
meshing; (c) the contact pressure calculated in the FE model was compared with the (d) contact pressure obtained through the experiment.



J. Jia et al. Heliyon 9 (2023) e13459

elastic [23]. However, the material properties of the muscle and fat were set as hyperelastic and nearly incompressible with Poisson’s
ratio v as 0.49. As the stress or strain distribution in the FE model during prolonged sitting posture was considered at equilibrium
status, G of muscle or fat was defined as the long-term shear modulus, which was determined using inverse FEA described in 2.2.

Volume modulus k was determined with the equation described using Eq. (1) [21].
3(k/G) —2

_3(/6) o

6(x/G) +2

We used the Ogden material model in Eq. (2) and Eq. (3) with an energy function to represent hyperelastic incompressible material
behavior of muscle and fat [14,29].

w=E (525425 -3) ©)
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P @

where ); (i = 1, 2, 3) were the principal stretch ratios, and G was the shear modulus. o of the muscle and fat were assumed as 15.7 and
3.5 respectively [22,25].

The ischial tuberosity, the muscle, and the fat were meshed with tetrahedral elements, while the cushion was meshed with hex-
ahedral elements. A mesh convergence test was conducted to assess the optimal mesh refinement size. The mesh density corresponding
to total node number 4302 was reasonable when the average compressive stress (minimum principal stress) in the muscle was taken as
the key outcome parameter for mesh refinement. The errors were 0.42% and 0.52% when the mesh density was halved (node number
2285) and doubled (node number 9940). A contact pair was assigned to the interface between the buttock and the cushion by
introducing a penalty factor of 2 MPa m ™. The interfaces between the muscle and fat, between the muscle and ischial tuberosity, and
between the fat and ischial tuberosity were defined as “tie”, constraining any relative movement between the two surfaces of the
interface. The nodes of the inferior surface of the cushion were fixed in 6° of freedom. Translational boundary condition being free in-
plane and fixed out-of-plane was applied at both the anterior and posterior surfaces of all the parts. The loading was estimated as 52
kPa considering the normal torso weight (650 N), which was applied to the upper surface of the ischial tuberosity in the model.

2.2. Inverse FEA and model validation

The experimental data on the contact pressure distribution of the human buttock was acquired through the body pressure mea-
surement system (BPMS™, Tekscan, South Boston, MA). One male subject (height of 1.72 m, weight of 70 kg) sat on the BPMS pressure
sensor mat until the sitting posture was steady (Fig. 2a). The sampling rate was 10 Hz with a sensing area of 42 x 48 cm? and a
resolution of 1 cm x 1 cm (Fig. 2b). This study was approved by the Research Ethics Committee of Xin Hua Hospital Affiliated to
Shanghai Jiao Tong University School of Medicine, and the written informed consent was obtained from the subject before partici-
pation. The contact pressure of the buttock was then analyzed to make a comparison with the contact pressure simulated in the
reference model.

The assessment of the shear moduli (G) of muscle and fat was conducted in the reference model using inverse FEA. In this study, the
contact pressure distribution on the interface between the buttock and the cushion in the reference model could be compared with the
contact pressure distribution obtained by the BPMS pressure mat through the least-square method. The simulation of the reference
model was conducted under the assumption of different shear moduli of muscle and fat within the range (100 Pa-1 MPa) obtained from
literature [21-23,25,30] and keeping other parameters as constants. The shear moduli of muscle and fat were determined by inverse
FEA were 239.1 Pa and 10.6 kPa in the reference model (Table 2).

2.3. Parametric analysis

Parametric analysis was conducted to evaluate the relationship between the muscle shear modulus and parameters presenting
intramuscular stress/strain. The parameters measuring intramuscular stress/strain were 12 indexes including average/maximum
compressive stress (absolute value of minimum principal stress), average/maximum compressive strain (absolute value of minimum
principal strain), average/maximum shear stress (absolute value of shear stress tensor component on the xy-plane, cyy), average/
maximum shear strain (absolute value of shear strain tensor component on the xy-plane, ¢y), average/maximum strain energy density,
and average/maximum von Mises stress. The gluteal muscle shear modulus was set as 59.75 Pa, 239.1 Pa, 295.7 Pa, 352.3 Pa, 408.9 Pa,
and 465.5 Pa, where 59.75 Pa was used to simulate muscle softening, and 465.5 Pa was used to simulate muscle stiffening.

Table 1

Material properties of elastic ischial tuberosity and cushion.
Parts Eo (MPa Poisson’s Number of elements References of material properties
Ischial tuberosity 1000 0.3 1942 Brosh et al. (2000) [23]

Cushion 3 0.3 108
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Fig. 2. The experimental setup of (a) the pressure measurement process of the subject and (b) the nephogram of contact pressure distribution of the
human buttock.

Table 2

Material properties of hyperelastic muscle, fat and skin.
Parts G (Pa) Poisson’s ratio a x (kPa Number of elements
Muscle 239.1 0.49 15.7 11.88 5857
Fat and skin 10,600 0.49 3.5 526.82 8064

2.4. Data analysis

Pressure-time cell death threshold curve o(t) described the relationship between tissue mechanical strength and loading duration,
shown in Eq. (4):

K

={Tew T C “@

o(1)
where K was 23 kPa, a was in the scope of 0.15 min~! to 1 min’l, tp was 90 min, and C was 9 kPa [19]. Muscle compressive stress
damage threshold in this study can be estimated as approximately equaling to pressure-time cell death threshold. The percentage of the
damaged area could be calculated under the o(t) where a was equaling to 0.15 min~! to establish the percentage of damaged
area-loading duration curve.

Pearson correlation analysis was used when data followed the normal distribution and determined by Kolmogorov-Smirnov
normality test, showing the relationship between the gluteal muscle shear modulus and the average/maximum compressive stress,
maximum strain energy density, and average von Mises stress. Furthermore, the average/maximum contact pressure at the interface
between the buttock and the cushion and the average/maximum compressive stress of the gluteal muscle was also analyzed through
Pearson correlation. Spearman correlation analysis was incorporated when data did not follow the normal distribution, showing the
relationship between the gluteal muscle shear modulus and average strain energy density, maximum von Mises stress, average shear
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Fig. 3. FE model validation through inverse FEA.
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stress, maximum shear stress, average compressive strain, maximum compressive strain, average shear strain, maximum shear strain.
A p-value lower than 0.05 was considered statistically significant.

3. Results
3.1. Model validation

The geometry of the reference FE model was adjusted in accordance with the human buttock size in the experiment. The contact
pressure distribution curve along the medial-lateral direction obtained in the FE model matched the curve obtained from the in vivo
experiment with an error of 2.07% (Fig. 3). The displacement of the ischial tuberosity under the applied loading in the model was 14.1
mm, which was in the range of reasonable in-vivo ischial displacement (10 mm-15 mm?®).

3.2. Parametric analysis

Parametric analysis of the gluteal muscle shear modulus on compressive stress showed that the average/maximum compressive
stresses increased with the increase of muscle shear modulus; and for shear stress, the maximum shear stress increased, but the average
shear stress remained with little change (Fig. 4a and b). In contrast to the stress, the average/maximum compressive and shear strains
decreased with the increase of muscle shear modulus (Fig. 4c and d). Similar to compressive stress, the average/ maximum strain
energy density increased with the increase of the muscle shear modulus (Fig. 4e). The average von Mises stress decreased, but the
maximum von Mises stress showed no obvious decreasing tendency, with the increase of the muscle shear modulus (Fig. 4f).

3.3. The percentage of the damaged area
The relationship between the percentage of the damaged area and the loading duration in the model followed a sigmoidal curve,

with the percentage of damaged area sharply increased when the loading duration reached 60 min (Fig. 5).
Table 3 enumerated the relationship between the percentage of the damaged area and the muscle shear modulus in the long term
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Fig. 4. Parametric analysis of (a, b) average/ maximum compressive/shear stress; (c, d) average/ maximum compressive/shear strain; (e) average/
maximum strain energy density; (f) average/ maximum von Mises stress.
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(after 120 min). The percentage of the damaged area increased along with muscle shear modulus. However, as muscle shear modulus
increased, the increment of the percentage of the damaged area became smaller. The percentage of the damaged area increased by
13.98% when comparing the minimum and maximum muscle shear modulus.

3.4. Correlation analysis

The results of Pearson correlation analyses indicated that average compressive stress, maximum compressive stress, and maximum
strain energy density were positively correlated with the muscle shear modulus, and the correlation coefficient R-squared were 0.983
(P < 0.002, Fig. 6a), 0.5939 (P = 0.073, Figs. 6b), and 0.9858 (P < 0.001, Fig. 6¢) respectively. The average von Mises stress was
negatively correlated with the muscle shear modulus, and the correlation coefficient R-squared was 0.9862 (P < 0.001, Fig. 6d).

Furthermore, the average compressive stress was positively correlated with the average contact pressure, and the correlation
coefficient R-squared was 0.6195 (P < 0.001, Fig. 7a). Similarly, the maximum compressive stress was positively correlated with the
maximum contact pressure, and the correlation coefficient R-squared was 0.7078 (P < 0.001, Fig. 7b).

In Table 4, spearman correlation analyses showed that there was a strong positive correlation between the average strain energy
density/maximum shear stress and the muscle shear modulus. The average/maximum compressive strain and average/maximum
shear strain were negatively correlated with the muscle shear modulus. Furthermore, the maximum von Mises stress and average shear
stress were not significantly correlated with the muscle shear modulus.

4. Discussion

This study developed a semi-3D FE model of the human buttock to analyze the relationship between muscle shear modulus and
intramuscular stress/strain through inverse FEA. The results of this study showed that stiffer muscles might lead to a lower percentage
of the damaged area in the short term (within 60 min) but higher damage in the long term (after 120 min). Parametric analysis further
indicated that the compressive stress and strain energy density might be key parameters indicating deep tissue damage. This study
suggested that DTI development risk could be decreased by adjusting the posture of SCI patients every 90 min, which was close to the
suggestion from Agency for Health Care Policy and Research [31].

Parametric analysis results indicated that the changing trend of stress along with muscle stiffness was opposite to that of strain,
especially the compressive stress and the compressive strain. Several studies investigated tissue damage from both stress and strain
perspectives. Gefen et al. concluded that the compressive strain/stress increased with the increase of muscle stiffness [32,33]. From the
conclusion of Loerakker et al. [14], the stiffer the muscle, the lower the internal shear strain/stress, which was different from our
results. This might be due to the different considerations between in-plane shear stress in Loerakker et al. [14] and stress tensor in this
study. This study considered shear stress/strain tensor in the xy-plane (which was the interface between ischial tuberosity and muscle)
because the tissue damage might mainly be due to the shear on this interface. This contradiction could be settled by introducing strain
energy density to consider the combination of the stress and strain parameters [28]. The results of strain energy density analysis
showed a similar trend to that of compressive stress.

The results of Pearson correlation and Spearman correlation analyses showed that the average/maximum compressive stress and
average/maximum strain energy density were positively correlated with muscle shear modulus. Thus, we suggested that the
compressive stress and strain energy density might be key parameters indicating deep tissue damage. Four parameters of the strain
were negatively correlated with the muscle shear modulus since the muscle deformation became smaller with the increase of muscle
shear modulus under constant loading on the ischial tuberosity. As for shear stress, the maximum shear stress was positively correlated
with the muscle shear modulus, but the average shear stress showed no correlation with the muscle shear modulus. This might be due
to the maximum shear stress confined in a small area of muscle leading to muscle damage, which could not contribute to the overall
damage in the muscle, thus there was no correlation in average shear stress. The maximum von Mises stress was not correlated with
muscle shear modulus, but the average von Mises stress was negatively correlated with muscle shear modulus. This might be due to the
decrease in the strain which was dominant when muscle shear modulus increased under constant loading in our FE model.

Compressive stress was proved to be one of the main parameters demonstrating tissue damage in literature, determining tissue
damage by quantifying the compressive stress threshold [34,35]. As for strain and strain energy density, K.K. Ceelen et al. [16]
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Fig. 5. The percentage of damaged area-loading duration curve under muscle shear moduli of 239.1 Pa (reference model), 59.75 Pa, and 465.5 Pa.
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Table 3

The effect of muscle shear modulus on the percentage of the damaged area in the long term.
Muscle shear modulus/Pa 59.75 239.1 (Reference model 295.7 352.3 408.9 465.5
Long-term percentage of the damaged area 42.62% 46.25% 46.91% 47.56% 48.13% 48.58%
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Table 4
Spearman correlation analysis of intramuscular stress/strain.
Spearman average strain ~ maximum von average maximum average maximum average maximum
Correlation energy Mises stress shear stress  shear stress compressive compressive shear strain  shear strain
density strain strain
Spearman r 1 0.02857 0.169 1 -1 -1 -1 -1
P (two-tailed) 0.003 >0.999 >0.999 0.003 0.003 0.003 0.003 0.003

examined the relationship between internal tissue strains and damage due to sustained deformation in rat muscle tissues by calculating
strains through the FE model and assessing tissue damage through T2-weighted MRI [16]. Maximum shear strain, maximum
compressive strain, and strain energy were taken into consideration and the results showed that the relative damaged area increased
when these three parameters exceeded certain thresholds [16]. As for von Mises stress, it was considered as a parameter varying with
the backrest inclination and the weight of subjects rather than material property in previous study [33]. Also, it is difficult to obtain the
parameters of the von Mises stress in clinical situations. The parameter of von Mises stress might not be suggested as the key parameter
indicating tissue damage.

Other studies focused on the changes in the properties of soft tissues to investigate DTI development risk, such as fat thickness,
muscle atrophy, and body mass index. Wang et al. [36] analyzed the influence of subcutaneous fat thickness on the interface pressure
and load distribution of the buttock through a 3D FE model, which demonstrated that the fat tissue in the buttock could reduce the
contact pressure when sitting on a rigid seat. The results of Chen et al. [37] demonstrated that body mass index was the most important
factor affecting the risk of buttock DTI. These studies provide support for inter-individual factors influencing DTI during sitting.
However, our study mainly focused on the change of muscle stiffness of one single subject to reveal the relationship between muscle
spasms and DTI development risk in SCI patients, as well as provided important mechanical parameters (compressive stress and strain
energy density) indicating DTI development risk, which could further help develop clinical diagnostic methods of DTI.

Muscle spasms could be relieved by muscular relaxants or electrical stimulation, which could be further utilized to prevent DTI. For
muscular relaxants, Tizanidine has been shown to reduce muscle tone and frequency of muscle spasms in SCI patients [10]. For
electrical stimulation, functional electrical stimulation (FES) was useful for alleviating muscle spasms and improving muscle activity in
horses [38]. Also, FES (1 h a day, 5 days a week, for 24 weeks) could partly reverse the loss of muscle strength in SCI patients [39].

Massage on muscle is a traditional approach to relieve spasms and decrease stiffness by conducting hand movements on the skin
[40]. There were several theories regarding the therapeutic effects of massage, including neurological, physiological, and mechanistic
(rearrangement of muscle fibers) mechanisms [41-43]. Despite individuals’ perception of variance in tissue characteristics, there was
no evidence indicating that soft tissue massage led to a change in the passive mechanical properties of the calf muscles [44]. Due to the
diversity of the techniques and the subjects, the usefulness of massage remained difficult to prove.

To reduce the risk of DTI from environmental mechanical conditions, an appropriate cushion might be helpful. Results of an early
study evaluating the effect of traditional cushions on reducing the incidence of pressure ulcers based on the contact pressure between
the buttock and the cushion showed that there was no significant difference in the incidence of PU (including DTI) between subjects
who continued to use cushions and those who did not [45]. The inefficiency of the cushion could be explained by lacking evidence of a
correlation between external body interface pressure and intramuscular stress/strain [46]. Thus, the understanding of the relationship
between contact pressure and intramuscular stress/strain is important. This study concluded that there was a strong correlation be-
tween contact pressure and intramuscular compressive stress. It is necessary to obtain an accurate prediction of intramuscular
stress/strain to avoid muscle damage by adjusting the external contact pressure on the cushion. The intramuscular stress/strain could
be simulated based on the mechanical properties of muscles determined through musculoskeletal imaging of elastography, especially
shear-wave elasticity imaging [47].

There were several limitations in this study. First, the result from semi-3D FE model might not be the same with the simulation of
the actual anatomical structure and pressure distribution from a 3D perspective. Second, the mechanical property of muscle was
roughly estimated by the inverse FEA in this study, it could be more accurate to measure the muscle shear modulus by musculoskeletal
elastography in the future. Third, changes in muscle geometry and shape during muscle spasms were not considered in the model,
further improvements could be made by introducing in vivo tests to obtain muscle geometry variance information.
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