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Editorial on the Research Topic
Biomechanical and biochemical regulation of the musculoskeletal system

The musculoskeletal system is an essential part of the human body that is responsible for
providing support, movement, and protection. The system is composed of bones, muscles,
and connective tissues that work together in a complex manner to facilitate the functioning
of the body. Over the years, extensive research has been conducted to understand the
biomechanical and biochemical regulation of this system, and how these processes are
interrelated. The 2017 Global Burden of Disease Study reports that the burden of
musculoskeletal disorders accounts for 5.6% of lost years of “healthy” life worldwide
(GBD, 2017 DALYs and HALE Collaborators, 2018). This Research Topic in Frontiers
in Bioengineering and Biotechnology includes 20 peer-reviewed publications that delve into
various aspects of this area of study.

Several factors influence the biomechanical regulation of the musculoskeletal system,
including muscle strength, muscle flexibility, joint stability, and joint range of motion
(ROM). By understanding these factors, researchers can develop interventions to
improve the overall function of the musculoskeletal system. Ching et al. focused on
simulating the mechanical and recurrent sprain injuries in chronic ankle instability
(CAI) patients, and established a new ankle instability model with multiple ankle
injuries using a self-designed machine to sprain the ankle with a controlled
inversion angle and speed. This model provided a better understanding of the
mechanical factors that contribute to ankle instability, and highlighted that multiple
mechanical sprains are a good model for investigating the mechanisms of CAI induced
by recurrent sprain injuries. Li et al. explored the biomechanical analysis of oblique-
pulling manipulation in treating sacroiliac joint (SIJ) dysfunction. This study showed
that pubic symphysis is essential to restrict SIJ motion, and the oblique-pulling
manipulation could cause a weak nutation and separation of SIJ. The study
highlighted the effects of stretching and loosening of surrounding ligaments in
treating SIJ dysfunction. Han et al. performed the biomechanical and clinical study
of rod curvature in single-segment posterior lumbar interbody fusion. This study
evaluated the effect of rod contouring on single-segment posterior lumbar interbody
fusion using the finite element method and retrospective study. The findings of the study
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have significant implications for the design of spinal implants
and the treatment of spinal disorders. Zhang et al. evaluated the
biomechanical effects of a novel anatomic titanium mesh cage for
single-level anterior cervical corpectomy and fusion using finite
element analysis. This study demonstrated the potential benefits
of this implant in decreasing the risks of titanium mesh cage
subsidence, instrument-related complications, and adjacent
segment degeneration after surgery. The study highlighted the
importance of biomechanical regulation in the design of cervical
spinal implants. Zou et al. focused on the distal humeral trochlear
geometry associated with the spatial variation of the dynamic
elbow flexion axis. They investigated the relationship between
distal humeral trochlear geometry and in vivo spatial variation of
the dynamic flexion axis. By studying 10 healthy subjects, they
found that medial and lateral trochlear sizes could be the key
parameters affecting the elbow joint flexion function,
highlighting the potential for designing custom implants to
improve joint function. Wen et al. explored the relationship
between bearing extrusion and postoperative persistent pain in
Oxford unicompartmental knee arthroplasty. The study
evaluated the biomechanical factors that contribute to bearing
extrusion and postoperative pain in patients with knee
arthroplasty, highlighting the improvement in bearing
movement trajectory in potential beneficial treatment of knee
disorders. Wang et al. investigated the biomechanical
relationship between posterosuperior rotator cuff tear
(PSRCT) size and shoulder abduction function using cadaveric
shoulders. These biomechanical testing suggested that the
weight-bearing ability of the shoulder significantly decreased
as PSRCT progressed. Chang et al. compared the muscle
activation patterns and spinal kinematics between the hand-
foot kneeling (HFK) position used in the traditional Chinese
exercise Wuqinxi and the four-point hand-knee kneeling (HKK)
position commonly used for core stabilization exercises. This
study suggested that HFK was more effective for strengthening
abdominal muscles, while HKK was more effective for
strengthening lumbar muscles and increasing spine mobility,
providing evidence for selecting specific exercises and
developing individualized training programs.

Another exciting area of research that is highlighted in this
Research Topic is the use of novel materials and technologies for the
treatment of musculoskeletal disorders. For instance, Orth et al.
evaluated the use of novel mineral-coated microparticles for
spatiotemporal controlled delivery of VEGF and BMP-2, which
showed great potential to improve bone healing in atrophic non-
unions by promoting angiogenesis and osteogenesis as well as
reducing early osteoclast activity. Ran et al. described a new
method for bone preparation in total knee arthroplasty using an
ultra-pulsed CO2 laser osteotomy system, which was shown to
preserve natural bone structure and improve cell adhesion
compared to traditional mechanical saws. This study suggested
the promising application of ultra-pulsed CO2 laser in total knee
arthroplasty (TKA) bone preparation, offering non-invasive bone
cutting and long-term biological fixation. Besides these original
articles, Wang et al. reviewed the application of iron oxide
nanoparticles for bone regeneration in recent years, and outlined
the mechanisms of iron oxide nanoparticles in bone tissue
regeneration in detail based on the physicochemical properties,

structural characteristics and safety of iron oxide nanoparticles.
This review demonstrated the potential of these nanoparticles in
enhancing bone growth and regeneration, highlighting the
importance of biochemical regulation in the treatment of bone
disorders.

Biochemical regulation, on the other hand, is controlled by
various hormones, signaling pathways and growth factors, including
VEGF, BMP-2, P1NP, and HbA1c. These substances play a crucial
role in regulating the growth, development, and maintenance of the
musculoskeletal system. For instance, Zheng et al. demonstrated that
activating the Sirt1-autophagy signaling network through the pulsed
electromagnetic field (PEMF) therapy can alleviate intervertebral
disc degeneration, thereby protecting extracellular matrix (ECM)
and reducing intervertebral disc (IVD) degeneration. This finding
highlights the critical role of Sirt1-dependent autophagy signaling
pathway in ECM protection, and the establishment of therapeutic
effect of PEMF on IVD degeneration.

Recent research has focused on the interplay between
biomechanical and biochemical regulation of the musculoskeletal
system. It has been discovered that mechanical loading can influence
the expression of certain genes that regulate muscle growth and
repair. Furthermore, biochemical signals can also affect the
biomechanical properties of the musculoskeletal system, including
the stiffness and strength of bone and connective tissue. For
example, Jia et al. focused on the prediction of femoral strength
based on bone density and biochemical markers in elderly men with
type 2 diabetes mellitus, which illustrated the interplay between
biomechanical and biochemical regulation in the treatment of
musculoskeletal disorders.

Another fascinating aspect of this Research Topic is the use of
computational models to gain insight into the biomechanical and
biochemical regulation of the musculoskeletal system. Jeong et al.
evaluated the optimal surgical plan for the treatment of extraocular
muscle damage in thyroid eye disease patients based on finite
element analysis. This study highlighted the potential benefits of
using finite element model in designing surgical interventions to
reduce damage to the extraocular muscle during treatment
strategies. Similarly, Jia et al. focused on the prediction of
femoral strength based on bone density and biochemical markers
in elderly men with type 2 diabetes mellitus. This study showed how
computational models can be used to assess the risk of bone
fractures and guide clinical decision-making. Wang et al.
investigated the biomechanical effects of medial meniscus radial
tears on the knee joint during gait using a finite element model. This
study demonstrated that radial tears with larger widths could lead to
high stress concentrations, contributing to a better understanding of
meniscal tear-induced biomechanical changes during human
activities and potential surgical guidance of meniscectomies and
the prophylaxis and treatment of OA. Fang et al. used computational
kinematic simulations to investigate the effect of different rotational
alignments of the tibial component on knee kinematics after total
knee arthroplasty. The results showed that moderate external
rotation of the tibial component generated more natural knee
kinematics than internal rotation or neutral position of the tibial
component. Pei et al. investigated the kinematic and biomechanical
effects of spinal distraction surgery in children with early onset
scoliosis using 3D finite element analysis. This study revealed that
traditional bilateral fixation can cause spinal re-imbalance and
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unexpected cervical lordosis and lateral displacement, and that more
attention should be paid to spinal kinematic and biomechanical
changes, providing a better understanding of spinal distraction
surgery. Wu et al. proposed a principal-strain criterion to
evaluate the safety of the fixation construct in cervical kyphosis
correction and validates it against a retrospective case of anterior
cervical discectomy fusion (ACDF), using finite element model. This
study suggested that the ACDF restricted the ROM of cervical
segments and lent stability to vertebra fusion, and the shape of
the anterior cervical plate conforming to the curvature of the
vertebra and screws fully inserted into vertebrae reduced the
deformation concentration around the screw trajectories. Zeng
et al. used finite element analysis to investigate the stability of
internal fixation systems in different subtypes of Schatzker II
fracture of the tibial plateau, and found that the use of fillers at
the defect site can effectively reduce stress concentration of the
implant and loss of the collapsed block, providing good stability for
the fracture. This study highlighted finite element analysis as a
powerful tool to help improve clinical outcomes.

In conclusion, the articles in this Frontiers Research Topic
provide valuable insights into the biomechanical and biochemical
regulation of the musculoskeletal system. The studies highlight
the mechanical, biochemical factors, and the complex interplay
between them in the maintenance of musculoskeletal health and
the development of musculoskeletal disorders. The findings of
these studies have important implications for the development of
new treatments and therapies for musculoskeletal disorders, as
well as for the design of prosthetics and orthotics. The use of
novel materials, technologies, and computational models is also
an exciting area of research that has the potential to revolutionize
the field of musculoskeletal biomechanics. Overall, the articles in
this Research Topic represent a significant contribution to the
field of bioengineering and biotechnology and will be of great
interest to researchers, clinicians, and engineers working in this
area. The primary challenges within the field of Biomechanical
and Biochemical Regulation of the Musculoskeletal System
involve deciphering the mechanisms behind musculoskeletal
injuries and diseases, enhancing prevention and treatment
approaches, and investigating the interplay between
mechanical forces and biochemical signaling pathways. In
order to tackle these Research Topic, future studies will
employ cutting-edge imaging, computational modeling,

molecular biology methods, clinical trials, and
interdisciplinary partnerships.
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W. L. Murphy4, M. W. Laschke2, M. D. Menger2 and T. Pohlemann1

1Department of Trauma, Hand and Reconstructive Surgery, Saarland University, Homburg, Germany, 2Institute for Clinical and
Experimental Surgery, Saarland University, Homburg, Germany, 3Werner Siemens Endowed Chair of Innovative Implant
Development (Fracture Healing), Saarland University, Homburg, Germany, 4Department of Biomedical Engineering, University of
Wisconsin-Madison, Madison, WI, United States

Deficient angiogenesis and disturbed osteogenesis are key factors for the development of
nonunions. Mineral-coated microparticles (MCM) represent a sophisticated carrier system
for the delivery of vascular endothelial growth factor (VEGF) and bone morphogenetic
protein (BMP)-2. In this study, we investigated whether a combination of VEGF- and BMP-
2-loaded MCM (MCM + VB) with a ratio of 1:2 improves bone repair in non-unions. For this
purpose, we applied MCM + VB or unloaded MCM in a murine non-union model and
studied the process of bone healing by means of radiological, biomechanical,
histomorphometric, immunohistochemical and Western blot techniques after 14 and
70 days. MCM-free non-unions served as controls. Bone defects treated with MCM +
VB exhibited osseous bridging, an improved biomechanical stiffness, an increased bone
volume within the callus including ongoing mineralization, increased vascularization, and a
histologically larger total periosteal callus area consisting predominantly of osseous tissue
when compared to defects of the other groups. Western blot analyses on day 14 revealed
a higher expression of osteoprotegerin (OPG) and vice versa reduced expression of
receptor activator of NF-κB ligand (RANKL) in bone defects treated with MCM + VB. On
day 70, these defects exhibited an increased expression of erythropoietin (EPO), EPO-
receptor and BMP-4. These findings indicate that the use of MCM for spatiotemporal
controlled delivery of VEGF and BMP-2 shows great potential to improve bone healing in
atrophic non-unions by promoting angiogenesis and osteogenesis as well as reducing
early osteoclast activity.

Keywords: non-union, mineral-coated microparticles, VEGF, BMP-2, bone healing, fracture

INTRODUCTION

Despite growing knowledge about the process of bone healing, 5–10% of all fractures still fail to heal
(Buza and Einhorn, 2016). The resulting burden for patients and the socioeconomic consequences of
non-unions are a major clinical problem (Bishop et al., 2012; Buza and Einhorn, 2016). Key factors
for delayed fracture healing and development of non-unions are known to be a deficient angiogenesis
and disturbed osteogenesis (Kanczler andOreffo, 2008). In clinical practice, the gold-standard for the
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treatment of non-unions is still the transplantation of autologous
bone tissue. However, this procedure does not guarantee
adequate bone healing and bears the risk of a number of
complications, such as donor-site morbidity, infections and
additional pain (Pelissier et al., 2003; Yoneda et al., 2005).

To prevent patients from such complications and to improve
the fusion rate of not healing fractures, artificial bone substitutes
have been developed. Lately, these materials have been optimized
by combining osteoconductive and osteoinductive properties in
order to support natural bone growth and to induce new bone
formation (Fillingham and Jacobs, 2016). Among others,
mineral-coated microparticles (MCM) were developed to
enable a biomimetic, tunable growth factor delivery (Yu et al.,
2014). MCM are biocompatible, can easily be applied to a fracture
site by injection, and allow for a controllable binding and
spatiotemporal controlled release of growth factors (Yu et al.,
2014; Yu et al., 2017). Furthermore, MCM have been analyzed in
detail regarding binding and release kinetics for vascular
endothelial growth factor (VEGF) and bone morphogenetic
protein (BMP)-2 (Yu et al., 2014).

VEGF is a well-known key regulator of physiological
angiogenesis during embryogenesis and skeletal growth
(Ferrara et al., 2003), whereas BMP-2 promotes differentiation
of mesenchymal stem cells and osteoprogenitor cells into
osteoblasts and thereby acts osteogenic (Cheng et al., 2003).
The application of these growth factors using MCM as a
carrier system previously demonstrated improved osseous
bone formation in non-unions (Orth et al., 2017; Orth et al.,
2019).

Based on these promising previous findings, we herein
hypothesized that the combined application of MCM loaded
with VEGF and BMP-2 may improve bone healing in atrophic
non-unions. To test our hypothesis, we administered MCM
loaded with VEGF and BMP-2 with a ratio of 1:2 in a well-
established murine non-union model and studied the healing
process by means of radiological, biomechanical,
histomorphometric and Western blot techniques throughout
an observation period of 70 days.

MATERIALS AND METHODS

Preparation of MCM
MCM were prepared by incubating 100 mg hydroxyapatite
particles (Biotal LTD., Derbyshire, United Kingdom) in 50 ml
modified simulated body fluid (mSBF) at 37°C for 7 days, as
described previously (Yu et al., 2014; Orth et al., 2017; Orth et al.,
2019). The mSBF contains the similar ionic constituents to
human plasma with doubled concentration of calcium and
phosphate ions to promote mineral growth. It was prepared
by adding the following reagents (Thermo Fisher Scientific,
Waltham, United States) into deionized water in the order
shown: 141 mM NaCl, 4.0 mM KCl, 0.5 mM MgSO4, 1.0 mM
MgCl2, 4.2 mM NaHCO3, 20.0 mM HEPES, 5.0 mM CaCl2, and
2.0 mM KH2PO4, and the pH was adjusted to 6.80. During the
preparation process, the mSBF was changed daily to maintain
consistent ion concentrations for mineral coating growth on the

particles. After the incubation period, the coated microparticles
were rinsed with deionized water and lyophilized. Morphological
and elemental analyses were carried out before and after coating
using LEO 1530 field emission scanning microscopy (FE-SEM;
Zeiss, Oberkochen, Germany) and energy dispersive
spectrometer (EDS) equipped on FE-SEM, respectively.
Transmission FT-IR was performed by a Nicolet iS50R FT-IR
spectrometer (Thermo Fisher Scientific) to characterize chemical
composition, and ImageJ software (National Institutes of Health,
Bethesda, United States) was used to determine the size of
hydroxyapatite particles and MCM based on SEM images.

Binding of VEGF and BMP-2 to MCM
MCMwere either loaded with recombinant human (rh) VEGF or
rhBMP-2 (ImmunoTools GmbH, Friesoythe, Germany). For
loading with VEGF, 1 mg MCM was incubated in 1 ml PBS
containing 21.7 µg VEGF at 37°C for 4 h. This resulted in a
VEGF concentration of 10 μg/mg MCM for the in vivo
experiments (Orth et al., 2019). The applied amount of VEGF
was chosen upon previous studies assessing the effect of VEGF on
bone healing in rodents (Street et al., 2002; Ogilvie et al., 2012;
Amirian et al., 2015; Orth et al., 2019). For loading with BMP-2,
1 mg MCM was incubated in 1 ml PBS containing 34 µg BMP-2
at 37°C for 4 h. This resulted in a BMP-2 concentration of 20 μg/
mg MCM for the in vivo experiments (Yu et al., 2014; Orth et al.,
2017). After binding either VEGF or BMP-2 on separate
microparticles, the loaded MCM were centrifuged for 3 min
and then washed once with PBS. For the application in vivo,
2 mg MCM in total, of which each microparticle was either
loaded with VEGF or BMP-2, was used.

Animals
A total of 72 CD-1 mice with a body weight of 30 ± 5 g and an age
of 9–14 weeks were used. The animals were bred at the Institute
for Clinical and Experimental Surgery, Saarland University,
Germany, kept at a regular light and dark cycle and had free
access to tap water and standard pellet food (Altromin, Lage,
Germany). The study was conducted in accordance with the
German legislation on protection of animals and the NIH
Guidelines for the Care and Use of Laboratory Animals and
was approved by the local governmental animal protection
committee (permission number: 53/2013).

Surgical Procedure
For the present study a well-established femoral atrophic non-
union model was used, as described previously in detail (Garcia
et al., 2008). For the surgical procedure, the mice were
anesthetized by an intraperitoneal injection of ketamine
(75 mg/kg body weight; Pharmacia, Erlangen, Germany) and
xylazine 2% (25 mg/kg body weight; Bayer, Leverkusen,
Germany). Briefly, an incision medial to the patella was
performed at the right knee and the patella was dislocated
laterally. After exposing the intercondylar notch, a hole was
drilled between the femoral condyles to insert a distally
flattened pin through the intramedullary canal. After
implantation of the pin, the diaphysis of the femur was
exposed and an approximately 6 mm clip was inserted into the
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femur. Subsequently, an osteotomy with a gap size of 1.8 mm was
created between the two brackets of the metallic clip. Inserting the
clip before creation of the gap guaranteed that the gap size was
maintained. Finally, the periosteum was stripped 2 mm
proximally and distally of the gap.

Animals of the group MCM + VB (n � 24) received 1 mg
MCM loaded with a total of 10 µg VEGF and 1 mg MCM loaded
with a total of 20 µg BMP-2 by direct injection into the osteotomy
gap without any further carrier material. Of interest, we could
previously show that MCM without physical support do not
dissolve and can still be detected at the site of implantation in our
non-union model even after 70 days (Orth et al., 2017). Animals
of the group MCM (n � 24) received 2 mg growth factor-free
MCM under the same conditions. The animals of the control
group (n � 24) received no MCM, leaving the osteotomy gap
empty. Finally, wound closure completed the surgical procedure.

Animals were sacrificed on day 14 (n � 12 each group) or 70 (n
� 12 each group) postoperatively. Directly prior to sacrifice,
X-rays of the operated femurs were taken to exclude
secondary dislocation of the metallic implants. Femurs were
harvested and used for further analyses.

Biomechanical Analysis
After removal of the pin and the clip as well as the surrounding
soft tissue, 3-point-bending stiffness of the osteotomized femurs
was measured (n � 8 each group; Mini-Zwick Z 2.5, Zwick, Ulm,
Germany), as described previously (Orth et al., 2017; Orth et al.,
2019). Using this non-destructive approach for biomechanical
analyses, the femurs could also be used for subsequent micro-
computed tomography (µCT) and histological investigations,
resulting in a marked reduction of required animals. To
account for differences in bone strength of individual animals,
the non-osteotomized left femora were also analyzed and served
as internal controls.

µCT
The femurs (n � 8 each group) were scanned (Skyscan 1176,
Bruker, Billerica, United States) at a spatial resolution of 9 μm
with a standardized setup, as described previously (Orth et al.,
2017; Orth et al., 2019). To express gray values as mineral content
(bone mineral density; BMD), calcium hydroxyapatite (CaHA)
phantom rods with known BMD values were used for calibration.
On each transversal slide the region of interest (ROI) was
contoured manually defining exclusively novel bone and
excluding original cortical bone and the applied MCM. The
ROI was processed with a threshold procedure (CTAnalyzer,
Bruker), which allowed for differentiation between highly and
poorly mineralized bone. The thresholds to distinguish between
highly and poorly mineralized bone were based on visual
inspection of the images, qualitative comparison with
histological sections and other studies investigating bone
repair and callus tissue by µCT (Isaksson et al., 2009; Morgan
et al., 2009; Bosemark et al., 2013). A BMD with more than
0.642 g/cm3, resulting in gray values of 98–255, was defined as
high mineralized bone. Low mineralized bone was assumed to
have a BMD value between 0.410 g/cm3 and 0.642 g/cm3,
resulting in gray values of 68–97. A BMD with more than

0.41 g/cm3, resulting in gray values of 68–255, was defined as
total mineralized bone.

The following radiological parameters were calculated from
the callus region of interest for each specimen: High mineralized
bone volume (BVhigh; mm3), low mineralized bone volume
(BVlow; mm3) and average bone mineral density for
mineralized bone (BMD; g hydroxyapatite(HA)/cm3). The
BMD was calculated by using the voxels within the
aforementioned thresholds.

Histology and Histomorphometry
After biomechanical testing and µCT analyses, bones were fixed
in 4% phosphate-buffered formalin for 24 h and decalcified in
ethylenediaminetetraacetic acid (EDTA) solution for several
weeks. After embedding decalcified bones in paraffin,
longitudinal sections with a thickness of 5 µm were stained
with Safranin-O (n � 8 each group). At a magnification of
×12.5 (Olympus BX60 Microscope, Olympus, Shinjuku, Japan;
Zeiss Axio Cam and Axio Vision 3.1, Zeiss, Jena, Germany)
structural indices were calculated based on the recommendations
of Gerstenfeld et al. (Gerstenfeld et al., 2005). For
histomorphometric evaluation the following parameters were
measured: 1) total periosteal callus area, 2) bone callus area, 3)
cartilaginous callus area and 4) fibrous callus area. The total
periosteal callus area was defined as all osseous, cartilaginous and
fibrous callus tissue outside of the cortices. Pre-existing cortical
bone and endosteal callus formation were excluded as it may have
been affected by the intramedullary pin. Each area was marked
and calculated using the ImageJ Analysis System.

Additionally, a scoring system was used to evaluate the quality
of gap bridging on both postoperative time points, as described
previously (Orth et al., 2017). This scoring system allowed a
maximum of four points that indicated complete osseous
bridging of the non-union, while zero points indicated the
absence of osseous or cartilaginous bridging of the gap.

Immunohistochemistry
Longitudinal sections of the femora were co-stained with a
monoclonal rat anti-mouse antibody against CD31 (1:100;
Abcam, Cambridge, United Kingdom), while a goat anti-rat
IgG antibody (Invitrogen, Waltham, United States) served as
secondary antibody. Cell nuclei were stained with Hoechst 33342
(2 μg/ml; Sigma-Aldrich, Taufkirchen, Germany). The number of
CD31-positive (C31+) microvessels in animals of the groups
control, MCM and MCM + VB at 14 and 70 days
postoperatively was counted at a magnification of ×400
(Olympus BX60 microscope) in the central healing zone of the
periosteal callus using two high-power fields (HPF) per specimen.

Western Blot
Protein expression within the callus tissue was determined by
Western blot analyses, including the expression of the osteoclast
markers osteoprotegerin (OPG) and receptor activator of NF-κB
ligand (RANKL), the angiogenic markers erythropoietin (EPO)
and EPO-receptor (EPO-R), the osteogenic marker BMP-4 and
the proliferation marker proliferating cell nuclear antigen
(PCNA). After harvesting callus tissue on post-operative days
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14 (n � 4 each group) and 70 (n � 4 each group), tissue samples
were transferred in lysis buffer and stored at −80°C. After saving
the whole protein fraction, proteins were separated and
transferred to membranes by standard protocols and probed
using anti-OPG (Bioss (Biozol), Eching, Germany), anti-
RANKL (Abcam), anti-EPO (Santa Cruz Biotechnology,
Heidelberg, Germany), anti-EPO-R (Santa Cruz
Biotechnology), anti-BMP-4 (Santa Cruz Biotechnology) and
anti-PCNA (Dako (Agilent), Hamburg, Germany) antibodies.
All antibodies were incubated overnight in concentration of 1:
30 at 4°C and afterwards for 4 h in a concentration of 1:300 at
room temperature. The appropriate peroxidase-conjugated anti-
IgG antibodies served as secondary antibodies (1:1,000 for 1.5 h,
Dako (Agilent)). Protein expression was visualized by means of
luminol-enhanced chemiluminescence after exposure of the
membrane to the Intas ECL Chemocam Imager (Intas Science
Imaging Instrument GmbH, Göttingen, Germany). To correct for
unequal loading, signals were normalized to β-actin signals (1:
5,000, Sigma-Aldrich).

Statistics
All data are given as means ± standard error of the mean (SEM).
First, data were tested for normal distribution and equal variance.
In case of parametric data, comparisons between two
experimental groups were performed by an unpaired Student’s
t-test, while analyses of three groups were performed by one-way
ANOVA, followed by the Student-Newman-Keuls test for all
pairwise comparisons, including the correction of the α-error
according to Bonferroni probabilities to compensate for multiple
comparisons. In case of non-parametric data, comparisons
between two experimental groups were performed by a Mann-
Whitney Rank Sum Test, while analyses of three groups were
performed by one-way ANOVA on Ranks, followed by a Student-
Newman-Keuls test for all pairwise comparisons, which also
included the correction of the α-error according to Bonferroni
probabilities. The statistical analyses were performed using the
SigmaPlot software 13.0 (Systat Software GmbH, Erkrath,
Germany). A p-value < 0.05 was considered to indicate
significant differences.

FIGURE 1 | Morphological and compositional analyses of hydroxyapatite particles and MCM. A, C: SEM images of hydroxyapatite particles (A) and MCM (C).
Insets show their EDS spectrum. B, D: FT-IR spectra of hydroxyapatite particles (B) and MCM (D). C and ○ denote the peaks associated with phosphate and
carbonate, respectively. Scale bars: 5 µm (left images) and 2 µm (right images).
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RESULTS

MCM Fabrication and Characterization
We created a mineral coating on hydroxyapatite particles by
incubation in mSBF. The mineral coating grown on
hydroxyapatite particles had a plate-like structure with
nanometer scale pores (Figure 1A,C). The analysis of SEM
images revealed that MCM have an average diameter of 5.5 ±
2.6 µm, which is about 2 µm larger than that of
hydroxyapatite particles before coating (3.4 ± 1.0 µm). It is
speculated that the mineral coating is ∼1 µm in thickness. This
result is in agreement with our previous observation by SEM (Yu
et al., 2017). The elemental analysis by EDS showed that the
calcium to phosphorus ratio (Ca/P) of hydroxyapatite particles
(1.74 ± 0.08) is similar to that of MCM (1.64 ± 0.05) (insets,
Figure 1A,C). FT-IR spectra of uncoated hydroxyapatite particles
andMCM showed characteristic peaks associated with phosphate
(560–610, 930–1150 cm−1) and carbonate (850–890, 1410–1480,
1640–1700 cm−1) (Figure 1B,D) (Lee et al., 2010). The intensity
of carbonate peaks from MCM was slightly more prominent
compared to those of uncoated hydroxyapatite particles. Taken
together, these results demonstrate that the coating of the MCM
is plate-like, nanoporous, carbonate-substituted hydroxyapatite.

X-Ray Analysis
X-rays of animals of the control and MCM group showed no
osseous bridging with a large persisting gap between the two bone
fragments (Figure 2A–D), whereas X-rays taken prior to
sacrificing showed a radiopaque callus formation after 14 days
and fully osseous bridging after 70 days in animals of the MCM +

VB group (Figure 2E,F). Of interest, X-rays of animals of the
MCM + VB group showed a dense and streamlined callus as
radiological signs of bone remodeling and indicator of
progressive bone healing at 70 days (Figure 2F). In contrast
X-rays of the control group demonstrated that the form of the
adjoining bone fragments narrowed towards the osteotomy gap
as a typical sign for atrophic non-union formation (Figure 2B).

Biomechanical Analysis
Femurs of the MCM and control group presented practically with
no bending stiffness at both time points, which indicates non-
union formation in these groups (Figure 3). In contrast, femurs
of the MCM + VB group exhibited a significantly higher bending
stiffness when compared to femurs of the MCM and control
group at 14 and 70 days postoperatively (Figure 3A,B).
Moreover, femurs of the MCM + VB group showed a
significant increase of bending stiffness over the study time,
indicating bone healing of the non-unions (Figure 3B). At
70 days after surgery, bending stiffness of femurs in the MCM
+ VB group reached approximately 65.8% of that measured for
unfractured femurs.

µCT Analysis
µCT analyses revealed a significantly higher formation of high
and low mineralized bone tissue on day 14 and 70 in the
osteotomy gaps of MCM + VB animals when compared to
those of MCM and control animals (Figure 4A–J). Of interest,
the fraction of high mineralized bone in animals of the MCM +
VB group at 14 days was still low and significantly increased over
time (Figure 4G,H), whereas the fraction of lowmineralized bone

FIGURE 2 | X-ray analysis of mouse femurs. A-F: X-rays of osteotomized mouse femurs with a segmental defect of 1.8 mm stabilized by the “pin-clip” technique
14 days (A, C, E) and 70 days (B, D, F) after osteotomy. Images of control (A, B) and MCM (C, D) exhibit no osseous bridging with a large persisting gap between the
two bone fragments, indicating non-union formation, while images of MCM + VB (E, F) show callus formation after 14 days (E) and fully osseous bridging after 70 days
(F). Note that images of MCM + VB at 70 days (F) show signs of remodeling between the brackets of the clip, while images of controls at 70 days (B) exhibit that
adjoining bone fragments narrowed towards the osteotomy gap as a typical sign for atrophic non-union formation. Scale bars: 2 mm.
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in these animals did not increase in the same period (Figure 4I,J).
As a sign for mineralization and, thus, remodeling of the callus,
the BMD increased in animals of the MCM + VB group during
the study period (Figure 4K,L).

Histomorphometric Analysis
The histomorphometric analysis on days 14 and 70 after
osteotomy demonstrated that the total periosteal callus area of
animals of the MCM + VB group was significantly larger than
that of animals of the MCM and control group (Figure 5A–H).
Intergroup comparisons showed no significant difference
between the callus area of MCM animals compared to that of
controls (Figure 5G,H).

Further evaluation of the callus composition revealed at 14 days
after osteotomy a significantly increased fraction of osseous tissue
and vice versa a reduced fraction of fibrous tissue in animals of the
MCM + VB group (Figure 5A,C,E,I). This difference in callus
composition between the three study groups could also be detected
at 70 days after osteotomy (Figure 5B,D,F,J). These results indicate
an endochondral bone formation process in the MCM + VB group,
while the MCM group and controls revealed typical histological
signs of atrophic non-unions.

Accordingly, the osseous bridging score after osteotomy was
higher in animals of theMCM+VB group than that in animals of
the MCM and control group at 14 days (MCM + VB: 2.8 ± 0.7;
MCM: 0.0 ± 0.0; control: 0.0 ± 0.0; p < 0.05) as well as at 70 days
(MCM + VB: 3.7 ± 0.3; MCM: 0.3 ± 0.3; control: 0.0 ± 0.0;
p < 0.05).

Immunohistochemical Analysis
The immunohistochemical detection of CD31+ microvessels in
the periosteal callus at 14 and 70 days after surgery revealed
significantly more vessels in MCM + VB animals when compared
to MCM and control animals (Figure 6). This indicates that
angiogenesis was improved in MCM + VB animals throughout
the study period.

Western Blot Analysis
The Western blot analysis revealed a significantly higher
expression of OPG in callus tissue of MCM + VB when

compared to callus tissue of MCM and control animals on day
14 after osteotomy (Figure 7A,C). On day 70 after surgery, no
differences in expression of OPG between the groups could be
observed (Figure 7B,C). The expression of RANKL was
significantly reduced in the callus of MCM + VB animals
when compared to that of MCM and controls at 14 days after
surgery (Figure 7A,D), but did not show significant differences at
70 days (Figure 7B,D). The expression of EPO showed no
differences between the study groups at day 14 after surgery
(Figure 7A,E). In contrast, the expression of EPO increased in
callus tissue ofMCM+VB animals and showed an approximately
8-fold higher expression at day 70 after surgery when compared
to callus tissue of MCM and control animals (Figure 7B,E). The
expression of EPO-R did not show differences between the study
groups at 14 days (Figure 7A,F). In contrast, its expression was
significantly higher in the callus of MCM+VB animals compared
to that of MCM and control animals at day 70 after surgery
(Figure 7B,F). Similar to EPO, the expression of BMP-4 was not
different between the groups on day 14 after surgery
(Figure 7A,G), but demonstrated a significant increase in
callus of MCM + VB animals at the late time point and
thereby exhibited a significantly higher expression compared
to callus tissue of MCM and controls (Figure 7B,G). The
expression of the proliferation marker PCNA was increased in
callus tissue of MCM + VB compared to MCM and controls at
both time points (Figure 7A,B,H). These findings indicate an
expression profile in animals of the groups MCM +VB typical for
significantly reduced osteoclast activity at 14 days after surgery
and improved vascularization and also enhanced osteogenic
activity at 70 days after surgery.

DISCUSSION

The present study demonstrates for the first time the use of MCM
as carriers for therapeutic delivery of VEGF and BMP-2 in
atrophic non-unions. Our results confirm the hypothesis that
the combination of VEGF- and BMP-2-loaded MCM are capable
of improving bone repair in a well-established non-union model
in mice. This was indicated by radiological signs of osseous

FIGURE 3 | Biomechanical analysis of mouse femurs. A, B: Bending stiffness of control (n � 8), MCM (n � 8) andMCM + VB (n � 8) femurs 14 days (A) and 70 days
(B) after osteotomy. Mean ± SEM; #p < 0.05 vs control; *p < 0.05 vs MCM; §p < 0.05 vs MCM + VB at day 14.
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FIGURE 4 | µCT analysis of mouse femurs. A-F: µCT images of femurs at 14 days (A-C) and 70 days (D-F) after surgery of control (A, D), MCM (B, E) and MCM +
VB (C, F) animals. Scale bars: 2 mm. G, H: Volume of high mineralized bone (BVhigh) at 14 days (G) and 70 days (H) after osteotomy within the callus of control (n � 8),
MCM (n � 8) and MCM + VB (n � 8) femurs. I, J: Volume of low mineralized bone (BVlow) at 14 days (I) and 70 days (J) after osteotomy within the callus of control (n � 8),
MCM (n � 8) andMCM + VB (n � 8) femurs.K, L: BMD of total mineralized bone volume at 14 days (K) and 70 days (L) after osteotomy within the callus of control (n
� 8), MCM (n � 8) and MCM + VB (n � 8) femurs. Mean ± SEM; #p < 0.05 vs control; *p < 0.05 vs MCM. §p < 0.05 vs MCM + VB at day 14.
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FIGURE 5 | Histomorphometric analysis of mouse femurs. A-F: Representative histological images of Safranin-O-stained femurs at 14 days (A, C, E) and
70 days (B, D, F) after osteotomy of control (A, B), MCM (C, D) and MCM + VB (E, F) animals. Fibrous tissue (ft), cartilage tissue (ct), native bone (borders
marked by solid line), and regenerated bone (borders marked by dashed line) are indicated. Scale bars: 500 µm. G, H: Total periosteal callus area of control (n �
8), MCM (n � 8) and MCM + VB (n � 8) femurs at 14 days (G) and 70 days (H) after osteotomy. I, J: Callus composition including fibrous tissue (white),
cartilaginous tissue (gray) and osseous tissue (black) of control (n � 8), MCM (n � 8) and MCM + VB (n � 8) femurs at 14 days (I) and 70 days (J) after osteotomy.
Mean ± SEM; #p < 0.05 vs control; *p < 0.05 vs MCM.
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bridging of the osteotomy, an improved biomechanical stiffness,
an increased bone volume within the callus, including ongoing
mineralization of the new bone during the study period, and a
histologically larger total periosteal callus area. These effects can
be explained by a reduced osteoclast activity at an early time point
and a pro-angiogenic and pro-osteogenic protein expression
profile at a late time point, as shown by Western blot analyses
of the callus tissue. In fact, the resulting bone formation 70 days
after surgery showed nearly full bone healing in MCM + VB
animals, as indicated by radiological signs of remodeling, a callus
composition consisting predominantly of osseous tissue and a
high histological bridging score of the non-unions.

The delivery of growth factors and other bioactive agents by
biocompatible carrier systems is difficult due to the
susceptibility to denaturation and degradation as well as the
heterogenous requirements during binding, cargo and release of
the loaded proteins (Yu et al., 2017; Orth et al., 2019). We have
developed MCM as a carrier for the controlled protein delivery.
MCM were coated by a hydroxyapatite layer having
nanostructured porosity (Yu et al., 2017). They have
previously been shown to enable robust protein binding by
electrostatic interactions between hydroxyapatite mineral
surface and the side chains of the loaded proteins. Especially,
the large surface area of MCM enables the efficient binding even

FIGURE 6 | Immunohistochemical analysis of microvessels in the central healing zone of the periosteal callus. A-F: Immunohistochemical detection of CD31+

microvessels (arrowheads) within the callus tissue of osteotomized femurs of control (A, B), MCM (C, D) and MCM + VB (E, F) animals at 14 days (A, C, E) and 70 days
(B, D, F) after osteotomy. Bars represent 50 µm.G, H: Number of CD31+ microvessels per HPF of control (n � 4), MCM (n � 4) and MCM + VB (n � 4) femurs at 14 days
(G) and 70 days (H) after osteotomy. Mean ± SEM; #p < 0.05 vs control; *p < 0.05 vs MCM.
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of high amounts of the deliverable protein. We could further
systematically modulate the physicochemical properties of
mineral coating (e.g., pore size, porosity and dissolution rate)
by varying the concentrations of ionic constituents or adding
dopants in the mSBF used for the coating solution, which, in
turn, dictates the release kinetics of delivered proteins for an

extended time period (Lee et al., 2010; Lee et al., 2011; Suárez-
González et al., 2012; Yu et al., 2014). In addition, the
nanostructured mineral coating of MCM can enhance the
stability of bound proteins against external stressors during
formulation, storage and release, including organic solvents,
proteases, and ethylene oxide gas sterilization (Yu et al., 2017).

FIGURE 7 |Western blot analysis of callus tissue. A, B: Representative Western blots of OPG, RANKL, EPO, EPO-R, BMP-4, PCNA and β-actin expression within
the callus tissue of control, MCM and MCM + VB femurs at 14 days (A) and 70 days (B) after osteotomy.C-H: Expression of OPG (C), RANKL (D), EPO (E), EPO-R (F),
BMP-4 (G) and PCNA (H) within the callus tissue of control (white; n � 4), MCM (gray; n � 4) and MCM + VB (black; n � 4) femurs at 14 and 70 days after osteotomy.
Mean ± SEM; #p < 0.05 vs control; *p < 0.05 vs MCM.
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Accordingly, MCM allow the controllable binding and
spatiotemporal controlled release of a defined quantity of
growth factors, and have proved their therapeutic efficacy in
various animal models (Yu et al., 2014; Dang et al., 2016; Dang
et al., 2016b; Orth et al., 2017; Yu et al., 2017; Clements et al.,
2018; Hellenbrand et al., 2019; Orth et al., 2019; Hellenbrand
et al., 2021). In particular, our previous studies showed that
MCM can bind VEGF and BMP-2 with high affinity and release
them over 50 days in a sustained manner (Orth et al., 2017; Orth
et al., 2019).

The modulation of bone healing to prevent or to treat non-
unions represents a major challenge. In fact, the effect of
additional application of VEGF to BMP-2 on bone healing
is discussed controversially in the literature. It has recently
been shown that the simultaneous or tunable co-delivery of
low-dose BMP-2 and VEGF fails to fully restore the mechanics
of bone in a bone defect model (Subbiah et al., 2020).
Moreover, Samee et al. (2008) found that human
periosteum-derived cells transfected with BMP-2 and VEGF
in vitro do not show more bone formation at 8 weeks after
implantation than human periosteum-derived cells transfected
only with BMP-2. On the other hand, several studies could
demonstrate that the co-application of VEGF and BMP-2
significantly improves bone regeneration when compared to
single application of BMP-2 (Luo et al., 2012; Çakır-Özkan
et al., 2017; Liu et al., 2020). The application of MCM loaded
only with VEGF has been demonstrated to improve bone
healing in a previous study using the identical murine non-
union model (Orth et al., 2019). However, bone healing was
still incomplete 70 days after surgery, as indicated by low
values of bending stiffness, a low osseous bridging score
and limited osseous tissue within the callus (Orth et al.,
2019). The application of MCM loaded only with BMP-2
also resulted in improved bone healing with a high osseous
bridging rate and increased osseous tissue fraction within the
bone defects (Orth et al., 2017). However, the bending stiffness
of the treated bones exhibited only 36% of that measured for
unfractured femurs. Furthermore, there were no signs of bone
remodeling in X-ray analyses, as observed in the present study.
We have previously demonstrated that a hydrogel loaded with
microvascular fragments as a potent angiogenic biomaterial
may have beneficial effects on angiogenesis during the course
of bone healing (Orth et al., 2018). However, we could show
that sole support of angiogenesis may even lead to impaired
bone healing (Orth et al., 2018). Therefore, the local
application of a biomaterial to a non-union needs to respect
the diverse interplay of all protagonists within the callus in vivo
and should address both, angiogenesis and osteogenesis, in
order to have a beneficial effect on the healing course (Orth
et al., 2018; Orth et al., 2019; Muire et al., 2020). In line with
this view, the combined application of VEGF and BMP-2 by
MCM herein resulted in an improved bone healing and
vascularization of the callus, as demonstrated by
radiological signs of remodeling, high absolute and relative
bending stiffness, a callus composition consisting
predominantly of osseous tissue, and an increased number
of microvessels in the callus tissue.

Based on these promising results, it may be speculated that
the ratio of VEGF to BMP-2 applied to the defect site plays a
crucial role for the healing process. Of interest, Peng et al.
demonstrated that a lower ratio of VEGF to BMP-2 promotes
bone regeneration (Peng et al., 2005). In line with these
findings, we herein demonstrated that a ratio of VEGF to
BMP-2 of 1:2 is beneficial for the healing of non-unions. Other
studies analyzing the ratio of VEGF- to BMP-2-transfected
adipose stem cells on bone healing reported that an even
greater shift of 1:9 towards BMP-2 enhances osteogenesis
and angiogenesis (Lee et al., 2019). Therefore, we feel that
the ratio of VEGF to BMP-2 is of pivotal importance and
should be analyzed in more detail in future studies to find an
optimal stimulation of angiogenesis and osteogenesis for the
treatment of non-unions.

Angiogenesis and osteogenesis are essential for a
successful bone healing process and are tightly coupled
(Kanczler and Oreffo, 2008; Rather et al., 2019).
Angiogenesis is regulated by hypoxia-inducible
transcription factors as a physiological response to hypoxic
conditions. VEGF itself can act as a hypoxic-like signal
during normoxia and serves to induce the expression of
EPO (Bellomo et al., 2006; Orth et al., 2019). EPO is a
cytokine that is known to improve endochondral
ossification and mechanical strength via EPO-R signaling
(Holstein et al., 2007). Moreover, VEGF has further direct
osteoanabolic effects and induces a chemotactic response by
binding on VEGF-receptor one on osteoblasts and serves to
secrete osteoanabolic factors by stimulating endothelial cells
(Wang et al., 1997; Bouletreau et al., 2002; Beamer et al.,
2010). Among others, osteogenesis is further regulated by
BMPs, which are well-known to exert an osteogenic effect
(Cheng et al., 2003; Chen et al., 2004; Mandal et al., 2016). Of
interest, the effect of BMPs and VEGF seems to be
reciprocally reinforcing. According to previous studies,
VEGF application has shown to potentiate the healing
response of BMPs (Cui et al., 2013; Hankenson et al.,
2015). BMP-4, in turn, increases the secretion of VEGF
(Rivera et al., 2013). Of interest, Western blot analyses in
the present study indicated that VEGF and BMP-2
upregulates pro-angiogenic EPO and EPO-R as well as
pro-osteogenic BMP-4 at 70 days after surgery. Hence, it
may be speculated that the application of MCM loaded
with VEGF and BMP-2 synergistically stimulate
angiogenesis and osteogenesis with respect to the events
during the healing course and promote the substantiated
positive effect on bone healing in this challenging non-
union model.

Despite angiogenesis and osteogenesis, osteoclast activity is
also important during the process of bone healing. As
described previously, RANKL is a potent stimulator of bone
resorption by binding receptor activator of NF-κB (RANK) in
the cell membrane of osteoclasts (Boyce and Xing, 2008). It has
been shown that an increased number of osteoclasts may
impair bone healing due to a shift of the RANKL/OPG ratio
within the callus during the early phase of bone healing (Orth
et al., 2018). In contrast, in the present study the expression of
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OPG was increased, while the expression of RANKL was low at
an early time point after surgery and, thus, shifting the ratio of
RANKL to OPG towards OPG. As described elsewhere, this
ratio is similarly modified with anti-RANKL treatment by
OPG and leads to improved implant fixation and stability
in bone (Bernhardsson et al., 2015). Moreover, the application
of OPG as a systemic RANKL inhibitor together with BMP-2
enhances bone healing compared to BMP-2 treatment alone in
a murine critical-sized femoral defect model (Bougioukli et al.,
2016). In line with these findings, the shift of the RANKL/OPG
ratio in the present study may have supported the osseous
tissue formation by reducing the osteoclast activity during the
early phase of bone healing.

In conclusion, the use of MCM for delivery of VEGF and
BMP-2 shows a great potential to improve bone healing in
atrophic non-unions. In the present study, the combined
application of these angiogenic and osteogenic growth
factors improved bone healing better than the application of
one of these growth factors alone. We found that the ratio of
VEGF to BMP-2 seems to be of pivotal importance and that a
ratio of 1:2 locally applied to the defect site is beneficial for
bone healing in non-unions. This result was most probably due
to a synergistic effect of the applied angiogenic and osteogenic
growth factors during the course of bone healing and a reduced
osteoclast activity in the early phase of bone healing.
Therefore, MCM as a carrier and spatiotemporal controlled
release system for VEGF and BMP-2 should also be of interest
for the treatment of delayed fracture healing and non-unions
in clinical practice.
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Biomechanical and Clinical Study of
Rod Curvature in Single-Segment
Posterior Lumbar Interbody Fusion
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1Department of Orthopaedics, Shanghai Changzheng Hospital, Second Military Medical University, Shanghai, China,
2Biomechanics Laboratory, School of Biological Science and Medical Engineering, Southeast University, Nanjing, China, 3School
of Mechanical Medical and Process Engineering, Queensland University of Technology, Brisbane, QLD, Australia

Objective: Pedicle screw fixation is a common technique used in posterior lumbar
interbody fusion (PLIF) surgery for lumbar disorders. During operation, rod contouring
is often subjective and not satisfactory, but only few studies focused on the rod-contouring
issue previously. The aim of the study was to explore the effect of the rod contouring on the
single-segment PLIF by the finite element (FE) method and retrospective study.

Methods: A FE model of the lumbosacral vertebrae was first reconstructed, and
subsequently single-segmental (L4/5) PLIF surgeries with four rod curvatures (RCs)
were simulated. Herein, three RCs were designed by referring to centroid, Cobb, and
posterior tangent methods applied in the lumbar lordosis measurement, and zero RC
indicating straight rods was included as well. Clinical data of patients subjected to L4/5
segmental PLIF were also analyzed to verify the correlation between RCs and clinical
outcome.

Results: No difference was observed among the four RC models in the range of motion
(ROM), intersegmental rotation angle (IRA), and intradiscal pressure (IDP) under four
actions. The posterior tangent model had less maximum stress in fixation (MSF) in
flexion, extension, and axial rotation than the other RC models. Patients with favorable
prognosis had larger RC and positive RC minus posterior tangent angle (RC-PTA) of fused
segments with respect to those who had poor prognosis and received revision surgery.

Conclusion: All RC models had similar biomechanical behaviors under four actions. The
posterior tangent-based RCmodel was superior in fixation stress distribution compared to
centroid, Cobb, and straight models. The retrospective study demonstrated that moderate
RC and positive RC-PTA were associated with better postoperative results.

Keywords: rod curvature, rod contouring, lumbar surgery, finite element analysis, PLIF surgery

INTRODUCTION

Optimal sagittal alignment plays a significant role in improving the spinal sagittal balance, reducing body
energy expenditure, and slowing down the disc degeneration of adjacent segments (Makhni et al., 2018).
Loss of the spinal sagittal balance can be caused by disc degeneration, spinal deformity, trauma, and
surgery, and thus higher muscular force is required to maintain the spinal posture and balance. However,
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the compensatory mechanism may result in adverse effects such as
back pain, disability, and decrease in health-related quality of life
(HRQOL). In addition, positive sagittal balance indicated by
abnormal radiographic parameters is also highly correlated to the
adverse outcomes in adult spinal deformity (Glassman et al., 2005).

Restoration of normal sagittal alignment is critical to
postoperative outcomes and prognosis (Matsumoto et al., 2017).
After spinal fusion, increased stress on the adjacent discs may result
in adjacent segment degeneration (ASD). It was reported that the
incidences of radiograph ASD and symptomatic ASD were 26.6 and
8.5% in lumbar surgery, respectively (Xia et al., 2013). Sagittal
imbalance, such as sagittal vertical axis (SVA) > 50mm, higher
pelvic tilt (PT), decreased lumbar lordosis (LL), and pelvic incidence
minus lumbar lordosis (PI-LL) mismatch, is identified as a
significant risk factor of ASD after posterior lumbar interbody
fusion (PLIF) (Barrey and Darnis, 2015). This pathological
change can cause neurologic symptoms which require further
medical interventions.

In view of the significance of the normal sagittal alignment, the
posterior screw–rod system as the main fixation device and rod
curvature (RC) should be consistent with the physiological alignment
to achieve satisfactory postoperative outcomes. Otherwise, negative
postoperative outcomes can be introduced. For instance, changes in
the bending curvature of the implanted rod resulted in overcorrection
or undercorrection of the sagittal balance in adolescent idiopathic
scoliosis (Salmingo et al., 2014), and the mismatch between RC and
normal sagittal alignment correlated to the poor clinical and
radiological follow-up (Moufid et al., 2019).

However, perioperative rod contouring or rod bending was
rarely studied previously. In clinical practice, French bender is the
most commonly used tool for rod contouring. The surgeon uses the
device to bend rods according to experience and preference after

evaluating the sagittal alignment of patients from the radiography
during the operation. Obviously, this experience- or preference-
based practice is inevitably subjective and poorly repeatable.
Moreover, repetitive rod contouring is likely to cause imprecise
fixation, screw loosening, stress concentration, and long operation
duration. Therefore, evaluating the rod contouring indicated by RC
is necessary. Herein, finite element (FE) analysis was adopted to
evaluate the biomechanical effects of four RCs on the single-segment
PLIF surgery including three kinds of contoured rods corresponding
to three commonly used LLmeasuringmethods (i.e., centroid, Cobb,
and posterior tangent) and straight rod. Then, a retrospective clinical
study was conducted to discuss whether the RC was correlated with
the clinical outcome.

MATERIALS AND METHODS

Finite Element Modeling
A three-dimensional FE model of the lumbosacral vertebrae
(Figure 1) was first reconstructed through Mimics 16.0 software
(Materialise, Leuven, Belgium), based on computed tomography
images (CT, Philips Brilliance iCT 256; slice thickness, 1 mm;
scanning voxel size, 0.8 × 0.8 × 1.2 mm3) of a normal male adult
without any lumbar disease. The participant was provided a written
informed consent prior to the enrollment, and the study protocol
was approved by the Institutional Ethics Committee.

Regarding the FE model, the cortical bone, cancellous bone,
endplates, and intervertebral disc were created in 3-matic 8.0
(Materialise, Leuven, Belgium) and then meshed in HyperWorks
13.0 (Altair Engineering, Inc., Executive Park, CA, United States).
Cortical bone was separated from each vertebra with a thickness of
1 mm (Naserkhaki et al., 2018), and the rest of the vertebra was

FIGURE 1 | Finite element modeling. (A) Lateral view of the lumbosacral model with posterior lumbar interbody fusion in Hypermesh. (B) Sagittal section of
vertebrae and intervertebral disc. The vertebra is partitioned into cortical and cancellous bone. The disc is composed of nucleus pulposus and annulus ground substance
embedded with crossing collagen fibers. (C) Posterior view of PLIF. (D) Boundary and loading conditions.
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treated as cancellous bone. The thickness of the endplate was set at
0.5 mm. The element types of vertebrae and endplates were four-
node tetrahedral element (C3D4) and eight-node hybrid hexahedral
elements (C3D8H), respectively. Intervertebral discs were divided
into incompressible nucleus pulposus and annulus ground substance
(Guo and Fan, 2018). The nucleus pulposus and annular ground
substance were meshed by the C3D8H element with an isotropic,
hyper-elastic Mooney–Rivlin material. Six circumferential layers of
crossing collagen fibers with different orientations were embedded in
the annulus ground substance, and the fibers were meshed by
tension-only two-node truss elements (T3D2). A total of seven
major ligaments including anterior longitudinal ligament (ALL),
posterior longitudinal ligament (PLL), ligamentum flavum (LF),

capsular ligament (CL), intertransverse ligament (ITL),
interspinous ligament (ISL), and supraspinous ligament (SSL)
were meshed by tension-only Spring A elements (Rohlmann
et al., 2006). A frictionless surface contact between facet joints
was assigned. All material properties of the aforementioned
tissues were listed in Table 1.

Contouring Methods and Simulation of the
Posterior Lumbar Interbody Fusion
Procedure
Centroid, Cobb, and posterior tangent methods (Figure 2) were
applied to measure angles of L4–L5 segment curvatures in

TABLE 1 | Material properties of the FE model.

Component Element
type

Young’s
modulus (Mpa)

Poisson’s ratio Density (g/cm3) Cross section (mm2) Reference

Bone

Cortical bone C3D4 12,000 0.3
1.7e-6

Goel et al.
(1994)

Cancellous bone C3D4 100 0.2
1.1e-6

Endplate C3D8H 23.8 0.4
1.2e-6

Ueno and Liu
(1987)

Intervertebral disc
Annulus ground
substance

C3D8H C10 = 0.18, C01 = 0.045
1.05e-6

Schmidt et al.
(2007)

Nucleus pulpous C3D8H C10 = 0.12, C01 = 0.03
1.02e-6

Annulus fiber layers Polikeit et al.
(2003)

Outermost T3D2 550 0.3
1.0e-6 0.70

Second T3D2 495 0.3
1.0e-6 0.63

Third T3D2 440 0.3
1.0e-6 0.55

Fourth T3D2 420 0.3
1.0e-6 0.49

Fifth T3D2 385 0.3
1.0e-6 0.41

Innermost T3D2 360 0.3
1.0e-6 0.30

Fixation devices
Screw and rod
(Ti6Al4V)

C3D4 113,000 0.3

Cage (PEEK) C3D8H 3,500 0.3

Ligaments Element
type

Strain
(%)

Stiffness
(N/mm)

Strain
(%)

Stiffness
(N/mm)

Strain
(%)

Stiffness
(N/mm)

Strain
(%)

Stiffness
(N/mm)

Anterior longitudinal
ligament

Spring A ε < 0 0 0< ε

< 12.2
347 12.2< ε

< 20.3
787 20.3 < ε 1864 Rohlmann et al.

(2006)
Posterior

longitudinal ligament
Spring A 0< ε

< 11.1
29.5 11.1< ε

< 23
61.7 23 < ε 236

Ligamentum flavum Spring A 0< ε

< 5.9
7.7 5.9< ε

< 49
9.6 49 < ε 58.2

Intertransverse
ligament

Spring A 0< ε

< 18.2
0.3 18.2< ε

< 23.3
1.8 23.3 < ε 10.7

Capsular ligament Spring A 0< ε < 25 36 25< ε < 30 159 30 < ε 384
Interspinous

ligament
Spring A 0< ε

< 13.9
1.4 13.9< ε

< 20
1.5 20 < ε 14.7

Supraspinous
ligament

Spring A 0< ε < 20 2.5 20< ε < 25 5.3 25 < ε 34
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Mimics (Harrison et al., 2001). Here, the centroid angle was
described as the included angle made by two straight lines, which
passed through two vertebral centroids at both ends (Chen, 1999).
The Cobb angle was defined as the angle between the superior
endplate of L4 and the inferior endplate of L5. The posterior

tangent angle was defined as the included angle of two lines
passing tangentially to posterior wall of the L4 and L5 end
vertebrae (Janik et al., 1998). The shape of the contoured rod
was simply treated as an arc of a virtual circle. According to the
distance between ipsilateral screw tails (i.e., chord length of the
arc) and the three previously defined angles, the arc length (i.e.,
the rod contour) was calculated. The RCs of centroid, Cobb, and
posterior tangent models were 33.25°, 18.65°, and 7.99°,
respectively. In addition, the straight model (RC = 0°) was also
considered. Accordingly, the four types of rods were modeled in
SolidWorks 2003 (SolidWorks Corp., Waltham, MA,
United States).

PLIF was modeled on L4–L5 segment in 3-matic software.
According to the surgical procedure, pedicle screws with a
diameter of 6 mm were inserted along the central axis of the
pedicle, and two screws in L4 and L5 were parallel to their
superior endplates, respectively. Partial spinous processes and
laminae (inferior L4 and superior L5) and half of the medial facet
joints and three ligaments (LF, ISL, and SSL between L4 and L5)
were removed. Then, two cubic cages were inserted into the disc
space after removing the inferior endplate of L4 and superior
endplate of L5, and this simulated the clinical practice. Finally,
rods with four RCs were assembled in each model. All fixation
devices were meshed in HyperWorks. Tie constraints were
employed to model the contact between vertebrae and screws
or cages. All material properties of fixation devices were also
reported in Table 1.

Boundary and Loading Conditions
The six degrees-of-freedom of the sacrum were constrained. The
loading history involved two steps. In the first step, a preload of
500 N as a follower load representing upper body weight and
muscle forces was applied according to the force line of the
lumber spine (Patwardhan et al., 1999). In the second step, a
7.5 Nmmoment was applied on the top center of the L1 vertebral
body in four actions, i.e., flexion, extension, lateral bending, and
axial rotation (Ayturk and Puttlitz, 2011). FE simulation was

FIGURE 2 | Description of Cobb, centroid, and posterior tangent methods in the rod bending procedure.

FIGURE 3 | Radiographic parameters measured from lateral
radiographs. Abbreviation: LL, lumbar lordosis; PT, pelvic tilt; PI, pelvic
incidence; SS, sacral slope; RC, rod curvature; PTA, posterior tangent angle
of fused segments.
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performed by Abaqus (v6.14, Simulia Inc., Providence, RI,
United States).

Model Validation and FE Analysis
To validate the FE model, a normal lumbosacral model was also
developed (Supplementary Figure S1 in Supplementary Materials),
and the range of motion (ROM) of the normal lumbosacral model
and L4/5 intradiscal pressure (IDP) were compared with a recent FE
study and an in vitro biomechanical experiment (Rohlmann et al.,
2001; Wang et al., 2018). To be consistent with the literature, a
follower load of 280 N and increasing moments from 0.0 to 7.5 Nm
with an interval 2.5 Nm were applied on the FE model in flexion,
extension, lateral bending, and axial rotation tests. After the
validation, ROM, intersegmental rotation angle (IRA) of adjacent
levels, IDP in adjacent segmental discs, and maximum von Mises
stress in fixation (MSF) of the four RC models were compared
(Huang et al., 2021).

Clinical Study
The retrospective study identified patients subjected to L4/5
segmental PLIF surgery for lumbar spinal stenosis from
January 2015 to June 2021 with the Institutional Review
Board’s (IRB) approval. The exclusion criteria were patients
with the diagnosis of spinal infection, injury, tumor, apparent
deformity, irreducible lumbar spondylolisthesis, and other
diseases that caused spinal instability. The normal group
included patients with an over two-year satisfactory follow-up,
whereas the abnormal group consisted of patients who had poor
recovery within two-year follow-up after primary surgery and
received revision surgery. Patient demographics (age, gender, and
BMI), surgical time, and hospital stay were collected.
Radiographic parameters including LL, PT, PI, sacral slope
(SS), PI-LL, RC, posterior tangent angle of fused segments

(PTA), and the difference between RC and PTA (RC-PTA)
were measured from postoperative lateral radiographs
(Figure 3). The χ2 test for the parameter of gender and
student t-test for the remaining parameters were used to
determine statistical difference between groups (SPSS Statistics
16.0, IBM Corporation, Somers, NY, United States), and p < 0.05
indicated the statistical significance.

RESULTS

Model Validation
The ROM of the normal lumbosacral model was validated against
two previous studies (Rohlmann et al., 2001; Wang et al., 2018).

FIGURE 4 | Range of motion (ROM)–moment curvatures for model validation versus the FE study from Wang et al. and the in vitro study from Rohlmann et al.

FIGURE 5 | Intradiscal pressure (IDP) of the L4/5 disc for model
validation by comparing the in vitro study and current model.
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As shown in Figure 4, the ROM–moment curves in the current
study agree with the ranges of the in vitro study and FE study. The
distribution of the IDP in L4/5 is similar to that of the in vitro
study, i.e., extension > right bending > left bending > flexion > left
torque > right torque. However, compared to the axial torsion,
the IDPs of flexion, extension, and lateral bending between the
present FE result and the in vitro experiment show a discrepancy
(Figure 5). The reason might be that residual muscles or tendons
connecting the spine in the in vitro study reduced the stress level
of the IDP. In any case, IDPs in the current study are still in the
acceptable ranges (Dreischarf et al., 2014; Naserkhaki et al., 2018).

Biomechanical Analysis of the Groups
No difference in the ROM of the lumbosacral model in the single-
segmental PLIF surgery was observed among four RCmodels under
the four actions of flexion, extension, lateral bending, and axial
rotation (Supplementary Figure S2 in Supplementary Materials).
On the neighboring adjacent vertebrae (L3/4 and L5/S1) to the fused
L4/5, there was also no substantial difference among four RCmodels
in IRA and IDP with 7.5 Nm moment under the four actions
(Supplementary Figure S3 in Supplementary Materials). Stress
distributions of the intervertebral discs and vertebrae showed a
very weak difference between four RC models (Supplementary
Figures S4, S5 in Supplementary Materials). The stress levels of
collagen fibers were higher than those of annulus ground substance.
In particular, MSFs under the four actions are illustrated in Figure 6.
In flexion and extension, the Cobb model had the greatest stress,
followed by the centroid model, straight model, and finally posterior
tangent model. In the lateral bending and axial rotation, the greatest
maximum stresses occurred in the centroid model; however, the
posterior tangent model and Cobb model ranked the second and
third, respectively, and the straight model was the last in the lateral
bending, whereas in axial rotation, Cobb and straightmodels were in
the middle, and posterior tangent had the minimum stress. The
stress contours of the screw–rod system in four RC models with the
values and locations of MSF under the four actions are shown in
Figure 7. Overall, MSF in all RC models mainly occurred at the

junction of screw and rods, and stress concentration was located at
rods and thread run-out. In axial rotation, the screw–rod system
experienced larger stress concentration than other actions.

Clinical Results
The analysis for characteristics of patients undergoing L4/5
segmental PLIF surgery were listed in Table 2. The primary
diagnoses for reoperations were lumbar spinal stenosis at the
adjacent level (10 cases) and internal fixation failure (2 cases). No
significant differences were found between normal and abnormal
groups in aspects of age, gender, BMI, surgical time, hospital stay,
LL, PT, PI, SS, PI-LL, and PTA. The normal group had much
higher RC (18.87° versus 4.70°, p < 0.01) and RC-PTA (6.18°

versus −5.23°, p < 0.01) than the abnormal group (Figure 8).

DISCUSSION

Optimization of spinal alignment measurements could provide
guidance to the surgery. However, one question that needs to be
answered is whether the rod contouring process should follow the
same strategy. In the process of sagittal alignment correction,
there is no evaluation on what RC could achieve a better clinical
outcome. Thus, basing on three commonly-used LL
measurements, we applied an analogy to rod contouring
practice in spinal surgery and provided evidence for better rod
contouring in single-segmental PLIF surgery by FE simulation.
Although the three methods showed similar biomechanical
properties under four actions, the posterior tangent method
was relevantly superior in the fixation stress distributions of
flexion, extension, and axial rotation. The RCs in centroid,
Cobb, posterior tangent, and straight models were 33.25°,
18.65°, 7.99°, and 0°. Also, the RC-PTA of the four models
were 25.26°, 10.66°, 0°, and −7.99°, respectively. The two
variables of the posterior tangent model fell in the middle of
the ranges. In the clinical study, it was demonstrated that
moderate RC was beneficial for patients who underwent L4/5

FIGURE 6 | Comparison of maximum stress in fixation (MSF) for four RC models in flexion, extension, lateral bending, and axial rotation.
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segmental PLIF surgery, and negative RC-PTA was associated
with adverse postoperative outcomes. Hence, both FEA and
clinical study demonstrated that moderate rod contouring was
necessary in L4/5 PLIF surgery. This result was partially
consistent with Harrison’s finding with respect to algorithm
comparison of LL assessment (Harrison et al., 2001).
Combined with the analyzing methodologies, the posterior
tangent method seemed better to fit normal spinal cord. Thus,
we inferred that for the sake of convenience in clinical

application, employing the fitting curve of the normal lumbar
vertebral posterior edge or centerline of spinal canal to contour
rod could be a feasible approach.

To date, improvement of surgical outcome and prevention of
ASD-related complications are still the focus and challenge in
lumbar surgery. In clinical practice, disappointing postoperative
function and mechanical failure have been largely ascribed to
inadequate restoration of sagittal alignment. Appropriate LL
restoration was beneficial for reducing ASD risk. An in vitro

FIGURE 7 | Stress contours of the screw–rod system for four RC models under flexion, extension, lateral bending, and axial rotation tests.
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biomechanical study reported that hypolordosis in the fused
segments could reduce tension behavior of the anterior soft
tissues and increase the stress of the posterior column of the
adjacent vertebra (Umehara et al., 2000). Meanwhile, high stress
of posterior internal fixation might increase risks of screw loosening
or rupture. Moreover, decreased LL could increase the ROM and
IDP of adjacent segments (Zhao et al., 2018), and excessive LL
curvature also increased the IDP of the adjacent intervertebral disc
(Wang et al., 2020). These also indicate the potential risk of ASD

development. A meta-analysis revealed that post-operative LL was
correlated with a significant increase in ASD occurrence after PLIF
for degenerative lumbar disease (Wang and Ding, 2020). In this
regard, to maintain proper physiologic lordosis at the fusion site, RC
should be in accordance with the appropriate LL. This inference
supplies the theoretical support for the current study to some extent.
In addition, it must be pointed out that proper physiologic lordosis
cannot be equated with originally normal lumbar alignment for
degenerative lumbar disease. Vertebral osteophyte formation,
intervertebral disc degeneration, facet hypertrophy, and
compensatory change of surrounding tissues are the reflections of
the body’s restabilization dealing with the lumbar pathological state
in a long-term process. This spontaneous restabilization generates a
special biomechanical status distinct from a patient’s normal lumbar
condition or individuals with normal anatomic structure of lumbar
spine. Thus, it requires proper correction of lumbar curvature based
on clinical patient-specific conditions, and this challenges surgeons
when evaluating spinal balance and planning correction of
curvature.

To the best knowledge of the authors, there are few studies on the
rod contouring optimization. Wanivenhaus et al. (2019) proposed
that augmented reality-assisted rod bending could reduce operation
duration by 20% compared with the traditional method and achieve
higher accuracy of the rod bending process. Shi et al. (2020)
confirmed that the Cobb angle could be used as reference to
guide rod bending in thoracolumbar fractures and also reported
that 4°–8° greater than the Cobb angle as the RC achieved the best
spinal sagittal balance 2 years after the operation. Moufid et al.

TABLE 2 | Patient demographics and radiographic parameters.

Variable Normal (N = 19) Revision (N = 12) p-value

Age (years) 53.42 ± 10.05 52.71(0.15) 0.42
Gender (male/female) 10/9 9/3 0.27
BMI (kg/m2) 25.59 ± 3.32 23.49 ± 2.93 0.08
Surgical time (hour) 2.21 ± 0.38 2.46 ± 0.99 0.47
Hospital stay (days) 7.74 ± 3.33 6.67 ± 1.83 0.32
LL 52.62 ± 12.30 48.49 ± 7.97 0.31
PT 15.12 ± 6.95 18.79 ± 4.26 0.11
PI 51.12 ± 6.95 52.74 ± 8.67 0.67
SS 35.99 ± 7.52 33.95 ± 7.90 0.48
PI-LL −1.51 ± 10.19 4.25 ± 7.84 0.11
RC 18.87 ± 6.16 4.70 ± 3.39 <0.01
PTA 12.68 ± 5.05 9.93 ± 3.09 0.10
RC-PTA 6.18 ± 7.96 −5.23 ± 4.71 <0.01

Abbreviation: LL, lumbar lordosis; PT, pelvic tilt; PI, pelvic incidence; SS, sacral slope; PI-
LL, the difference between PI and LL; RC, rod curvature; PTA, posterior tangent angle of
fused segments; RC-PTA, the difference between RC and PTA.

FIGURE 8 | Typical cases showing rod contouring differences between normal and abnormal groups.
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(2019) evaluated the mismatch between rod–screw and LL of the
fused segment by the concept of the mismatch analysis index (MAI),
which was determined by three parameters: the angle between the
screw and rod, the angle between the superior endplate and screw,
and the distance between the rod and posterior wall of vertebra. In
addition, Wang et al. (2016) reported that increasing the bending
angle of the concave rod, with respect to the convex rod, could
improve the transverse plane correction with advantages in screw
pullout forces and kyphosis.

The present study has a certain significance in the practical
application of individualized or customized rod contouring before
operation. Precise contouring could avoid the reduction of yield
strength and stiffness caused by repetitive bending (Demura et al.,
2015). It is worth noting that this study made a preliminary
exploration on a habitual, pervasive, but subjective surgical
procedure that requires standardization in the period of highly
developing surgical techniques. Limitations should be
acknowledged as well. First, this study did not take into account
anatomical variations of the spinal structure. In fact, normal lumbar
curvature varies greatly, which may result in different biomechanical
performances of rod contouring. Spinal parameters, such as LL, PI,
PT, and sacral slope (SS), are also associated with the sagittal balance.
Second, the current study computationally modeled three commonly
used lumbar lordosis measurements and straight rods to guide rod
contouring. However, the modeled RCs should be solidified to have
generalizability, interpretability, and clinical applicability by collecting
more samples. Third, the clinical observations were patient-specific,
and the real mechanical environment corresponding to the model
boundary conditions varied, and this might lead to the discrepancy
between the model and clinical observations. The patient-specific
information should be further included to have exactly consistent
results with the clinical observations. Fourth, FEA was a numerical
evaluation of the biomechanical effect on the PLIF. The cadaveric
study under cyclic loading andmulticenter clinical studies with sound
evidence should be conducted to verify the results. The accuracy of the
radiographic parameter measurement could also be optimized by
digital image processing and other analysis techniques. Nevertheless,
there is no denying that the current study strongly controlled variables
that inevitably occurred in clinical studies such as differences from
patients and fixation placement.

CONCLUSION

The present study studied the biomechanical effects of different
RCs determined by centroid, Cobb, and posterior tangent

methods on the single-segment PLIF surgery. The findings
were that four RC models showed similar biomechanical
behaviors under four actions, but the posterior tangent mode
was relevantly superior to other three RC models in the aspect of
fixation stress distribution. Moreover, the retrospective study
further revealed that moderate RC and positive RC-PTA were
associated with favorable prognosis.
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Pulsed Electromagnetic Field
Alleviates Intervertebral Disc
Degeneration by Activating
Sirt1-Autophagy Signaling Network
Yi Zheng1, Liangwei Mei1†, Shengyou Li1†, Teng Ma1, Bing Xia1, Yiming Hao1, Xue Gao2,
Bin Wei1, Yitao Wei1, Da Jing3*, Zhuojing Luo1* and Jinghui Huang1*

1Department of Orthopedics, Xijing Hospital, Fourth Military Medical University, Xi’an, China, 2Faculty of Life Sciences, Northwest
University, Xi’an, China, 3Department of Biomedical Engineering, Fourth Military Medical University, Xi’an, China

Intervertebral disc (IVD) degeneration is regarded as a major contributor to low back pain
(LBP), causing serious economic burden on individuals and society. Unfortunately, there
are limited effective treatment for IVD degeneration. Pulsed electromagnetic field (PEMF) is
an economical and effective physical therapy method, with reduced side-effects. It offers
certain protection to a number of degenerative diseases. Therefore, understanding the
underlying mechanism of PEMF on IVD is important for improving the PEMF therapeutic
efficiency. In this study, PEMF up-regulated extracellular matrix (ECM) related genes in
degenerated nucleus pulposus (NP) cells. It also increased SIRT1 expression and
promoted autophagy in degenerated NP cells. In contrast, the autophagy suppressor
3-methyladenine (3-MA) reversed the beneficial effect of PEMF on ECM production.
Similarly, the SIRT1 enzyme activity suppressor EX 527 also inhibited the effect of
PEMF on autophagy and ECM production in NP cells, thereby suggesting that PEMF
regulated ECM related genes expression through SIRT1-autophagy signaling pathway.
Lastly, PEMF significantly reduced IVD degeneration in a rat model of IVD degeneration in
vivo. In summary, our study uncovers a critical role of SIRT1-dependent autophagy
signaling pathway in ECM protection and thus in the establishment of therapeutic
effect of PEMF on IVD degeneration.

Keywords: pulsed electromagnetic fields, intervertebral disc degeneration, autophagy, SIRT1, extracellular
matrix (ECM)

INTRODUCTION

Low back pain (LBP) is an age-related condition, the prevalence and impact of which are increasing
year by year (Cashin et al., 2021; Knezevic et al., 2021). In a recent global survey involving 50 chronic
diseases, LBP ranked the first cause of disability in the elderly (Cieza et al., 2021). Although LBP has
multifactorial etiology, intervertebral disc (IVD) degeneration is believed to be the main contributor
of LBP pathology (Foster et al., 2018; Liu et al., 2021). IVD consists of three distinct regions, namely,
the central nucleus pulposus (NP), which is a gel-like tissue rich in aggrecan; the annulus fibrosus
(AF), which is mainly composed of collagen fibers; and the cartilage endplate (CEP), which is
connected to vertebral bodies. Existing studies revealed that alterations in extracellular matrix
(ECM), inflammation, enhanced catabolism, and cellular aging and death promote IVD
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degeneration (Tu et al., 2021; Francisco et al., 2022). Despite
global prevalence of IVD degeneration, there are no effective
treatments available for IVD degeneration and its related
pathologies.

Pulsed electromagnetic field (PEMF), as an economical and
non-invasive form of physical therapy, with reduced side-effects.
It has been used in clinical practice since the 1970s, mainly for the
treatment of delayed fracture healing, nonunion, and
osteonecrosis (Caliogna et al., 2021; Varani et al., 2021).
Numerous studies confirmed that PEMF possesses anti-
inflammatory and anti-aging properties, and it promotes ECM
synthesis both in vitro and in vivo (Kavand et al., 2016; Zhi et al.,
2016; Parate et al., 2017; Bloise et al., 2020). Recent evidences
revealed that PEMF serves a certain function in inhibiting IVD
degeneration in a short-term treatment. Miller et al., for instance,
reported that PEMF lowers levels of inflammatory factors and
catabolites, while enhancing anabolism in vitro (Miller et al.,
2016). In addition, Chan, AK et al. validated that PEMF
suppresses levels of inflammatory factors and accelerates ECM
production in a rat tail-puncture induced IVD degeneration
model in a 7-day treatment (Chan et al., 2019). Although
existing studies demonstrated certain clinical benefits of
PEMF, the mechanism whereby PEMF regulates IVD
degeneration remains unknown.

Interestingly, recent studies have uncovered that PEMF show a
potential role in regulating silent information regulator 1
(SIRT1), a NAD + -dependent deacetylase, which might
activate autophagy in several tissues (Jeong et al., 2017;
Patruno et al., 2020). Autophagy serves an essential function
in cell homeostasis by removing non-functional cellular
components and organelles. During aging process, autophagy
related genes dramatically decrease in IVD tissues (Kritschil et al.,
2021). Prior studies have revealed that autophagy protects against
IVD degeneration (Hu J. et al., 2021; Dai et al., 2021; Zhong et al.,
2021). Hence, activating autophagy may be an effective treatment
against IVD degeneration. Emerging evidences have confirmed
that PEMF exerts therapeutic effects by activating autophagy
(Jiang et al., 2016; Zielinski et al., 2020). However, the role of
autophagy in the beneficial effect of PEMF on IVD degeneration
is currently unknown, and underlying mechanisms have not yet
been fully clarified. Therefore, the present study aimed to evaluate
whether PEMF alleviate IVD degeneration via SIRT1-mediated
autophagy in cellular and animal models.

MATERIALS AND METHOD

PEMF Stimulators
The PEMF stimulation system (GHY-III, Airforce Military
Medical University (AMMU), Xi’an, China; China Patent no.
ZL02224739.4) consisted of a PEMF generator and Helmholtz
coils (Figure 1). In cellular experiments, we employed Helmholtz
coils with 200 mm diameters and an interval distance of 100 mm.
Each coil was composed of 0.8 mm diameter enameled coated
copper wire. The PEMF waveform comprised of a pulsed burst
(burst width 5 ms; pulse width, 0.2 ms; pulse wait, 0.02 ms; burst
wait, 60 ms; pulse rise and fall times: 0.3 µs, 2.0 µs), which was

frequented at 15 Hz. This waveform is known to exert a
therapeutic effect on nerve injury and osteoporosis, as is
evidenced in our prior investigations (Jing et al., 2010; Zhu
et al., 2017). A compact 2Ω resistor was introduced in series
connection, accompanying coils. The wave shape and frequency
were assessed with an oscilloscope (6,000 series; Agilent
Technologies, United States), and a Gaussmeter (Model 455
DSP; Lake Shore Cryotronics) was employed to monitor the
precision of PEMF output. NP cells received PEMF stimulation
for 4 h/day. In animal experiments, different Helmholtz coils
were used, carrying an interval distance of 304, and diameter of
800 mm but the PEMF output was the same in in vitro and in vivo
studies, which was confirmed by the oscilloscope and
Gaussmeter test.

NP Cells Isolation, Culture, and Treatment
Our work received ethical approval from the Xijing Hospital, and
we received informed consent from all eligible participants.
Human intervertebral disc tissue was obtained from patients
with lumbar disc herniation (n = 8, age 59.0 ± 0.5 years, range
55–74 years) and fresh NP tissue samples were obtained during
the surgery. Samples were washed thrice with normal saline, and
cut into 2 mm3, before digestion for 30 min in 0.2% pancreatin.
They were then rinsed thrice in PBS and incubated in 0.25% type
II collagenase for 4 h, with shaking every half an hour, before
terminating digestion. Any undigested tissue was then filtered
with a 70-micron filter, before resuspending the digested tissue in
DMEM/F12 medium with 10% fetal bovine serum and
antibiotics, prior to culture in a 5% CO2 humidified incubator
at 37°C. Cells received PEMF treatment 4 h per day, and samples
were collected at 0, 24, 48, and 96 h to test apoptosis rate. In order
to examine PEMF-mediated autophagy via SIRT1, cells were
pretreated with either 10 mM 3-MA (an autophagy suppressor)
or EX-527 (a SIRT1 enzymatic activity suppressor) for 2 h before
the first PEMF stimulation and then maintained in the same
media for the entire experiment. All experiments were repeated
thrice for good measure.

Cell Viability Assay
NP cells were seeded to the 96-well plate (density: 5 × 104/ml). In
24, 48, and 96 h timepoint, each well was washed with PBS and
then treated using 10-µl of Cell Counting Kit 8 (CCK8; Dojindo,
Kumamoto, Japan) for1 h at 37°C. The optical density was then
evaluated via a microplate reader (BioTek, United States) at
450 nm absorbance.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)
Total RNAwas extracted fromNP cells using the Total RNAMini
Kit (QIAGEN, Germany), following kit directions, then
converted to cDNA, prior to qPCR analysis via SYBR Green
PCR Master Mix (TAKARA, Japan) and a BioRad CFX96 PCR
System (BioRad, Australia). GAPDH served as an endogenous
control. The primers used for qRT-PCR reactions were as follows:
collagen II (F)5′-CGAGGCAGACAGTACCTTGA-3′, (R) 5′-
TGCTCTCGATCTGGTTGTTC-3’; MMP3 (F) 5′-GCTCAT
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CCTACCCATTGCAT-3′, (R) 5′-GCTTCCCTGTCATCTTCA
GC-3’; GAPDH (F) 5′-GGCACAGTCAAGGCTFAGAATG-3′,
(R) 5′-GGTGGTGAAGACGCCAGTA-3’.

Western Blot Assay
NP cells were thrice rinsed in PBS, before harvest using RIPA
buffer and centrifugation at 12,000 g for 15 min. Protein
quantification was done with a BCA analysis kit. Proteins were
electrophoresized via SDS-PAGE, before transfer to PVDF
membranes (Thermo Fisher Scientific). Next, they were
blocked using 5% non-fat milk in TBS-Tween (TBST) at room
temperature (RT) for 1 h, before exposure to primary antibodies
(namely, p62, SIRT1, LC3B, collagen II, MMP-3, and GAPDH
(all from abcam and has a dilution of 1:1,000)) at 4°C overnight
(O/N). They were next exposed to secondary HRP-linked
antibodies, either goat anti-rabbit or goat anti-mouse
secondary antibodies (Cwbiotech, Beijing, China) at a 1:2,000
dilution for 1 h, before protein band detection using
chemiluminescence (Bio-Rad).

Immunofluorescence Staining
NP cells underwent fixation in 4% paraformaldehyde for
10–15 min, and permeabilization in 0.2% Triton X-100 for
20 min, before blocking in 10% normal goat serum at RT for
1h, and O/N incubation in antibodies against collagen II (1:200)
and MMP-3 (1:150) at 4°C. Then, they were thrice washed in PBS
before exposure to secondary antibodies (FITC or Cy-3, 1:200)
for 1 h at RT, and to DAPI for 10 min. Cells underwent three PBS
washes for 15 min after every step. Lastly, they were visualized
under a fluorescence microscope and analyzed using the ImageJ
software.

Transmission Electron Microscopy
A TEM (H-7650; Hitachi, Tokyo, Japan) was employed for
calculating autophagic vesicles within NP cells. In short, NP
cells underwent O/N fixation in 2.5% glutaraldehyde, followed
by a 1 h post-fixation in 2% OsO4, before receiving gradient
dehydration in acetone, followed by embedding, and slicing into
70 nm ultrathin sections using LKB-V ultrathin microtome.
Subsequently, they were post-stained with uranyl acetate and
lead citrate, and visualized with TEM (H-7650; Hitachi, Tokyo,
Japan).

Surgical Procedure
All animal experiments abided by the Institutional Ethical
Committee of Fourth Military Medical University guidelines.
Fifteen rats were arbitrarily separated into three groups:
control (n = 5); needle puncture (n = 5); and needle puncture
and PEMF treatment (n = 5). All rats were intraperitoneally
anesthetized with pentobarbital solution (1%, 40 mg/kg). As
described in previous studies, following tail skin disinfection
with iodophor and alcohol, a 20-gauge needle was used to
fully puncture the tail disc from Co6-Co8 levels, including two
IVDs (Co6-Co7 and Co7-Co8) (Sun et al., 2020; Mei et al., 2021).
The needle was then rotated 180 and left for 1 min before
removal. Following the operation, all the animals were placed
back in their cages and provided with ample food and water. The

rats in the experimental group were provided with PEMF
treatment (8:00–12:00, 4 h/d) immediately after surgery. Rats
were housed in a climate-controlled facility (24 ± 1°C, 35–60%
humidity; 12 h light/dark cycle).

Magnetic Resonance Imaging
MRI images were captured 8 weeks after treatment, using an MRI
system (Siemens 3 T Magnetom Trio Tim scanner, Munich,
Germany). The IVD degeneration score was computed by two
independent spinal surgeons, based on the Pfirrmann grading
system, ranging from grade I to grade V.

Histopathologic Analysis
Upon fixation in 4% paraformaldehyde, the IVD tissue was
decalcified, paraffin-embedded, and sliced into 7 μm thick
sagittal sections, then stained with Hematoxylin and Eosin
(H&E), Safranin O-Fast Green (SOFG), and Sirius Red. The
histological scores, including NP morphology and cellularity,
AF organization, matrix structure and CEP integrity, were
determined by independent researchers who were blinded to
the study, as reported previously (Sobajima et al., 2005; Chan
et al., 2019).

Statistical Analysis
All data were analyzed using one-way ANOVA from the SPSS
13.0 software (IBM, IL, United States) and expressed as means ±
standard deviations (SDs). Tukey’s post hoc and Dunnett’s tests
were employed for significance comparisons (GraphPad Prism
7.0; GraphPad Software, CA, United States). p < 0.05 was deemed
significant.

RESULTS

The Effect of PEMF on the
Characterizations and Anti-degeneration of
NP Cells
To examine the PEMF-mediated effect on NP cell apoptosis,
viability and cell morphology, we stimulated NP cells with
PEMF 4 h/day for four consecutive days, and monitored cell
apoptosis and viability using flow cytometry and CCK-8 assay at
0, 24, 48, and 96 h. Based on our results, PEMF did not exert any
obvious cytotoxicity on NP cells (Figures 2A-D and
Supplementary Figure 1A). Moreover, phase-contrast
microscopy results showed that PEMF didn’t change cell
morphology at 96 h timepoint (Supplementary Figure 1B
and 1C).

We also assessed the PEMF-mediated regulation of NP cell
ECM related genes expression. Following 4 days of treatment,
RT-qPCR data revealed that PEMF markedly enhanced
collagen II expression, while decreasing Mmp3 levels in NP
cells (Figures 2F,G). Results from western blot analysis further
corroborated the RT-qPCR data (Figures 2E,H,I). In addition,
using immunofluorescence staining and semi-quantitative
analysis, we also revealed that PEMF markedly elevated
collagen II expression in NP cells (Figures 2J,K).
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Collectively, these data suggest that PEMF delays the IVD
degeneration process in vitro.

PEMF Activates Autophagy and Elevates
SIRT1 Levels in Degenerated NP Cells
To assess whether PEMF regulates NP cell autophagy, we
examined LC3B and p62/SQSTM1 levels in NP cells, using
western blot. As depicted in Figures 3A–D, after PEMF
treatment, the ratio of LC3B-II/LC3B-I increased
significantly, whereas, p62 levels dropped significantly.
Notably, SIRT1 levels were markedly up-regulated, which is
in accordance with autophagic activation. In addition, we
evaluated autophagosomes and autophagolysosomes, two
key structures associated with autophagy, using TEM.
Compared to control cells, the PEMF-treated NP cells
displayed more cytoplasmic autophagosomes and
autophagolysosomes, thereby confirming autophagic
activation in PEMF-treated NP cells (Figures 3E,F).

PEMF Regulates ECM Related Makers
Expression via Autophagy
Next, we examined whether autophagy regulates the PEMF-
mediated regulation of ECM related makers expression in NP
cells. As illustrated in Figure 4A, our western blot data revealed
that PEMF treatment markedly reduced MMP3 levels, while
increasing type 2 collagen levels, and this effect was reversed
by 3-MA exposure (Figures 4B–E). In addition, we used
immunofluorescence to assess type 2 collagen and MMP3
expressions in PEMF treated and un-treated NP cells. Based
on our results, type 2 collagen expression increased
remarkably, while MMP3 expression decreased after PEMF
treatment. Conversely, the autophagy inhibitor 3-MA reversed

this phenomenon (Figures 4F–I). Based on these evidences,
PEMF regulates degenerative makers expression by inducing
autophagic activation.

PEMF Regulates ECM Related Makers
Expression via SIRT1-Stimulated
Autophagic Activation
It is well known that Sirt1 is an upstream regulator of autophagy.
Interestingly, we found that PEMF treatment markedly increased
Sirt1 expression (Figures 3G,H). We, next, examined the
relationship between Sirt1, autophagy, and ECM related genes
expression in NP cells. We employed EX-527 as a Sirt1 enzyme
activity inhibitor, and revealed that EX-527 had no effect on Sirt1
expression. Based on our results, EX-527 treatment inhibited
PEMF-induced autophagy, as evidenced by an increase in the
LC3-II/LC3-I ratio and p62 levels in the EX 527 group, compared
to the PEMF group (Figures 5A–F). Our TEM results revealed
that the number of autophagosomes and autophagolysosomes in
the EX-527 treated NP cells was also significantly reduced,
compared to the PEMF treated NP cells (Figures 5G,H).
Taken together, EX-527 inhibited the PEMF-mediated
induction of ECM synthesis in NP cells, as evidenced by the
marked decrease in collagen II expression and the simultaneous
increase in MMP3 expression. In all, our results suggest that
PEMF promotes NP cell ECM synthesis by stimulating the Sirt1-
mediated autophagy pathway.

PEMF Improved Rat IVD Degeneration in a
Long-Term Treatment
To examine the PEMF-mediated regulation of IVD
degeneration in vivo, we established an IVD degeneration
model by puncturing the IVD of rat tail. Firstly, we

FIGURE 1 | The PEMF exposure system and output waveform. The PEMF device was composed of a signal generator with two Helmholtz coils. A compact 2 Ω
resistor was carefully positioned in series with coils. The PEMF waveform was composed of a pulsed burst (burst width, 5 ms; pulse width, 0.2 ms; pulse wait, 0.02 ms;
burst wait, 60 ms; pulse rise, 0.3 µs; pulse fall, 2.0 µs), frequented at 15 Hz. PEMF, Pulsed Electromagnetic Fields.
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measured the changes in the weight of the rats to monitor
whether PEMF would affect other tissues in rats. No significance
change was observed in the weight of rats in each group at 2w,
4w and 8w timepoint with or without PEMF stimulation, which
indicates that PEMF is safe and has no side effects in rats
(Supplementary Figure 2A). We next assessed IVD
degeneration via MRI after 8 weeks. Based on our results, the
T2-weighted signal intensity of the PEMF rats was stronger,
compared to the puncture only rats (Figure 6A). Moreover, the
Pfirrmann score grading of IVD degeneration showed that the
PEMF treatment group had markedly reduced scores, relative to
the puncture-only rats (Figure 6B). Furthermore, using H&E

and Safranin-O staining (Figures 6C,D), we revealed that the
number of NP tissues in the PEMF treatment group was greater,
relative to the puncture-only group, and the integrity of AF and
CEP was also significantly better than the puncture-only group.
In terms of the histological score, the PEMF-treated rats had
markedly reduced scores, compared to the puncture rats
(Figure 6F). Additionally, based on the Sirius red staining,
the amount of collagen I and collagen III in the PEMF-
treated rats were markedly reduced, relative to the puncture
rats (Figures 6E,G). Collectively, the above data indicate that
PEMF application attenuates the process of IVD degeneration
in vivo.

FIGURE 2 | PEMF attenuates cell degeneration in human degenerated NP cells. (A–D) The apoptosis ratio of NP cells at time points 24, 48, and 96 h after 4 h/day
of PEMF administration. (E–I) The qRT-PCR analysis of Collagen II and MMP-3 transcripts (n = 3), western blot and semi-quantitative analyses of Collagen II and MMP-3
protein levels (n = 3). (J–K) Representative images of immunofluorescence and semi-quantitative analyses of Collagen II fluorescence intensity in NP cells, imaged by
fluorescence microscopy (scale bar = 50 μm). ***p < 0.001. Data presented as means ± SD.
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FIGURE 3 | PEMF exposure promotes autophagy and elevates SIRT1 levels and activity in the human degenerated NP cells. (A–D) Western blot and semi-
quantitative analyses of SIRT1, p62, and LC3B protein levels (n = 3). (E–F) Autophagosomes and autophagolysosomes, visualized by transmission electron microscopy
(Black arrow, autophagosome; White arrow, autophagolysosome, scale bar:2 μm, 0.5 μm). (G–H)Representative images of immunofluorescence and semi-quantitative
analyses of SIRT1 fluorescence intensity in NP cells, imaged by fluorescence microscopy (scale bar = 50 μm). **p < 0.01, ***p < 0.001. Data presented as
means ± SD.
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PEMF Induces SIRT1-Mediated Autophagy
in vivo
We next examined whether PEMF induces the SIRT1-
autophagy network in vivo. Relative to the puncture only
group, immunofluorescence staining revealed that LC3B
and SIRT1-positive cells were remarkably enhanced in the
PEMF treated rats (Figures 7A,B). In addition, based on
immunofluorescence staining, Aggrecan and collagen II
expressions were also markedly elevated in the PEMF
treated rats, relative to the puncture only rats (Figures
6H–J). Taken together, our in vivo investigation confirmed
that PEMF preserve healthy ECM, and limit both collagen II
and aggrecan degeneration in NP cells via the SIRT1-
autophagic network.

DISCUSSION

Herein, we employed the human degenerated NP cells and a rat
IVD puncture model to systematically assess the therapeutic
outcome of PEMF on IVD degeneration. In our in vitro
investigation, we revealed that PEMF indeed enhances ECM
synthesis via the SIRT1-dependent autophagic network. We
also assessed PEMF therapeutic efficacy in a rat IVD
degeneration model. Based on our research, PEMF indeed
delays the progression of IVD degeneration and we confirmed
that the PEMF-mediated therapeutic effect on IVD degeneration
involves the SIRT1-autophagic network.

Prior investigations revealed that alterations in the ECM
metabolism in IVD tissue disrupt ECM structure, thereby

FIGURE 4 | PEMF regulates ECM related makers expression via autophagy (A–E) Western blot and semi-quantitative analyses of Collagen II, MMP-3, p62, and
LC3B protein levels (n = 3). (F–I) Representative images of immunofluorescence and semi-quantitative analyses of Collagen II and MMP-3 fluorescence intensity in NP
cells, imaged by fluorescence microscopy (scale bar = 50 μm). **p < 0.01 vs. control, ***p < 0.001 vs. control, ##p < 0.01 vs. PEMF, ###p < 0.001 vs. PEMF. Data
presented as means ± SD.
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reducing IVD tolerance to mechanical loads (Novais et al., 2021a;
Hu S. et al., 2021; Rajasekaran et al., 2021). Generally, reduced
ECM production and elevated ECM degradation are
characteristic of IVD degeneration. Therefore, developing a
treatment method that promotes ECM repair of IVD tissue is
essential to treating IVD degeneration.

It is well known that PEMF exerts its therapeutic effect via
regulation of metabolic pathways (Cadossi et al., 2020). This
occurs via regulation of cell proliferation, differentiation, and
maturation, particularly in the treatment of musculoskeletal

diseases (Yang et al., 2021; Liu et al., 2022). PEMF was reported
to improve treatment of various bone diseases, such as,
cartilage defects, tendon repair, osteoarthritis, osteoporosis,
and so on (Reilingh et al., 2016; Wang et al., 2019; Dolkart
et al., 2021). In recent years, clinical studies have shown that
PEMF also has a significant relieving effect on the pain caused
by IVD degeneration (Foley-Nolan et al., 1990; Sutbeyaz et al.,
2006; Alvarez et al., 2019). In a placebo-controlled study
evaluating the efficacy of PEMF treatment in patients with
chronic neck pain, patients who received PEMF showed

FIGURE 5 | PEMF regulates ECM related makers expression via SIRT1-stimulated autophagic activation (A–F) Western blot and semi-quantitative analyses of
SIRT1, Collagen II, MMP-3, p62 and LC3B protein levels (n = 3). (G–H) Autophagosomes and autophagolysosomes, as visualized by transmission electron microscopy
(Black arrow, autophagosome; White arrow, autophagolysosome, scale bar:2μm, 0.5 μm). **p < 0.01 vs. control, ***p < 0.001 vs. control, ##p < 0.01 vs. PEMF, ###p <
0.001 vs. PEMF. Data expressed as means ± SD.
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FIGURE 6 | PEMF exposure improved rat IVD degeneration in vivo. (A–B) Representative images of IVD tissue MRI and Pffirrmann score after 8 weeks of PEMF
exposure. (C–E) Representative images of IVD tissue HE, S-O staining, and Polarized Sirius Red image (level: Co6-7; sagittal; scale bar: 500 µm, 100 µm). (F–G)
Corresponding histological score and percentage of type I and type III collagen area. (H–J) Representative images of immunofluorescence and semi-quantitative
analyses of Collagen II and Aggrecan fluorescence intensity in IVD tissues, imaged by fluorescence microscopy (sagittal; scale bar = 500 μm). ***p < 0.001 vs.
control, ##p < 0.01 vs. puncture, ###p < 0.001 vs. puncture. Data expressed as means ± SD.
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significant improvements in neck pain and range of motion
compared to a control group (Foley-Nolan et al., 1990). In
another clinical study evaluating the efficacy of PEMF for pain
in patients with cervical disc herniation, patients showed
significant improvement in pain scores from pre-treatment
to week 12 after treatment compared to control group (Alvarez
et al., 2019). In basic science research, since PEMFs can
generate oscillating magnetic fields, they are able to affect
and alter cellular functions by inducing vibrations of free ions
on the cell membrane surface (Ganesan et al., 2009). It has also
been suggested that PEMFs can modulate downstream signal
transduction pathways and cell surface receptor expression/
activation to modulate cellular functions such as proliferation,
differentiation, extracellular matrix (ECM) synthesis, and
intercellular communication (Delle Monache et al., 2013;
Viganò et al., 2016; Furuya-Kanamori et al., 2020). In IVD
cells, previous studies demonstrated that PEMF induced
upregulation of matrix synthesis through bone
morphogenetic protein (BMP) signaling (Schmidt-Rohlfing
et al., 2008; Okada et al., 2013). Therefore, in this study, we
examined the influence of PEMF on degenerated NP cells and
IVD degeneration animal models. In in vitro experiments, we
demonstrated that PEMF promotes expression of collagen II

(related to ECM synthesis), while reducing MMP3 (related to
ECM catabolism) levels. However, no significance change was
observed in cell characterizations, including cell apoptosis,
viability and cell morphology. Even though the positive effect
of PEMF in degenerative IVD cells was demonstrated, the role
of PEMF in non-degenerated cells remains to be studied. In in
vivo studies, we successfully constructed a rat tail IVD
degeneration model. Then, we applied PEMF systematically
to the rats. To better understand the systemic effects of PEMF
on rats, we measured body weight of rats at 2w, 4w and 8w
timepoint, and no significance change was observed in each
group, which confirmed that PEMF might be a safe
noninvasive therapy. It has been shown that PEMF
modulates biological functions of many tissues under
pathological conditions, including injuries in bones,
tendons, muscles and nervous system (Gessi et al., 2019;
Huegel et al., 2020; Dolkart et al., 2021). In this study we
mainly focus on the PEMF effect on disc degeneration induced
by tail puncture. Our results suggested that PEMF alleviates
IVD degeneration. Moreover, radiographic and histological
results showed that no significant change was observed in the
tissue surrounding the disc, which indicates that PEMF might
be a safe and effective treatment in the future clinical use.

FIGURE 7 | (A–D) Representative images of immunofluorescence and semi-quantitative analyses of SIRT1 and LC3B fluorescence intensity in IVD tissues, imaged
by fluorescence microscopy (scale bar = 50 μm). ***p < 0.001 vs. control, ##p < 0.01 vs. puncture. Data expressed as means ± SD.
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Despite some relatively studies of PEMF in IVD degeneration,
little is known about the underlying mechanism of such
therapies.

Autophagy is an evolutionarily conserved modulatory
behavior that sustains cell homeostasis via lysosomal-
dependent degradation of nonfunctioning organelles and
misfolded proteins (Kitada and Koya 2021). Previous studies
reported that autophagy is inhibited in degenerative diseases,
including degeneration of IVD (Kim et al., 2021; Valenti et al.,
2021). Therefore, autophagy activation can play a protective role.
For example, melatonin alleviates IVD degeneration by
promoting autophagy (Chen C. G. et al., 2020). Another
Studies have shown that activation of autophagy in
chondrocytes inhibits MMP activity and exerts a protective
effect on chondrocytes, thereby blocking cartilage degeneration
(Takayama et al., 2014; Vasheghani et al., 2015). In order to
examine whether PEMF plays a protective role by promoting
ECM synthesis via autophagy in IVD degeneration, we employed
the classical autophagy inhibitor 3-MA. According to our
analysis, 3-MA treatment markedly inhibited PEMF-mediated
autophagy. This was achieved via a significant decrease in p62
protein levels and a simultaneous increase in the LC3-II/LC3-I
ratio. Conversely, PEMF accelerated ECM synthesis by elevating
collagen II levels, and inhibiting the catabolic process
(i.e., reducing MMP3 levels). Moreover, these effects were
reversed by 3-MA administration. Recently, studies have
shown that various matrix molecules, including
glycosaminoglycans, collagen, constituting the intervertebral
disc and cartilage ECM, regulate autophagy through mTOR
signaling (Chen F. et al., 2020; Zhang et al., 2021). Moreover,
autophagy can in turn regulate ECM composition, directly or
indirectly altering cellular function, i.e., the secretion of ECM
molecules (Novais et al., 2021b). Given the complexity of
crosstalk between autophagy and ECM, further insights into
the molecular effects of crosstalk between ECM and autophagy
during disc degeneration will be critical in the future research.

In our earlier work, we demonstrated a negative correlation
between SIRT1 expression and IVD degeneration (Wang et al.,
2020). In order to elucidate potential associations between SIRT1,
autophagy, and IVD degeneration, we employed a classic SIRT1
enzyme activity suppressor EX-527 in our in vitro studies. Based
on results, EX-527 has no effect on SIRT1 expression, but can
severely reduce its enzymatic activity. We demonstrated that EX-
527 effectively inhibits PEMF-induced autophagic activation,
along with collagen II synthesis and MMP3 decomposition.
Using an IVD rat model, we also validated that PEMF
successfully improves puncture-stimulated IVD degeneration
by elevating SIRT1 levels and activating autophagy. Although
previous reports hold varying opinions on PEMF and SIRT1
regulation (Jeong et al., 2017; Patruno et al., 2020; He et al., 2021),
our research confirmed that PEMF indeed promotes the
expression of SIRT1 and autophagy, and delays the process of
IVD degeneration.

CONCLUSION

In conclusion, our research provides evidence that PEMF promotes
the SIRT1-autophagic network and reduces IVDdegeneration in cells
and animal models. These results provide new insights of PEMF in
treating IVD degeneration and highlight their therapeutic potential in
IVD degeneration. Hence, it is our hope that the present study will
promote future application of PEMF as a potential therapeutic
treatment for preventing IVD degeneration in clinical use.
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Prediction of Femoral Strength Based
on Bone Density and Biochemical
Markers in Elderly Men With Type 2
Diabetes Mellitus
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Purpose: Effects of bone density, bone turnover and advanced glycation end products
(AGEs) on femoral strength (FS) are still unclear in patients with type 2 diabetes mellitus
(T2DM). This study aims to assess and predict femoral strength and its influencing factors
in elderly men with T2DM.

Methods: T2DM patients (n = 10, mean age, 66.98 years) and age-matched controls (n =
8, mean age, 60.38 years) were recruited. Femoral bone mineral density (BMD) and serum
biochemical indices of all subjects were measured. FS was evaluated through finite
element analysis based on quantitative computed tomography. Multiple linear
regression was performed to obtain the best predictive models of FS and to analyze
the ability of predictors of FS in both groups.

Results: FS (p = 0.034), HbA1c (p = 0.000) and fasting blood glucose (p = 0.000) levels of
T2DM group were significantly higher than those of control group; however, the P1NP level
(p = 0.034) was significantly lower. FS was positively correlated with femoral neck T score
(FNTS) (r = 0.794, p < 0.01; r = 0.881, p < 0.01) in both groups. FS was correlated with age
(r = -0.750, p < 0.05) and pentosidine (r = -0.673, p < 0.05) in T2DM group. According to
multiple linear regression, FNTS and P1NP both contributed to FS in two groups. P1NP
significantly improved the prediction of FS in both groups, but significant effect of FNTS on
predicting FS was only presented in control group. Furthermore, pentosidine, age and
HbA1c all played significant roles in predicting FS of T2DM.

Conclusion: Femoral strength was higher in elderly men with T2DM, which might be
caused by higher BMD and lower bone turnover rate. Moreover, besides BMD and bone
formation level, AGEs, blood glucose and age might significantly impact the prediction of
femoral strength in T2DM.

Keywords: type 2 diabetes mellitus, quantitative computed tomography, finite element analysis, femoral strength,
bone turnover
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INTRODUCTION

Diabetes mellitus (DM) is one of the most common metabolism
diseases. Type 2 diabetes mellitus (T2DM) is complicated and
universal, so it has been considered as a health concern (Glovaci
et al., 2019). Furthermore, T2DM is often accompanied with high
bone fracture risk. Accurate prediction of bone strength could
provide important information for preventing bone fracture in
T2DM. Previous investigations proved that T2DM had
complicated effects on bone because of many factors,
including bone metabolism, insulin level, and advanced
glycosylation end products (AGEs) (Li et al., 2013). Sufficient
understanding of bone strength of T2DM and its influencing
factors is necessary for predicting bone strength in clinics.

Strength is one of the most important indices of bone
mechanical properties. It reflects the ability of bone to resist
deformation and fracture. It could provide important basis for
assessing bone quality and protecting bones in patients with
T2DM to investigate the relationship between bone strength
and its influencing factors. Bone strength was mainly affected
by bone mineral density (BMD) and bone quality, and bone
quality was determined by bone morphological parameters and
material properties (Farr and Khosla, 2016). In clinics, the
assessment of bone strength was based on BMD measured via
clinical dual-energy X-ray (DXA). However, some limitations
have been observed. DXA only displayed the 2D projection of 3D
complex structures and failed to distinguish soft tissues,
cancellous bones, and cortical bones (Kanis et al., 2011).
Moreover, BMD measured via DXA was insensitive to short-
term physical changes in bone strength through certain
treatments (Bolotin, 2007). As a noninvasive method to
evaluate 3D morphology, quantitative computed tomography
(QCT) was widely used to analyze bone morphology and to
assess spatial distribution of bone density (Ramamurthi et al.,
2012). Moreover, finite element analysis (FEA) based on QCT
images was a FDA-approved approach to noninvasively estimate
changes in bone strength. QCT-based FEA has been successfully
applied to assessing bone strength in previous studies (Keaveny
et al., 2014; Knowles et al., 2021). Therefore, QCT-based FEA was
reasonable and effective in examining bone strength with
changed bone material properties in elderly men with T2DM.

Bone turnover continuously occurred to maintain bone
dynamic balance, and it could replace damaged bone. This
process consisted of bone formation and bone resorption.
Many studies have indicated that the bone turnover rate in
patients with T2DM was lower than that in individuals
without T2DM (Shu et al., 2012; Farr et al., 2014; Wang et al.,
2019). Histomorphometry has confirmed that low bone turnover
and formation rates with reduced osteoclast activity were due to a
low degree of matrix accumulation instead of abnormal bone
mineralization (Krakauer et al., 1995). Therefore, it might be
worth further verifying whether a low bone turnover rate could
lead to reductions in bone quality and strength. In contrast, a
previous study indicated that bone turnover markers (BTMs) and
bone turnover rate did not differ between patients with T2DM
and control subjects (Starup-Linde and Vestergaard, 2016). Thus,
characteristics of bone turnover should be further clarified, and

the ability of bone turnover on predicting bone strength in T2DM
should also be investigated.

AGEs are composite products formed via the Maillard
reaction after proteins are modified by aldose sugars via
nonenzymatic chemical modification. AGEs are also
considered as a factor of increasing bone fragility. A high
AGEs level was found in patients with T2DM, moreover, a
previous study indicated that high AGEs concentration could
increase bone stiffness and bone fragility and reduce bone
formation because of the suppression of osteoblast activity by
AGEs (Ogawa et al., 2007). Pentosidine was a typical AGEs
marker, it was significantly increased in non-diabetic patients
with hip fracture compared with non-diabetic patients without
fracture in the clinical setting, which indicated that increase in
the non-enzymatic crosslinked type of AGEs might be a cause
of deterioration of bone strength (Yamamoto and Sugimoto,
2016). Due to the difficulty of assessing bone strength in vivo,
there was still no convinced explanation on the relationship
between AGEs and bone strength. In consideration of the
accuracy of assessing bone strength via QCT-based FEA,
investigation of the effect and predictive ability of AGEs on
simulated bone strength might be valuable for explaining the
relationship between AGEs and bone strength.

In this study, subject-specific femoral strength was evaluated
through FEA based on QCT images, and differences in body indices,
serum biochemical markers, and femoral strength were compared
between T2DM and control groups to investigate the influences of
BMD, bone turnover, and serum biochemical markers on the
femoral strength of the elderly men with T2DM. The
relationships of femoral strength with BMD, bone turnover, and
serum biochemical markers were analyzed. Moreover, the best
predictive models of femoral strength of T2DM and control
groups were obtained by multiple linear regression. In this study,
the significant predictors of femoral strength could be found out, and
it could provide sufficient evidence for assessing femoral strength of
the elderly men with T2DM in clinics.

MATERIALS AND METHODS

Subjects
This study was approved by the ethics committee of the affiliated
hospital of the National Research Center for Rehabilitation
Technical Aids and conformed to the Declaration of Helsinki.
Patients with T2DM (n = 10) and control subjects without T2DM
(n = 8) were recruited in this hospital. All the subjects signed
informed consent form. The specific recruitment criteria of
control and T2DM subjects were as follows: male subjects; age
≥50 years; no bone diseases and nometal implants in their bodies;
and the subjects of T2DMwith a duration of T2DM of more than
5 years. Subjects with any of the following conditions were
excluded: 1) those taking bone-affecting drugs, including
hormone therapy, calcitonin, selective estrogen receptor
modulators, parathyroid hormone, and bisphosphonates in the
past 1 year; 2) long-term treatment with systemic glucocorticoid
(3 months, dose ≥2.5 mg/day); 3) metastatic tumor in the past
5 years; 4) Paget’s syndrome; 5) untreated malabsorption
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syndrome; 6) hyperparathyroidism or hypoparathyroidism; and
7) history of renal injury (Pritchard et al., 2012).

DXA Assessment
The femoral BMD and femoral neck T score of the left femur of
the subjects were obtained via a DXA scanner (Norland X800,
Norland Inc. United States).

Imaging the Proximal Femurs
All images of the proximal femurs were collected using a clinical
CT scanner (Optima CT680, GE medical system, Milwaukee, WI,
United States). The scanning parameters were as follows: 140 kVp,
intelligent scanning current (automatically selected on the basis of the
thickness of different parts of the human body), 512 × 512 matrix,
scanning thickness of 1.25mm, and reconstructed slice thickness of
0.625mm. During the scanning, a calibration phantom (QRM,
Germany) containing calibration cells with 0.05, 0.1, and 0.2 g/cm3

equivalent concentrations of calciumhydroxyapatite was placed under
the hip joint of the subjects. The calibration phantom and the subjects
were scanned simultaneously. A typical transverse CT image was
shown in Figure 1A.

Biochemical Measurements
The fasting blood samples (before 9 a.m.) of all subjects were
collected for measuring the following indices, such as blood routine
indices including glycated hemoglobin (HbA1c), fasting plasma
glucose (FPG), calcium (Ca), phosphorus (P), magnesium (Mg),
C-peptide and Creatinine, BTMs including type I N-terminal
propeptide (P1NP), β C-terminal cross-linked telopeptide of
type I collagen (β-CTX), osteocalcin (OCN), bone alkaline
phosphatase (BALP) and tartrate-resistant acid phosphatase 5b
(TRAP5b), AGEs including total AGEs and pentosidine, and other
regulating hormones of bone metabolism including intact
parathyroid hormone (iPTH), 25-hydroxyvitamin D (25(OH)
D), and sclerostin. Blood routine indices were determined via
the photoelectric method, and BTMs and AGEs were measured
using ELISA kits (Cusabio, Wuhan, China).

Establishment of FE Models
Mimics 17.0 software (Materialise Inc. Leuven, Belgium) was
used to establish 3D models of the left proximal femurs. Femoral
models were meshed with 1.5 mm hexahedral elements. PMMA
pads (E = 2,500 MPa, v = 0.3) having elements with the same size
as those of the femurs were used to simulate the PMMA pads in
mechanical tests (Crawford et al., 2003; Keaveny et al., 2014).

For femoral material assignment, apparent density (ρapparent) was
obtained from the relationship between the density of calibration
phantom and theHounsfiledUnit (HU) value, and ash density (ρash)
was calculated using the following equation: ρash = 1.22ρapparent +
0.0526 (Mirzaei et al., 2015). The elastic modulus (E) and yield
strength (σ) of the femoral voxel were calculated on the basis of an
empirical formula, as shown in Table 1. The femurs were set with
120 kinds of materials, and Poisson’s ratio was 0.4 (Gong et al.,
2012). A typical distribution of femoral materials was shown in
Figures 1B,C. After material assignment, the femoral models were
imported into ABAQUS 6.14 (SIMULIA Inc. United States). In a
compressive experiment, tie constraints were set between PMMA
pads and femoral models, and all the degrees of freedom were fixed
at the bottom surface of the PMMA pads for distal femurs, as shown
in Figure 1D. Femoral strength was defined as the reaction force at a
4% compressive deformation (compressive displacement divided by
femoral height) (Keaveny et al., 2014).

Statistics
Nonparametric tests were used when the parameters were not met
normal distribution, small size was mostly the main reason for
nonnormal distribution of parameters (Ramachandran and Tsokos,
2015). Moreover, nonparametric tests were widely accepted and used
to conduct the statistics analyses with small size samples (Pett, 1997).
Therefore, the Mann-Whitney U test of nonparametric independent
samples was conducted to compare the differences in the femoral
BMD, femoral neck T score, femoral strength, and biochemical
markers of T2DM group (n = 10) and control group (n = 8). The
measured parameters were presented as quartiles. Moreover,
nonparametric Spearman correlation analysis was carried out to

FIGURE 1 | A typical CT image, distributions of elastic modulus and the corresponding FEmodel with loads and boundary conditions. (A) A transverse CT image of
a proximal femur (B) Elastic modulus distribution of a proximal femur (C) Elastic modulus distribution of a proximal femur in cross-section (D) FEmodel with compressive
deformation on the top surface of polymethylmethacrylate (PMMA) pad for femoral head and fixed bottom surface of PMMA pad for distal femur.
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analyze the correlations of all the parameters associated with femoral
strength of both groups.Multiple linear regression analysis was used to
obtain the best models of control and T2DM groups for predicting
femoral strength and to analyze the main predictors of femoral
strength.

RESULTS

Differences Analysis
Differences in all the parameters of T2DM and control groups
were listed in Table 2. Bone formation marker P1NP level,
HbA1c level, fasting blood glucose (FBG) level, and femoral
strength significantly differed between the two groups. The
HbA1c level (p = 0.000), FBG level (p = 0.000), and femoral
strength (p = 0.034) of T2DM group were significantly higher than
those of control group. However, the P1NP level (p = 0.034) of
T2DM group was significantly lower than that of control group.

Correlation Analysis
Correlations Between Femoral BMD and Serum
Biochemical Makers, and Femoral Neck T Score
The relationships of the femoral BMD with C-peptide level and
pentosidine level were illustrated in Figures 2A,B. The femoral
BMD was negatively correlated with C-peptide (r = −0.697, p <
0.05) and pentosidine (r = −0.806, p < 0.01) levels and positively
correlated with femoral T score (r = 0.818, p < 0.01) in T2DM
group. However, the femoral BMD was not associated with
C-peptide and pentosidine levels in control group. In addition,
the femoral BMD was not related to other biochemical markers
and basic body parameters in both groups.

Correlations Between Femoral Strength and Femoral
BMD, Femoral Neck T Score, Pentosidine, and Age
The relationships of femoral strength with femoral BMD, femoral
neck T score, pentosidine level, and age were presented in Figures
2C–F. Femoral strength was positively correlated with femoral

TABLE 1 | Material properties of femur (Gong et al., 2012).

Material properties of femur

ρash (g/cm3) ρash = 0 0<ρash ≤ 0.27 0.27<ρash ≤ 0.6 0.6<ρash
Elastic modulus (MPa) 0.001 33900ρ2.2 5307ρ+469 10200ρ2.01

ρash (g/cm3) ρash < 0.317 ρash ≥ 0.317 — —

Yield strength (MPa) σ = 137ρash1.88 σ = 114ρash1.72 — —

TABLE 2 | All parameters of subjects and the differences of parameters between T2DM and control groups.

Basic body parameters T2DM group (n = 10) Control
group (n = 8)

p value

Age (years) 68 (53.75, 71.00) 62 (56.25, 63.75) 0.101
Height (cm) 172 (169, 175) 172 (166, 175) 0.868
Weight (kg) 75 (70, 82.75) 69 (62.75, 72.5) 0.055
BMI (kg/cm2) 25.69 (24.74, 26.9) 23.72 (21.25, 25.32) 0.068
Duration (year) 10 (7.25, 16.25) — —

Treatment Metformin (n = 4); Insulin (n = 2); Non-treatment (n = 4) — —

Femoral BMD (mg/cm2) 1,016.5 (869.5,1149.0) 935 (885, 965.87) 0.829
Femoral neck T score 0.66 (-2.56, 0.038) -1.79 (-2.10, -0.98) 0.616
Femoral strength (N) 8,945 (6,339.25, 10211.75) 6,867 (6,222.7,7497.5) 0.034*

Biochemical indexes

HbA1c (%) 7.95 (7.22, 9.3) 5.6 (5.4, 5.9) 0.000*
FPG (mmol/L) 8.45 (7.1, 11.5) 4.99 (4.59, 5.1) 0.000*
P1NP (ng/ml) 33.28 (30.82, 35.06) 54.3 (34.8, 78.92) 0.034*
β-CTX (ng/ml) 0.11 (0.05, 0.12) 0.15 (0.07, 0.26) 0.408
OCN (ng/ml) 14.9 (11.42, 17.02) 18.3 (14.8, 23.35) 0.101
BALP (μg/L) 10.48 (8.96, 14.92) 7.51 (4.99, 13.38) 0.122
TRAP5b (U/I) 0.9 (0.83, 1.03) 1.44 (0.89, 2.2) 0.101
Total AGEs (ug/ml) 0.805 (0.34, 2.08) 0.56 (0.36, 1.56) 0.696
Pentosidine (pmol/ml) 574.5 (460.7, 634.9) 616.9 (412.1,841.7) 0.762
Sclerostin (pg/ml) 679.4 (491.5,813.7) 829.7 (662.2,1161.9) 0.408
iPTH (pg/ml) 37.91 (24.52, 44.11) 41.28 (30.73, 50.93) 0.515
25(OH)D (ug/ml) 13.72 (10.18, 23.33) 14.88 (13.8, 26.98) 0.515
Ca (mmol/L) 2.13 (2.10, 2.22) 2.14 (2.09, 2.19) 0.460
P (mmol/L) 1.01 (0.84, 1.12) 0.95 (0.93, 1.03) 0.633
Mg (mmol/L) 0.79 (0.76, 0.83) 0.82 (0.79, 0.84) 0.173
C-peptide (ng/ml) 1.17 (0.83, 1.54) 1.64 (1.03, 1.93) 0.068
Creatinine (umol/l) 66.5 (58.5, 69.75) 66 (61.25, 72.5) 0.897

*p < 0.05; Statistically significant p values are shown in bold; BMI: body mass index. Median (1st quartile, 3rd quartile) was used to show all data of both groups.
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BMD (r = 0.685, p < 0.05) and femoral neck T score (r = 0.794, p <
0.01), and negatively correlated with pentosidine level (r =
−0.673, p < 0.05) and age (r = −0.750, p < 0.05) in T2DM

group. Nevertheless, the femoral strength of control group was
positively correlated with femoral neck T score (r = 0.881, p <
0.05), but was not related to femoral BMD or age. Furthermore,

FIGURE 2 | Correlations between (A) femoral BMD and C-peptide level (B) femoral BMD and pentosidine level (C) femoral strength and femoral BMD (D) femoral
strength and femoral neck T score (E) femoral strength and pentosidine level, and (F) femoral strength and age in T2DM and control groups.
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femoral strength was not related to other biochemical markers
and basic body parameters in both groups.

Correlations Between Femoral Strength and BTMs
The relationships of the OCN (bone formation marker) level with
the β-CTX (bone resorption marker) level and P1NP level were
shown in Figure 3. Femoral strength was not related to BTMs in
both groups. However, the OCN level was positively correlated
with the CTX level (r = 0.644, p < 0.05; r = 0.738, p < 0.05) and the
P1NP level (r = 0.650, p < 0.05; r = 0.714, p < 0.05) in both groups.

Multiple Linear Regression
Based on the analyses of difference and correlation, the
parameters that were significantly related to femoral strength
(p < 0.05) were selected as the independent variables of multiple
linear regression. In addition, the parameters of significant
differences (p < 0.05, HbA1c and P1NP) or potential
significant differences (0.05 < p < 0.07, BMI and C-peptide)
between T2DM and control groups were also involved, and
femoral strength was the dependent variable of multiple linear
regression. For the selection of parameters, although femoral
BMD and femoral neck T score were both positively related to
femoral strength, femoral neck T score was more related to
femoral strength than femoral BMD. In order to avoid
collinearity of the independent variables, only femoral neck T
score was involved in the multiple linear regression.

Femoral neck T score was the common independent variable
that was significantly related to femoral strength in both groups,
thus it was used as the independent variable of the basic model.
The selected independent variables were added into the models.
Goodness-of-fit in the models was characterized by adjusted
R-squared, as shown in Table 3.

Comparison of the adjusted R-squared values of multiple
linear regression models in Table 3 showed that the model
(femoral neck T score + pentosidine + age + HbA1c + P1NP)
of T2DMgroup (adjusted R-squared = 0.961) andmodel (femoral

neck T score + P1NP + BMI) of control group (adjusted
R-squared = 0.930) were the best models for predicting
femoral strength. The best multiple linear regression models
and their coefficients of the best models were shown in
Table 4. Femoral neck T score and P1NP were the common
predictors of femoral strength in two groups. Pentosidine, age
and HbA1c played significant roles in predicting femoral strength
of T2DM group, but BMI only presented a certain predictive
effect on femoral strength of control group.

DISCUSSION

Elderly male patients with T2DM and the age-matched control
group were recruited in this study. Femoral strength was obtained
via FEAmethod based onQCT images of the hip. Comprehensive
biochemical measurements, including blood routine, trace
elements, BTMs, and AGEs, were performed. Higher BMD
(Nilsson et al., 2017), higher HbA1c (Karim et al., 2018), and
lower bone turnover rate (Manavalan et al., 2012; Shu et al., 2012)
in patients with T2DMwere also confirmed in this study. Femoral
strength in T2DM group was significantly higher than that in
control group. Furthermore, multiple linear regression analysis
was conducted to find out the best models for predicting femoral
strength and the main influencing factors of femoral strength for
T2DM and control groups.

BMD is regarded as one of the crucial factors in determining
bone strength. No significant differences in femoral BMD and
femoral neck T score were observed in T2DM and control groups.
Some studies have indicated that BMI was higher in patients with
T2DM than that in healthy subjects. High BMI was not
completely beneficial to preventing bone loss. Although it
played a role in protecting bone, the bone was not protected
when BMI was in the overweight zone (BMI ≥25 kg/m2) (Cortet
et al., 2019). Medians of BMI and BMD in T2DM group were
high in our study, but the differences in BMD and BMI between

FIGURE 3 | Relationships between (A) bone resorption marker β-CTX level and bone formation marker OCN level, and (B) bone formation maker P1NP level and
OCN level.
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the two groups were not statistically significant. Nevertheless, the
femoral strength in T2DM group was significantly higher than
that in control group, and femoral strength was positively
correlated with the femoral BMD and femoral neck T score.
Bone strength is mainly determined by the combination of BMD
and bone quality. First, BMD was generally considered as the
decisive factor of bone strength, as it could determine 70% of
bone strength (National Institutes of Health Consensus
Development Conference Statement, 2000). BMD of T2DM
has always been controversial. In previous studies, reduced
bone strength of T2DM was associated with low BMD
(Tanaka et al., 2018; Hunt et al., 2019). T2DM group in the
present study showed a higher BMD than control group.
Therefore, high BMD causing high bone strength in T2DM
group did not contradict with previous studies (Tanaka et al.,
2018; Hunt et al., 2019), and it was highly reasonable. Second,
bone quality is mainly determined by bone material properties
and structure. In previous studies, low bone strength in T2DM
patients derived from mechanical tests was associated with
deterioration of bone microstructure (Karim et al., 2018; Hunt
et al., 2019). T2DM could lead to deterioration of cancellous bone
structure (Zeitoun et al., 2019). In this study, femoral strength
based on QCT image and FEA simulation could not fully reflect
bone microstructure characteristics, including decrease in
trabecular thickness, increases in rod-trabecular and trabecular
separation caused by T2DM (Karim et al., 2018; Hunt et al.,

2019). It might be that the effects of impaired cancellous bone
microstructure in T2DM group were weakened in the FEA
simulation, so as to result in a high dependence of femoral
strength on BMD. Therefore, the medians of BMD and
femoral neck T score in patients with T2DM were higher than
those of the control subjects, implying that femoral strength of
T2DM patients is greater than that of individuals without T2DM.

In this study, the femoral BMD was negatively correlated with
C-peptide in T2DM group. The absence of insulin leads to
metabolic disorders and glucose metabolic barrier, and
patients with T2DM presented a high glucose level. C-peptide
was a product secreted by pancreatic β-cells, and it was used to
represent insulin level (Li et al., 2013). In combination with the
significantly high glucose and the negative correlation of glucose
and C-peptide of T2DM group in this study, it was confirmed that
the absence of insulin might lead to high glucose level. Similar to a
previous finding (Li et al., 2013), our results showed that the
femoral BMD was negatively correlated with C-peptide. This
result indicated that the absence of C-peptide might lead to
increase in femoral BMD. Although no significant difference
was observed in C-peptide of both groups, the C-peptide level
of T2DM group was lower than that of control group. Therefore,
decreased C-peptide level might be a potential factor that helped
increase femoral BMD and strength in T2DM group.

No differences in the total AGEs, pentosidine and sclerostin
levels were observed between T2DM and control groups in the

TABLE 3 | Multiple linear regression models of the T2DM and control groups.

Linear regression models Adjusted R-squared

T2DM group Control group

Femoral neck T score 0.632 0.661
Femoral neck T score + Pentosidine 0.672 0.618
Femoral neck T score + Pentosidine + Age 0.733 0.546
Femoral neck T score + Pentosidine + Age + HbA1c 0.896 0.397
Femoral neck T score + Pentosidine + Age + HbA1c + P1NP 0.961 0.773
Femoral neck T score + Pentosidine + Age + P1NP + HbA1c + BMI 0.958 0.798
Femoral neck T score + Pentosidine + Age + P1NP + HbA1c + BMI + C-peptide 0.942 —

Femoral neck T score + PINP 0.597 0.888
Femoral neck T score + P1NP + BMI 0.702 0.930

“-” implied that there were no outputs due to the problem of data structure. Independent variables with significant improvement of adjusted R-squared were marked in bold.

TABLE 4 | The best models for predicting femoral strength of T2DM and control groups.

Models Unstandardized coefficient B Standardized coefficient β Sig 95% confidential interval for B

Lower bound Upper bound

T2DM group Constant 29240.848 — 0.000 21403.464 37078.232
Femoral neck T score 315.404 0.235 0.121 −131.132 761.940
Pentosidine −14.118 −0.754 0.003 −20.102 −8.135
Age −153.863 −0.572 0.007 −236.221 −71.505
HbA1c −879.085 −0.484 0.004 −1,279.626 −478.543
P1NP 161.406 0.347 0.037 15.401 307.411

Control group Constant 9,584.833 — 0.000 8,099.800 11069.867
Femoral neck T score 745.051 1.083 0.001 528.312 961.790
BMI −40.206 −0.200 0.117 −96.163 15.750
P1NP −13.840 −0.508 0.011 −22.431 −5.250
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present study. Pentosidine was a typical AGEs, and serum
pentosidine level was regarded as a valid marker of AGEs level
because the formation of pentosidine required glycosylation and
oxidation (Wang et al., 2002). Glycosylation could also affect bone
strength (Saito et al., 2006). In our study, no significant difference in
the serum pentosidine level was observed between both groups
possibly because of metformin and insulin injection in patients with
T2DM (Lapolla et al., 2005; Kanazawa et al., 2011). However, similar
to a previous result (Wang, et al., 2002), the present study showed
that the femoral strength and femoral BMD of T2DM group were
both negatively correlated with pentosidine level. In addition, the
pentosidine level was positively associated with the C-peptide level in
T2DM group, and C-peptide level was used to represent insulin level
(Li et al., 2013), thus decreased insulin secretion might lead to lower
pentosidine level in T2DM group than that in control group. A
previous study indicated that accumulation of AGEs in bone resulted
in impairment of bone mineralization (Al-Khateeb et al., 2018). It
might be the reason of low pentosidine level and high femoral BMD
of T2DM group in the present study. In sum, our findings implied
that low pentosidine level might be a cause of high femoral BMD in
T2DM, consequently increasing femoral strength. Furthermore,
although there was no significant difference in sclerostin level
between two groups in the present study, the median of
sclerostin level in control group was a little higher than that in
T2DMgroup. A previous study had shown that the sclerostin level in
diabetic rats decreased with aging and the deterioration of glycemic
control, which indicated that sclerostin level might be related to the
glycemic control and age of rats (Pereira et al., 2017). Therefore, a
higher sclerostin level of control group than T2DM group in the
present study might be related to the stable glycemic control and
younger age.

Aging was considered an important factor of bone loss and
decreased bone strength (Lang et al., 2012). The present study
showed that age was negatively correlated with femoral strength
in T2DMgroup. This result implied that the bone strength of T2DM
might decline with aging and it agreed with the finding that both
men and women lose their bone strength with aging (Lang et al.,
2012). However, age had no significant correlations with the femoral
BMD and femoral strength in control group. A previous research
revealed that DM could change bone microstructure and bone
spatial distribution (Burghardt et al., 2010), which affected bone
mechanical properties. Therefore, the correlation between age and
femoral strength in T2DM group might be due to the combined
contribution of age and bone structure. The specific mechanism of
the combined contribution should be confirmed in further studies.

A previous study reported that increasing BTMs in old people
could lead to exacerbation of hip bone loss (Bauer et al., 2009). In the
present study, the P1NP level in T2DMgroupwas strongly lower than
that in control group, and the medians of β-CTX and OCN levels in
T2DMgroupwere lower than those in control group, but they did not
have statistical significance. Moreover, bone resorption and formation
markers were positively correlated in both groups, as shown in
Figure 3. Similar to previous results (Shu et al., 2012; Farr et al.,
2014), our findings indicated that the bone turnover rate in T2DM
groupwas lower than that in control group, and Figure 3 showed that
bone turnoverwas balanced in both groups.Uncoupled or unbalanced
bone turnover could cause severe changes in bone mass (Stein et al.,

2010), thus balanced bone turnover might prevent loss of bone mass.
The bone turnover rate in T2DMgroupwas lower than that in control
group possibly because high glucose level suppresses the functions of
osteoclasts and osteoblasts (Wittrant et al., 2008). Although low bone
turnover rate could reduce the bone loss rate, it also increased bone
fragility because of the irreparable accumulation of microdamage.
Nevertheless, a previous study suggested that rapid bone turnover
might cause younger and less dense mineralized bone to replace more
dense mineralized bone; thus, bone stiffness and strength could be
reduced (Seeman and Delmas, 2006). In addition, OCN and β-CTX
had a positive correlation in both groups, implying that bone turnover
was balanced in both groups. In summary, bone turnover was
balanced in both groups, and the femoral BMD and strength of
T2DMgroupwere higher than those of control group likely because of
a low bone turnover rate.

Multiple linear regression analysis showed that the best predictive
models of T2DM and control groups could accurately predict the
femoral strength. Femoral neck T score and P1NP were the common
predictors of femoral strength in both groups, which indicated that
BMD and bone formation level played important roles in predicting
femoral strength. Furthermore, pentosidine, age and HbA1c
presented significant effects on predicting femoral strength in
T2DM group, which implied that AGEs, age and blood glucose
might be the important influencing factors on bone strength of
T2DM. However, blood glucose and AGEs were not significantly
related to the predication of femoral strength, which might be caused
by the normal blood glucose level in control group due to increase in
AGEs level with high blood glucose level (Farlay et al., 2016). Age was
only associated with the prediction of bone strength in T2DM group,
which suggested that age played a more significant role in the change
of bone mass in T2DM patients than that in controls. In addition,
BMI only showed a certain predictive potential in control group.
Higher BMI could decrease bone loss (Cortet et al., 2019), thus BMI
as a predictor of femoral strength of control group might be
reasonable in the present study. For T2DM group, high glucose
could cause some complicated situation of bone tissue, such as
metabolic disorders and the accumulation of pentosidine, which
might weaken the effect of BMI on femoral strength. Above results
indicated that the predictors of femoral strength for T2DM patients
and non-T2DMpeople were different. Moreover, in all the predictors
of the best model for the controls, femoral neck T score presented the
strongest predictive ability, which was consistent with a previous
study (Keaveny et al., 2010). However, the ability of femoral neck T
score for predicting femoral strength was weaker than other
predictors of the best model for T2DM group. Multiple regression
differed from correlation analysis, and regression model was a result
of the interaction and control of independent variables (Gogtay et al.,
2017). Thus, other predictors in the predictive model of femoral
strength for T2DM could weaken the significance of femoral neck T
score in multiple linear regression so as to obtain the optimized
predictive model. In sum, multiple linear regression analysis stated
that femoral neck T score contributed to predicting femoral strength,
and P1NP, pentosidine, age and HbA1c also played important roles
in evaluating femoral strength in T2DM. Therefore, in clinical
assessment of bone fracture risk of T2DM, besides femoral neck
T score,more attention should be paid onP1NP, pentosidine, age and
HbA1c.
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To date, many studies have indicated that T2DM could lead to
increase of bone fragility (Napoli et al., 2017; Acevedo et al., 2018).
Although there was a higher femoral strength in T2DM group than
control group in the present study, it did not contradict with the high
bone fracture risk in T2DM. Increase in bone fragility of T2DM
might be one cause of high bone fracture risk. Bone fragility could be
defined by biomechanical parameters, including ultimate force,
ultimate displacement and work to failure (energy absorption or
toughness) (Turner, 2002). Bone elasticity and plasticity both
contributed to fracture (Seeman, 2008). Toughness derived from
bone plasticity could compensate bone fragility. A previous study
showed that accumulation of AGEs in T2DM bone could reduce
bone plasticity and toughness, which led to decrease in bone ductility
and increase in bone fragility (Tang and Vashishth, 2011).
Furthermore, bone strength and stiffness increased with the
increase in BMD, but bone toughness decreased with the increase
in BMD (Seeman and Delmas, 2006). It implied that bone strength
and fragility could both increase with the increase of BMD.
Therefore, when bone strength is high, increased bone fracture
risk may result from the significant decrease in bone plasticity
and increase in bone fragility. In addition, there were many
factors that may be related to the high bone fracture risk of
T2DM (Schwartz and Sellmeyer, 2007; Isidro and Ruano, 2010;
Moseley, 2012). Compared to the non-diabetes, the fall risk of T2DM
patients was higher. Moreover, the complications of T2DM could
increase the fall risk of patients, such as syncope directly caused by
hypoglycemia, falls caused by autonomic neuropathy, orthostatic
hypotension, peripheral neuropathy, and retinopathy, thus increase
in fall risk might be an important factor of high bone fracture risk of
T2DM (Schwartz et al., 2008; Moseley, 2012). Taken together,
increase in bone fracture risk of T2DM is not only related to the
intrinsic mechanical properties of bone, but also associated with the
high fall risk of T2DM patients. Furthermore, high bone strength
and increased bone fragility might both exist at the same time in
T2DM bone.

This study has some limitations. First, the number of subjects
was less than our expectation because of the strict recruitment
criteria and the absence of several volunteers in some processes.
Small sample size might lead to undervalued differences in data
between two groups. In addition, this study was unable to assess the
roles of drug therapies in predicting femoral strength due to the
small sample size and the different drugs taken by T2DM patients.
It was expected that future studies with a large sample size study
could overcome the difficulties faced by investigations of drug
therapies for T2DM patients, so as to conduct a detailed and
comprehensive analysis on the effects of different drug therapies
and treatment duration on the prediction of bone strength in
T2DM. Second, bone microstructure played a certain role in
predicting bone strength. Although our study found out the
significant influencing factors of femoral strength, it lacked
femoral microstructure analysis due to the limitation of clinical
CT scanner for imaging femoral microstructure. Investigation of
femoral microstructure via high resolution magnetic resonance
imaging in patients with T2DM might be valuable for evaluating
femoral strength (Chang et al., 2017). Third, the results of the
present study suggested that AGEs, blood glucose and age were all
the important predictors of femoral strength in T2DM, but the

detailed and in-depth mechanism research of predicting femoral
strength was absent in this study. Therefore, further molecular and
compositional investigations in femurs might contribute to the
understanding of deep predictive mechanism of the predictors.

In conclusion, femoral strength was significantly higher in
elderly men with T2DM than those without T2DM (range of age:
51–77 years), and this finding might be related to higher BMD
and lower bone turnover rate in T2DM. C-peptide, pentosidine,
and age had harmful effects on the femoral BMD and strength of
patients with T2DM. Furthermore, besides femoral neck T score
and P1NP, pentosidine, age and HbA1c all played significant
roles in predicting femoral strength in T2DM. This study
provided important references for predicting femoral strength
and evaluating bone fracture risk in clinics.
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Ultra-Pulsed CO2 Laser Osteotomy: A
New Method for the Bone Preparation
of Total Knee Arthroplasty
Tianfei Ran1, Chuanchuan Lin2, Tianying Ma1, Yinyin Qin1, Jie Li 1, Yuan Zhang1, Yuan Xu1,
Changqing Li1 and Min Wang1*

1Department of Orthopedics, Xinqiao Hospital, Third Military Medical University, Chongqing, China, 2Department of Blood
Transfusion, Xinqiao Hospital, Amy Medical University (Third Military Medical University), Chongqing, China

Cementless total knee arthroplasty (TKA) can achieve long-term biological fixation, but its
application is limited by the risk of early aseptic loosening. One of the important reasons for
early aseptic loosening is that mechanical osteotomy tools cannot achieve ideal bone
preparation because of poor accuracy and serious bone tissue damage produced by
them. Therefore, we designed an ultra-pulsed CO2 laser osteotomy system to solve these
problems. To reveal the safety at the tissue and cell levels of the ultra-pulsed CO2 laser
osteotomy system, a series of experiments on distal femur osteotomy in animals were
performed. Then, the bone surface characteristics were analyzed through scanning
electron microscopy, and the bone thermal and mechanical damage was evaluated via
histological analysis. Finally, mesenchymal stem cells (MSCs) were inoculated on the bone
surfaces prepared by the two osteotomy tools, and the effect of cell adhesion was
analyzed through a confocal laser scanning microscope (CLSM). We successfully
achieved TKA bone preparation of animal knees with the ultra-pulsed CO2 laser
osteotomy system. Moreover, the biological evaluation results indicated that compared
with the traditional mechanical saw, the laser can preserve the natural bone structure and
cause no thermal damage to the bone. In addition, CLSM examination results showed that
the laser-cut bone surface was more conducive to cell adhesion and infiltration than the
bone surface cut by amechanical saw. Overall, these results indicate that ultra-pulsed CO2

laser can achieve non-invasive bone cutting, which can be a new option for TKA bone
preparation and has the potential to lead in the future.

Keywords: CO2 laser osteotomy, total knee arthroplasty, cementless, thermal damage, bone preparation, adhesion

INTRODUCTION

Total knee arthroplasty (TKA) is the most effective treatment for degenerative diseases of the knee
(Lotke et al., 1976; Katz et al., 2021). In TKA, cemented or cementless implants or a hybrid of the two
is fixed to the bone surface. The cemented fixation can achieve rapid stability between the implants
and bone surface but cannot achieve the integration between the bone and implants, raising concerns
about the long-term durability of cemented fixation (Miller et al., 2013). Theoretically, the advantage
of cementless biological implants is that it can achieve permanent biological fixation between bone
and implants (Dalury, 2016; Behery et al., 2017). However, limited application of cementless TKA
has been reported in studies (Parker et al., 2001; Nakama et al., 2012; List et al., 2017), and defects in
traditional bone osteotomy methods are one of the key reasons.
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We believe that the defects of traditional bone osteotomy lie in
the following aspects: first, it is difficult to achieve accurate bone
cutting with traditional mechanical osteotomy tools (Macdonald
et al., 2004). The inevitable shaking perpendicular to the
osteotomy plane during mechanical cutting will eventually
increase the gap and micro motion at the junction between
the implant and bone surface (Kamath et al., 2021), which
may lead to prosthesis failure. Second, the preparation of
dense sclerotic bone can cause the saw blade to skive, and this
adversely affects flush surface cutting. In addition, the sclerotic
bone may further generate excessive heat during mechanical
osteotomy, which may lead to thermal necrosis (Eriksson
et al., 1984). Third, the saw will also cause mechanical damage
to the bone, destroy the microstructure of bone tissue, and
produce a significant amount of bone debris. This debris is
bone sequestra, a cause of aseptic necrosis, which will then
retard bone regeneration by increasing the time for the
macrophages to cleanse the wound (Giraud et al., 1991).
Therefore, it is important to find a new way of osteotomy in TKA.

Recently, laser, as the most promising technology to replace
traditional mechanical osteotomy tools such as electric saws and
drills to achieve bone cutting, has attracted the attention of
researchers (Baek et al., 2015). Laser has unique advantages
such as non-contact, non-vibration (Berrocal et al., 2007),
high-precision, and arbitrary-geometry cutting. This is
especially true when the laser beam with a diameter of only
micron order is combined with advanced computer control, and
it can cut bones more accurately (Baek et al., 2015; Marcello et al.,
2018).

Theoretically, the advantages of laser can perfectly suit the
needs of TKA bone preparation. However, the thermal damage of
laser has always puzzled researchers (Gunaratne et al., 2016).
With the improvement in laser design, the heat has been
effectively controlled. To test that laser osteotomy can achieve
ideal TKA bone preparation, we designed a new ultra-pulsed CO2

laser osteotomy system. Then, this system and the traditional
mechanical saw were used to perform distal femur osteotomy in
animals for comparison. We analyzed the osteotomy surface
structure, evaluated the thermal effect on bone and bone cells,
and studied the biological characteristics of bone surface to reveal
the safety of the ultra-pulsed CO2 laser osteotomy system.

MATERIALS AND METHODS

Materials
4% paraformaldehyde, Triton X-10, and 10% EDTA solution
were provided by Biosharp (Anhui, China). The
Hematoxylin–Eosin (HE) Staining Kit and DAPI were
purchased from Beyotime (Chongqing, China). A Calcein/PI
Live/Dead Cell Viability Kit was supplied by Sigma Chemical
Co. (St. Louis, MO, United States). Rhodamine phalloidin, Alexa
Fluor 488, and anti-paxillin antibody were supplied by Abcam
(Shanghai). Sprague–Dawley (SD) rats aged 12 weeks (400 ± 40 g)
were provided by Hunan SJA Laboratory Animal Co.. LTD.
(Hunan, China).

Laser System and Animal TKA Osteotomy
The parameters of the ultra-pulsed CO2 laser osteotomy system
(Shenzhen KBF Laser Technology Co., Ltd., China) are shown in
Table 1. In this study, the pulse duration is 25 µs, the single pulse
energy is 25 mJ, and the focal spot diameter after the beam passes
through the galvanometer is 60 μm. The galvanometer
(AxialScAN-20-30, Germany) can dynamically control the
working position of the laser focus on X, Y, and Z-axes
through the software Marking Mate 3D (Version 2.7). All
cutting processes in this study are performed by line filling
cutting, with a line width of 1 mm (the course of the laser
beam is shown in Figure 1A). After completing a scanning
filling, the galvanometer controls the focus to drop 0.05 mm
along the Z-axis, and the cutting speed is 80 mm/s. The model of
the laser osteotomy system is shown in Figure 1.

We used this system to perform TKA osteotomy on the
isolated knee of sheep aged one year and weighing 40 kg (the
shape of the femoral condyle in the sheep is similar to that in
humans). The experiments were performed in accordance with
the protocols approved by the Ethics Committee of TMMU
(Approval Number: 20170002). Before cutting, the femur was
fixed on the super-light clay, which could be shaped quickly.
Then, laser osteotomy was performed in accordance with the
TKA osteotomy method. After each resection, the position of
the femur was manually adjusted. The distal femur, anterior
cortex, anterior bevel, posterior condyle, and posterior bevel
were sequentially sectioned, and finally, box resection was
performed. The whole process was sprayed with a self-made
water sprayer, 1 ml/min (Kuttenberger et al., 2008). Water acts
as a coolant to reduce thermal injury, and the micro explosion
of water irradiated by the laser can accelerate cutting (Zhang
et al., 2012). The distal femur after laser cutting is shown in
Figure 1C.

Surface Characterization and Thermal
Analysis
Specimen and Grouping
For animal protection and subsequent bioactivity analysis of the
osteotomy surface, the experimental animal model was changed
to an SD rat. The specimens were the femurs of rats dissected
immediately after cardiac injection of excessive anesthesia. The
experimental group was the laser osteotomy group (L group), and
the control group was the mechanical saw group (S group).

TABLE 1 | Parameters of the ultra-pulsed CO2 laser osteotomy system.

Parameters

Wavelength 9.3 μm
Average power 5 W
Peak power 500 W
Beam waist diameter 2.2 mm
Full divergence angle 6.2 mrad
Rise time <10 μs
Fall time <15 μs
Pulse repetition frequency 500 Hz
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Femoral Osteotomy
Osteotomy was performed at the distal femur to analyze the
cancellous bone and performed in the middle of the femur to
analyze the cortical bone. In the L group, the aforementioned
laser system was used for cutting. Briefly, after fixing the femur, it
was completely resected at 5 mm from the distal femur to obtain
the cancellous bone specimen, and then, the femur was cut in the
middle section to obtain the cortical bone specimen. A water
spray (1 ml/min) was used during cutting. In the S group, a
mechanical saw (saw blade thickness 1mm, UNIVERSAL,
American) was used to cut the femur at the same site. To
minimize interference, each cut was performed at a maximum
round-trip frequency with water spraying (1 ml/min). Finally, the
specimens were collected. There were 18 samples of cancellous
bone and 18 samples of cortical bone from 18 rats, half of which

were used for surface characterization and half for histological
analysis.

Surface Characterization.
The specimens were gently rinsed with normal saline at room
temperature and then freeze-dried. Briefly, the samples were
sequentially refrigerated at 4°C for 30 min, −20°C for 12 h, and
−80°C for 7 days. The freeze-drying apparatus (FD-1A-50,
BiLon, Beijing) was used to prepare the samples for 24 h.
After spraying gold, the morphology of the cutting surface
was observed by scanning electron microscopy (SEM) (S-
3400N, HITACHI, Japan). The surface roughness of the
samples was examined by using a 3D laser confocal
scanning microscope (OLS5000, Olympus, Japan), and the
results were analyzed by multifile analyzer software. The

FIGURE 1 | Ultra-pulsed CO2 laser osteotomy of the distal femur of sheep. (A) Schematic chart of the ultra-pulsed laser CO2 laser osteotomy system (B)
Operational process of the sheep distal femur bone-cutting surface in total knee replacement using this system; the white triangle indicates the self-made water spray
device (C) Distal femur after laser cutting.
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surface roughness was measured for six different specimens,
and the average values were recorded.

Histological Analysis
The samples were fixed by immersion in 4% paraformaldehyde
for 48 h and decalcified in 10% EDTA solution for 1 week. Then,
the samples were washed repeatedly and gently with normal
saline to eliminate the effect of the decalcification solution on
tissue staining. The samples were embedded in paraffin and
then, serial sections were made perpendicular to the osteotomy
surface and stained with the Hematoxylin–Eosin (HE) Staining
Kit. After the sections were prepared, a microscope (Olympus,
Japan) was used to observe and photograph the sections.
ImageJ was used to calculate the depth of the mechanical
damage and the thermal damage to the bone. The numbers
of bone lacunae with cells and empty bone lacunae within
200 μm of the cutting edge were counted, and the rate of empty
bone lacunae was calculated (Yin et al., 2016; Palaia et al.,
2020).

Biological Characteristics of the Osteotomy
Surface.
Preparation of Bone Slices
To observe the biological characteristics of the osteotomy surface
prepared by the two cutting methods, a laser and mechanical saw
were used to cut the distal femur to prepare the bone slices.
Briefly, after the femur specimen was fixed, a laser (the
mechanical saw was used in the S group) was used to cut the
distal femur into 3-mm-thick slices. Twelve rats were used to
prepare bone slices. Since two bone slices could be prepared from
one femur, 48 bone slices were prepared and used for all cell

experiments. The preparation schematic chart of the bone slice is
shown in Figure 2. Then, the samples were soaked in 75% alcohol
for 24 h for disinfection.

Cell Culture
Rat mesenchymal stem cells (MSCs) were isolated from three rats
aged 2 weeks (100 ± 10 g) and cultured as previously reported
(Mandal and Kundu, 2009). The MSCs were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS) and 1%
penicillin−streptomycin solution at 37 °C in an incubator
containing 5% CO2, and the culture medium was replaced
every second day. The identification of MSC was shown in
Supplementary Materials. The MSCs at the 3rd passage were
used in all subsequent in vitro studies. The cell density of all cell
experiments was 2 × 104 cells/well.

Cell Infiltration
The sterilized samples (six in each group) were placed at the bottom
of a 24-well plate and then, the MSCs were inoculated. To allow the
cells to settle uniformly on the surface of the bone slice, the cells were
suspended during inoculation. The cells were cultured in an
incubator containing 5% CO2 at 37°C with 100% relative
humidity, and the medium was changed every 2 days.

After 2 and 5 days of culture, the culture medium was
discarded, and the cells were flushed gently with sterile PBS
three times. The cells were stained using the Calcein/PI Live/
Dead Cell Viability Kit according to the instructions for use.
The fluorescence solution Calcein can make living cells appear
green at 494 μm wavelength, and PI can make dead cells
appear red at 617 μm wavelength. After staining, a laser
confocal scanning microscope (LSCM, LSM900, ZEISS,
German) was used to observe and photograph the MSCs
adhered to the surface of the bone slices. High-resolution
images of Z-stacks were obtained and confocal Z-stacks of the
images were processed and reconstructed with ZEN blue
edition software (Version 3.3, ZEISS, German). Then, the
cells attached to the bone slices were counted, the survival
rate was calculated (Lin et al., 2021), and the depth of cell
infiltration was measured with the image reconstructed on the
Z-axis (Zhao et al., 2016).

Cytoskeleton Staining and Scanning
Electron Microscopy
The method of cell inoculation was the same as mentioned
previously. There were three samples in each group. After
culturing for 48 h, the medium was removed and the samples
(half for staining and half for SEM) were flushed with PBS. After
that, 4% paraformaldehyde solution and 0.1% Triton X-100 were
added sequentially. Finally, the samples were incubated with
Rhodamine-phalloidin (1: 500) solution at room temperature
for 2 h. After washing with PBS, DAPI was used to stain the
nuclei. All samples were imaged via the CLSM. The fractal
dimension of the cytoskeleton was calculated with ImageJ
software. Before SEM, the samples were fixed with 4%
paraformaldehyde and subjected to dehydration using graded

FIGURE 2 | Preparation of bone slices and cell culture.
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ethanol, and then the samples were coated with a thin sputtered
gold layer.

Focal Adhesion Staining Analysis
The method of cell inoculation was the same as that of cell
infiltration, with three samples in each group. After fixing the
samples with the aforementioned method, the cells were incubated
with paxillin (rabbit pAb; 1:50) at 4°C overnight. Then, they were
incubated with secondary antibodies coupled to Alexa Flour 488
for 1 h and with rhodamine phalloidin (1: 500) solution for 2 h at
37°C. After that, the samples were washed with PBS and the cell
nuclei were stained with DAPI. Fluorescence images were obtained
using CLSM. Profiles of F-actin (red) and p-paxillin (green) were
extracted from the images of CLSM using ImageJ.

Statistical Analysis
All experiments were performed at least in triplicate. Data are
presented as the mean ± standard deviation (SD). Statistical
calculations were performed by Student’s t-test using SPSS
ver.22 software (United States of America). Statistical
significance was set to *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

Ultra-Pulsed CO2 Laser Osteotomy System
Complete Animal TKA Bone Cutting
The laser successfully realized the osteotomy of the distal femur of
sheep, and no carbonizations were found on the bone. There was

FIGURE 3 | Typical SEM images of bone surface cutting by the laser and mechanical saw. (A) Cortical bone surface produced by laser osteotomy; white arrows
indicate the trophoblast vascular lumen and Haversian canal. (B)Cortical bone surface produced by mechanical saw osteotomy; yellow arrows indicate abrasion marks,
cracks, and bone chips caused by the saw blade. (C) Cancellous bone surface produced by laser osteotomy; white arrows indicate the trabecular bone and the space
between the trabecular bones. (D) Cancellous bone surface produced by mechanical saw osteotomy; yellow arrows indicate cracks and bone chips. White boxes
indicate the cut-out after the subsequent magnification.
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a crackling sound during cutting, with the smell of protein
burning, and white debris flew out of the incision (Figure 1).

Laser Osteotomy Preserves the Intact
Structure of the Bone Surfaces and Has
Better Surface Roughness than Mechanical
Saw Osteotomy
L group: The osteotomy surface retained the original physical
structure of the bone, with smooth sections and no mechanical
damage. The typical images are shown in Figure 3. An open
trophoblast lumen and a Haversian canal were observed on the
cortical bone surface (Figure 3A). In addition, on the cancellous
bone surface, intact trabeculae and a large number of interlacing
pores formed by the trabeculae were observed (Figure 3C).

S group: The surface was severely damaged, showing
fragmentary and no porous structure. There were several large
cracks on the cortical bone and wear marks caused by saw blade
grinding (Figure 3B). Furthermore, the trabeculae could not be
distinguished on the cancellous bone surface, and a large number
of cracks and bone debris appeared on the surface. The holes
between the trabeculae were filled with the bone debris generated
by the saw blade (Figure 3D).

The surface roughness of the L group is significantly higher
than that of the S group as shown in Figure 4.

Laser Osteotomy Does Not Cause Thermal
and Mechanical Damage to Bone Tissue
and Cells
L group: The sections were uniformly stained, and it was observed
that in the cancellous bone sections, all the bone trabeculae at the
cutting edge were intact without thermal or mechanical damage,
and the cells remained intact. Typical images are shown in
Figure 5. In addition, the cortical bone had a neat cutting
edge without mechanical cracks. The cell morphology near the
cutting edge was consistent without thermal damage, and there
were even intact cells on the cutting edge (Figure 5B).

S group: In the cancellous bone, the bone tissue and cells were
seriously damaged, the bone trabeculae were fragmented, and the

pores between the bone trabeculae were filled with a large amount
of bone debris (Figure 5C). A large number of empty bone
lacunae left after the cells cracked and disappeared. The damage
also occurred in the cortical bone with more pronounced thermal
damage (Figure 5D). In the S group, the mechanical damage
depth was 243 ± 44 μm (Figure 5E), the thermal damage depth
was 44 ± 10 μm (Figure 5F), and the empty bone lacunae rate was
55.6 ± 7% (Figure 5G), which were significantly higher than those
in the L group.

Osteotomy Surface Biological Studies:
Infiltration, Cytoskeleton, and Focal
Adhesion Analysis
MSCs were evenly distributed on the surface of the samples. It
was observed that more MSCs adhered in the L group than in the
S group on day 2. The same results were also observed on day 5,
and the differences were statistically significant (p < 0.001). More
importantly, in the L group, the infiltration depth of the MSCs
was greater than that in the S group, and the difference was
statistically significant (p < 0.001). There was no difference in the
survival rate of the MSCs between the two groups. Typical images
are shown in Figure 6.

A typical comparison of MSC cytoskeleton staining images in
the L and S groups is shown in Figure 7. It shows that the cells
were well spread out in the L group, having a tendency to extend
along the trabecular direction, and the cytoskeleton polarization
was obvious. However, in the S group, the cells were randomly
adhered on the bone surface, and the cytoskeleton polarization
appeared only at the cell edge. Moreover, the fractal dimension of
the cells in the L group is better than that in the S group. The SEM
images further indicate that the cells in the L group were more
spread out than those in the S group.

To better understand how cell adhesion was altered in the two
groups, MSCs were immunostained with F-actin and paxillin to
examine FA dynamics. The paxillin and the cytoskeleton co-
located showed focal adhesion. Typical images are shown in
Figure 8. MSCs in the L group developed numerous, larger
FAs. In contrast, we noted that the S group only exhibited a
dot-like staining pattern near the cell periphery.

FIGURE 4 | Surface roughness. (A,B) 3D height distribution images of the bone surface which were taken with the laser confocal scanning microscope after laser
and mechanical saw cutting. (C) Surface roughness, **, p < 0.01.
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DISCUSSION

In this study, we used an improved ultra-pulsed CO2 laser osteotomy
system to successfully achieve the five facial and box osteotomy of TKA
in sheep knees, and no thermal damage such as carbonization occurred
during the experiment (Figure 1C). At present, laser has been
successfully applied in medical treatment, such as in ophthalmology
and oral surgery (Sugar and Alan, 2002; Liu et al., 2006; Zhang et al.,
2011). Theoretically, lasers are the most promising alternative to
conventional mechanical tools for performing accurate osteotomy.
Furthermore, laser has the advantages of non-contact, non-vibration
(Berrocal et al., 2007), high-precision, and arbitrary-geometric-shape
cutting (Baek et al., 2015; Marcello et al., 2018). Moreover, improved

laser cutting methods and the newly developed laser can perform
osteotomy with controlled thermal impact. Ivanenko et al. (2005) and
Kuttenberger et al. (2010) successfully performed pulsed CO2 laser
osteotomy without thermal damage to animals. However, so far, there
are few reports describing the characteristics of the bone surface after
laser cutting. The bone surface is very important, especially in
operations that require complete contact between the bone surface
and the implant to achieve bone integration, such as TKA. Therefore,
we further analyzed the bone surface structure and biological
characteristics after laser cutting and compared them with
traditional mechanical osteotomy tools.

To better protect animals and conduct subsequent cytological
experiments, the animal model was adjusted to SD rats. The

FIGURE 5 | Typical histology images after laser and mechanical saw osteotomy. (A) HE images of laser-cut cancellous bone, with intact cells at the cutting edge
indicated by red arrows. (B)HE images of laser-cut cortical bone with neat cutting edges and intact cells. Red arrows indicate cells on the cutting edge. (C) Images of the
cancellous bone cut by mechanical sawing, with blue arrows indicating bone chips filled with cutting edges and red arrows indicating empty lacunae and crushed
trabeculae. (D)HE images of the cortical bone cut by mechanical sawing. Black arrows indicate the destroyed margin bone tissue and empty lacunae. (E) Depth of
mechanical damage. (F)Depth of thermal damage. Boxes indicate cutout after subsequent magnification. (G) Empty bone lacunae rate. HE, Hematoxylin–Eosin staining.
*** p < 0.001.
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FIGURE 6 | MSC infiltration into bone surface. (A) Typical images of z-axis reconstruction of adhesive MSCs on bone slices at Day 2 after the cell inoculation
(culture) in L group, (B) infiltration depth at Day 2 after the cell inoculation in L group. (C) Typical images of z-axis reconstruction of adhesive MSCs on bone slices at Day 2
after the cell inoculation in S group, (D) infiltration depth at Day 2 after the cell inoculation in S group. (E&G) Typical images at Day 5 after the cell inoculation in the two
groups. live = green, red =dead and scale bar = 100 μm. (F&H) infiltration depth at Day 2 after the cell inoculation in the two groups. (I) Quantification of viable cell
percentage in five scopes in L and S group. (J)Quantification of total number of MSCs in five scopes in L and S group. (K)Quantification of MSCs infiltration depth in five
scopes in L and S group. **, p < 0.01, ***, p < 0.001.
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results of scanning electron microscopy (SEM) on the osteotomy
surface of rat femur showed that mechanical sawing could
seriously damage the bone structure, whereas laser could
completely preserve the topological structure of the bone.
Mechanical saw cutting led to severe damage of the bone
trabeculae, producing a large amount of bone debris filling the
pores and resulting in the complete destruction of the bone
trabecula structure. In addition, many cracks and abrasion
marks after sawing appeared in the cortical bone. Studies have
shown that bone debris will increase aseptic inflammatory
response, resulting in prolonged bone healing time (Giraud
et al., 1991). Such results may have an adverse effect when
cementless prostheses are used. On the contrary, laser can cut
into a completely different bone surface. In the cancellous bone,
the trabecular bone on the osteotomy surface remains intact with
a large number of pores in it. At the same time, the cortical bone
in the middle part of the femur has a smooth bone surface and
many complete open Haversian canals. The surface roughness
analysis shows that the laser-cut surface has better performance
in roughness. Combined with the SEM images, we believe that

laser can achieve ideal osteotomy while maintaining the complete
natural topological structure of the bone, which may be
conducive to the early stabilization of cementless prostheses
and the realization of long-term bone integration.

Previous studies have shown that a micromotion larger than
150 μm can inhibit bone ingrowth onto porous surfaces and
consequently lead to implant failure (Justy, 1997). While it is
difficult to achieve the desired bone cutting with traditional
mechanical cutting tools, Macdonald et al. (2004) reported an
error of more than 2 mm when using traditional mechanical
cutting tools during TKA bone preparation. Apparently, laser
cutting has no such concerns. The laser can greatly reduce the
incision width to 100 μm. The specific width depends on the focal
spot diameter. In this study, the focal spot diameter is 60 μm. In
addition, the cutting geometry is not restricted and arbitrary and
complex cutting shapes in the geometry are available. Of course,
laser must be combined with computer and robot tools to achieve
accurate osteotomy (Burgner et al., 2010).

Significantly, the laser osteotomy system used in this study can
further reduce thermal damage to the bone. By performing H–E

FIGURE 7 | Typical images of adhesion of MSCs. (A) is the laser group, (B) is the mechanical saw group, photographed by using a laser confocal scanning
microscope, and red represents the cytoskeleton, blue represents the nucleus, and the yellow line represents the trabecular boundary. (C) Statistics of the fractal
dimension of a single MSC cytoskeleton of the two groups (n = 50) (D,E) are scanning electron microscopy images of MSC adhesion to the bone surface of the two
groups (green).
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staining, we found that intact cells were preserved at the cutting edge
of laser-cut bone tissue. In contrast, mechanical sawing resulted in
severemechanical damage to bone tissue (cracks up to 500 μmdeep)
and thermal damage (incomplete damage to cells within 200 μm of
the cutting edge). The previous research on CO2 laser osteotomy has
ever been plagued by thermal damage. In the early studies, a
continuous CO2 laser was used for bone cutting experiments,
which resulted in severe carbonization of bone tissues (Panossian
et al., 1984). Later, Frentzen et al. (2003) used a pulsed CO2 laser to
cut pig ribs with a water jet. They reported thermal damage to the
bone tissue only within10 μm near the cutting edge and incomplete
damage to bone tissue cells within 50 μm of the edge.

We can analyze these results by the following mechanisms of
action of laser osteotomy. 1) First, laser parameters determine the
effect of laser irradiation on the tissues [34]. When laser energy
reaches the surface of the bone, it can be reflected, scattered,
absorbed, or transmitted to the surrounding tissues. The 9.3-μm

wavelength laser we used has high absorption in bone tissue. Since
bones mainly comprise water and inorganic calcium salts, a rapid
phase transformation from water to gas will result in the micro-
rupture and micro-explosive removal of bone mineral phases
(Gunaratne et al., 2016). However, the removal only occurred in
the bone tissue irradiated by the laser (the focus diameter of the
beam in this study was 60 microns), so there was little mechanical
damage to the nearby bone tissue. 2) The secondmechanism is that
the laser can transmit the required energy in a short time (rise time
10 µs, fall time 15 µs, and pulse duration 25 µs), and the energy has
little time to diffuse into the surrounding tissues. 3) At the same
time, water acts as a coolant to reduce thermal injury (Zhang et al.,
2012), so almost no heat damage was found in the tissues, while
mechanical tools, cutting with strong mechanical forces, will
inevitably damage nearby bone tissues and the repeated
grinding of the saw blade will also raise the temperature and
cause tissue and cell damage.

FIGURE 8 | Typical images of laser cutting bone surface promoting the formation of focal adhesion. (A) The laser group and (B) the mechanical saw group were
photographed by laser confocal microscope. The red is the cytoskeleton, the green is the paxillin, and the blue is the nucleus. (C) Profiles of F-actin (red) and p-paxilin
(green) were extracted from images (white segments) using ImageJ software.
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Cell adhesion is an important factor affecting the ability of bone
integration (Zhao et al., 2013; Taale et al., 2018; Kelly et al., 2021).
Therefore, we further studied the adhesion of MSCs to the bone
surface prepared by the two cutting tools. The results showed that
both the number of cells adhered to the bone surface, and the
infiltration depth in the laser group was greater than that in the
control group. The cells adhered to the bone surface prepared by laser
reside in a comfortable environment, while the cells adhered to the
bone surface cut by themechanical saw seem to be damaged. Judging
from those results, we believe that laser cutting retains the original
topological structure of the bone surface, which is more conducive to
the adhesion of MSCs. In addition, the porous bone surface obtained
by laser cutting means that the surface area of the bone surface is
increased. The results may be beneficial for bone integration.

Limitations
There are also limitations in this study, and further research is still
needed. First, the width of the incision for laser osteotomy is
1 mm, which greatly reduces the efficiency of laser cutting. The
reason is that the optical transmission design is insufficient and
the optical path design needs to be further optimized. Second, the
average power of the laser used in the system is low, which limits
the speed of laser cutting.

CONCLUSION

In this study, we realized the designed laser TKA osteotomy of
animal knee joints and found that the laser-cut bone surface can
retain the natural topology of the bone, which is conducive to cell
adhesion and infiltration and may promote the bone integration
of prosthesis.
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Distal Humeral Trochlear Geometry
Associated With the Spatial Variation
of the Dynamic Elbow Flexion Axis
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Background: The complexity of the spatial dynamic flexion axis (DFA) of the elbow joint
makes the elbow prosthesis design and humeral component alignment challenging. This
study aimed to 1) investigate the variations of the spatial DFA during elbow flexion and 2)
investigate the relationship between the distal humeral trochlear geometry and the in vivo
spatial variation of the DFA.

Methods: Ten healthy subjects participated in this study. Each subject performed a full
elbow extension to maximum flexion with hand supination under dual fluoroscopic imaging
system (DFIS) surveillance. The 2D fluoroscopic images and the 3D bone models were
registered to analyze the in vivo elbow kinematics and DFAs. The spatial DFA positions
were defined as inclination with the medial and lateral epicondyle axes (MLA) in the
transverse and coronal planes. The range of the DFA positions was also investigated
during different flexion phases. The Spearman correlation method was used to analyze the
relationship between the distal humeral trochlear’s morphological parameters and the
position of DFAs during different flexion phases.

Results: The pathway of the DFAs showed an irregular pattern and presented individual
features. The medial trochlear depth (MTD) (r = 0.68, p = 0.03) was positively correlated
with the range of the DFA position (2.8° ± 1.9°) in the coronal plane from full extension to 30°

of flexion. Lateral trochlear height (LTH) (r = −0.64, p = 0.04) was negatively correlated with
the DFA position (−1.4° ± 3.3°) in the transverse plane from 30° to 60° of flexion. A
significant correlation was found between LTH with the DFA position in the coronal (r =
−0.77, p = 0.01) and transverse planes (r = −0.76, p = 0.01) from 60° to 90° of flexion.

Conclusion: This study showed that the pathway of the dynamic flexion axis has an
individual pattern. The medial and lateral trochlear sizes were the key parameters that
might affect the elbow joint flexion function. When recovering complex distal humeral
fractures or considering the implant design of total elbow arthroplasty, surgeons should
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pay more attention to the medial and lateral trochlea’s geometry, which may help restore
normal elbow kinematics.

Keywords: humeroulnar joint, elbow flexion axis, flexion–extension movement, morphology, distal humeral trochlea

INTRODUCTION

Total elbow arthroplasty (TEA) is an effective treatment to
replace damaged elbow articular surfaces for patients with
rheumatoid arthritis, osteoarthritis, serious distal humeral
fracture, or bone tumors (Sanchez-Sotelo, 2011; Mansat et al.,
2013b; Krukhaug et al., 2018). Although TEA can relieve the
symptoms and restore the elbow’s function for the patient, many
postoperative complications such as aseptic loosening, infection,
postoperative instability, and periprosthetic fractures were
recorded (Schoch et al., 2017; Pham et al., 2018; Geurts et al.,
2019). Recent clinical studies have reported a high revision rate of
25% and a high complication rate of 27%–43% after TEA within
10 years (Mansat et al., 2013a; Schoch et al., 2017; Pham et al.,
2018; Geurts et al., 2019). Several studies have suggested that the
elbow flexion axis mismatch during TEA surgery may lead to high
complications (Brownhill et al., 2012). Therefore, it is crucial to
determine the axis position accurately when performing TEA
surgery.

Accurate identification of the elbow flexion axis during the
TEA surgery remains challenging. In clinical practices, the
trochlea central axis (TCA) is usually considered as the
anatomical elbow flexion axis (Brownhill et al., 2006;
McDonald et al., 2010; Wiggers et al., 2014). Traditionally, the
position of the TCA is well identified by using lateral X-ray
imaging. Surgeons aim to overlap the capitalism and the trochlear
contour until they create concentric circles with their centers
representing the elbow rotation axis (Wiggers et al., 2017).
However, the anatomical bow of the distal humerus and the
limb’s position may cause an imperfect lateral X-ray projection
and errors in identifying the flexion axis (Dos Santos et al., 2017).
Previous studies have demonstrated that these errors could reach
up to 10° in the coronal and transverse planes (Brownhill et al.,
2006; Wiggers et al., 2014). The mean flexion axis (MFA), known
as the functional rotation axis, was another conception for the
description of the joint movement (Ehrig et al., 2007; Gordon and
Dapena, 2013). The humeral side was fixed while the forearm was
flexed freely so that the MFA of the elbow joint was calculated
using a motion capture system (Stokdijk et al., 1999; Song et al.,
2018). Some researchers recommended MFA as a more
appropriate way for rotation axis alignment than the
intraoperative X-ray imaging method (Song et al., 2018).
However, most MFA calculations rely on image-based
navigation or motion capture systems, which are not available
in every hospital. Besides, there is no consensus on which
referencing method is the best for determining the elbow
flexion axis for TEA.

The helical axis theory proposed by Woltring et al. (1985) was
commonly used to calculate the dynamic flexion axis (DFA) of
joints from acquired kinematics data in biomechanical or clinical
studies (Song et al., 2018; Ehrig and Heller, 2019). Previous

studies have reported that the DFA during elbow flexion was
not fixed but moved like a twist around an axis (Bottlang et al.,
2000; Goto et al., 2004). Most of the studies about DFA were
based on cadaveric specimens (Duck et al., 2003a; Duck et al.,
2003b; Muriuki et al., 2012). It cannot reproduce the flexion
motion without muscle activation. The in vivo continuous flexion
motion measurement plays an essential role in understanding the
elbow flexionmovement pattern. Studies have shown that various
factors would affect elbow motion, including the integrity of the
ligament, the employing load, the effect of forearm rotation
(pronation or supination), the active or passive motions, and
geometrical characters (Duck et al., 2003a; Duck et al., 2003b;
Hua et al., 2020). Morphologic studies about the distal elbow
showed that the articular shape might vary among people,
including the capitellum or trochlear diameters, articular
width, and anatomic bow (Brownhill et al., 2007; Desai et al.,
2014; Lenoir et al., 2015a). However, the current elbow prosthesis
design does not reproduce the complicated distal humeral
anatomical structure. This could be another reason which
leads to a higher failure rate of TEA (Geurts et al., 2019). The
relationship between distal humeral anatomical features with a
spatial DFA position is still unclear. Understanding the
characteristics of DFA can provide an insight into the elbow
prosthesis design and help surgeons determine which anatomic
parameters are critical when reconstructing a severely damaged
distal humeral trochlear.

The purposes of the present study were to 1) investigate the
variations of DFA during in vivo elbow flexion–extension
movement, and 2) investigate the relationship between the
anatomical parameters of the distal humerus with the variation of
the DFA in different ranges of flexion. We hypothesized that the
DFA of each subject might have an individual movement pattern.
The individual height and diameter of the trochlear might correlate
with the position of the DFA.

MATERIALS AND METHODS

Subjects and Image Protocol
Ten healthy subjects were recruited in this study (six men and
four women, with 10 right elbows). The study was approved by
the Institution’s Review Board, and all subjects signed and
informed consent before participating in the experiment. The
average age was 21.1 ± 0.8 years. The average height and body
weights were 171.9 ± 5.4 cm and 65.2 ± 14.6 kg, respectively, and
the average BMI was 21.8 ± 4.1. Each subject filled out the
American Shoulder and Elbow Surgeons Shoulder Score
(ASES) questionnaires with 100 points scored. The dominant
hand of all subjects was the right. All subjects included in this
research had no history of elbow injury or other musculoskeletal
and neural diseases.
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All subjects received computed tomography (CT) scans
(SOMATOM Definition AS, Siemens, Germany) from the
wrist to the humeral head. We set the scan voltage and
current to 100 KV and 65 mA with an image resolution of
512 × 512 pixels and a voxel size of 0.4 mm3 × 0.4 mm3 ×
0.6 mm3. A software platform for three-dimensional (3D) data
visualization, Amira (v.6.7.0, Thermo Fisher Scientific, Waltham,
MA, United States), was used to generate the 3D model of the
humerus, ulna, and radius from the CT images. All subjects
completed a full extension to maximum flexion elbow movement
with hand supination under a dual fluoroscopic imaging system
(DFIS) (BV Pulsera, Philips, Dutch) at a 30 Hz sampling rate. The
average time from extension to flexion was 2 s. Two static images
of the elbow at full extension and maximum flexion positions
with hand supination were also captured for all subjects to
calculate the elbow’s range of motion (Figure 1A).

Registration Procedure
After the experiment, a series of fluoroscopic images were
imported into a custom modeling software application
MATLAB (MATLAB, MathWorks, Natick, MA,
United States). The CT-based bone 3D surface model was
introduced into the software for translation and rotation until
the projection of the surface model matched the contour of the
bone captured on the selected perspective image. The process was
repeated every 0.1 s (every three frames) from the maximum
straightening position (0 s) to the maximum flexion position (2 s)
to complete the registration of the entire moving process
(Figure 1B).

Definition of the Elbow Coordinate System
To describe the spatial movement of elbow flexion in clinically
relevant terms, we defined the local anatomic coordinate system of
the humerus and ulna using three orthogonal vectors (Wu et al.,
2005). The origin of the humeral coordinate system was determined
at the medial point of the humeral medial–lateral epicondyle axis
(MLA). The medial and lateral epicondyles were located by finding
the center of their bony protrusion. The Y-axis was from the origin
to the center of the best fit sphere of the humeral head, indicating the
proximal-distal (PD) direction. The X-axis was defined as the vector
cross product of the PD-axis and medial–lateral epicondyle axis,
showing the anterior–posterior (AP) direction. The Z-axis was
defined as the cross product of Y-axis and Z-axis, indicating the
medial–lateral (ML) direction. The coordinate system of the ulna
was defined with the origin of the ulnar notch center. The Y-axis
pointed proximally from the distal ulnar styloid to the origin. The
X-axis was defined as the line perpendicular to the plane formed by
the ulnar styloid, humeral lateral epicondyle, and humeral medial
epicondyle, pointing to the front. The Z-axiswas defined as the cross
product of the Y-axis and Z-axis, pointing laterally. The six-degree-
of-freedom (6-DOF) kinematics of the elbow was calculated using
the Euler angle with a Z-X-Y sequence based on the registered bone
positions. The average errors of this technique applied in elbow
kinematics evaluation were less than ±1.0 mm and ±1.0° (McDonald
et al., 2012).

Rotation Axis Calculation
We used a Gaussian filter to smooth kinematic data by assuming
that the noise follows the Gaussian distribution. First, the original

FIGURE 1 | Experimental workflow. (A) Each subject performed a full extension to maximal flexion under a biplane fluoroscopic imaging system. (B) Virtual
experiment environment of 3D–2D registration for acquiring the in vivo elbow flexion kinematics. (C) Range of the flexion was divided into four phases at full extension to
30°, 30°–60°, 60°–90°, and 90° tomaximal flexion. The helical axis theory was applied to calculate the dynamic flexion axis (DFA) at each phase. (D)Measurement of distal
humeral trochlea morphology. Lateral trochlear height (LTH), trochlear height (TH), and medial trochlear height (MTH) in the coronal plane. Trochlear width (TW),
trochlear width proper (TWP), lateral trochlear depth (LTD), trochlear groove depth (TD), and medial trochlear depth (MTD) in the transverse plane.
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transformation matrix was converted to the 6-DOF kinematic
data. Second, the 6-DOF kinematic data were smoothed by using
a Gaussian filter (The window width of the Gaussian filter was 10
points). The filter parameters were optimized by minimizing the
difference between the smoothed data and the raw kinematic
data. Finally, the smoothed kinematic data were converted to
transformation matrices for calculating the DFA for each subject.
In vivo kinematics was measured at every interval of 1° from full
extension to maximal elbow flexion for the comparison of the
results with those presented in the previous study (Ericson et al.,
2003; Goto et al., 2004). The finite helical axis method was used to
calculate the DFA with a 30° interval and 5° increasing step
(Woltring et al., 1985; Ericson et al., 2003; Goto et al., 2004),
i.e., the screw axis calculated from 0° to 30° represented the DFA
at 0°, while the next screw axis calculated from 5° to 35°

represented the DFA at 5°. The TCA was defined as the fitted
cylinder centerline on the surface of the humeral trochlear. The
elbow motion was divided into four phases with a full-extension
(FE)–30°, 30°–60°, 60°–90°, and 90°–maximal flexion (MF)
(Figure 1C). The MFA was defined as taking the average
position of all DFAs. The average DFA at each phase was
calculated as the average of the screw axes in each phase, and
its position was defined as the inclination with the MLA in the
transverse and coronal planes. The range of DFA was also
revealed at a different phase of motion in coronal and
transverse views. The intercept point of DFA with the medial
and lateral sagittal planes, perpendicular to TCA, illustrates its
continual dynamic process of elbow flexion. The coronal plane
was defined as the plane determined by the humeral long axis and
MLA. The DFA intercept sagittal plane of each subject was
normalized to the average articular width of 39.2 mm (from
the most lateral circle on the capitellum to the most medial
circle on the trochlea).

Measurement of Elbow Morphological
Parameters
The 3D bone models were imported into Amira (v.6.7.0, Thermo
Fisher Scientific, Waltham, MA, United States) to measure the
morphological parameters of the distal humerus, following the
method in the article of Desai et al. (2014) in the
anterior–posterior plane and the axis plane. In total, eight
parameters (Figure 1D) were obtained, namely, the lateral
trochlear height (LTH), trochlear height (TH), medial trochlear
height (MTH), trochlear width (TW), trochlear width proper
(TWP), lateral trochlear depth (LTD), trochlear groove depth
(TD), and medial trochlear depth (MTD). Some parameters
(LTH and LTD) were repeatedly measured by the same observer
(DY-Z) and co-author (XJ-H) to test our reliability. The intraclass
correlation coefficients (ICC) of inter-observer and intra-observer
reliabilities were 0.98 and 0.96 for the LTH measurement and were
0.97, and 0.98 for the LTD measurement.

Statistical Analysis
A post hoc power analysis was performed to estimate the
statistical power (1-β), with a medium effect size and a = 0.05,
using statistical power analysis software (G*Power version 3.1).

The Mann–Whitney U test was performed to compare the
difference in morphology parameters. The Spearman
correlation analysis was used to calculate the relationship
between distal humeral morphology parameters and DFA
changes at different ranges. A statistical analysis was
performed by numeral calculation software MATLAB
(MATLAB, MathWorks, Natick, MA, United States). The
significance level was set at 0.05 for all statistical analyses.

RESULTS

Mean Flexion Axis and Trochlear Central
Axis
The average orientation of MFA was 3.1° ± 1.9° varus (range, 5.4°

varus–1.0° valgus) relative to the TCA in the coronal plane among
all the subjects (Figure 2A). The angle between the MFA and
TCA was 1.3° ± 3.0° (range, 4.7° internal rotation–4.8° external
rotation) in the transverse plane (Figure 2B). Also, the 3D spatial
angle between MFA and TCA was 5.2° ± 1.4° (3.4°–7.3°).

The MFA was located in 0.3 ± 0.3 mm (range −0.2 to 0.8 mm)
anterior and 0.2 ± 0.4 mm (range −0.2 to 1.1 mm) distal related to
the center of the trochlear on the medial sagittal plane
(Figure 3A). The MFA was located in 0.8 ± 1.3 mm (range
−1.7 to 2.3 mm) anterior and −0.8 ± 1.0 mm (range −1.9 to
1.4 mm) distal related to the lateral trochlear center on the lateral
sagittal plane (Figure 3B; Table 1).

Dynamic Flexion Axis of the Ulna Relative to
the Humerus
The pathway of the intercept points of the DFA did not show a
regular pattern during the flexion for all the subjects (Figure 4).
On the lateral sagittal plane, the trajectory of the intercepts twined
around the lateral trochlear center within an area of 4.4 mm ×
3.7 mm. On the medial sagittal plane, the trajectory of the
intercepts moved above the medial trochlear center and was
laid within an area of 3.1 mm × 2.1 mm. The positions and
range of an average DFA at the difference flexion phase are shown
in Table 2. At the coronal plane, the average DFA showed the
valgus to medial–lateral epicondyle axis at all flexion phases. At
the transverse plane, the average DFA showed an external
rotation relative to the medial–-lateral epicondyle axis except
during the flexion phase from 90° to maximal flexion.

Distal Humeral Morphological Parameters
The sagittal diameters of the medial trochlear, lateral trochlear,
and trochlear were 21.4 ± 1.8 mm, 19.0 ± 1.7 mm, and 15.2 ±
1.3 mm. The mean MTH (range 18.6–24.8 mm) was significantly
(p = 0.0071) larger than LTH. The LTH (range 16.3–22.5 mm)
was significantly (p < 0.0001) larger than TH (range
13.3–17.2 mm) amount subjects (MTH > LTH > TH).
Likewise, the MTD was significantly larger than LTD (p =
0.0011), and LTD was significantly larger than TD (p <
0.0001) (MTD > LTD > TD). The depth values of MTD,
LTD, and TD were 22.5 ± 1.7 mm, 19.8 ± 1.3 mm, and 16.2 ±
1.1 mm, respectively (Table 3).
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FIGURE 2 | Varus–valgus and internal rotation–external rotation range of the mean flexion axis (MFA). (A) Varus–valgus (coronal plane view) and (B) internal
rotation–external rotation (transverse plane view) of the MFA from all trials of the subject are shown. The solid red line is the mean position of MFA (3.1° varus and 1.3°

internal rotation); the black line is the trochlea central axis (TCA). The light blue area represents the deviation of MFAwithin all subjects (5.4° varus maximum to 1.0° valgus
minimum, and 4.8° external rotation to 4.7° internal rotation); the models of the humerus are all normalized to the average TCA length of 39.2 mm.

FIGURE 3 | Position of all subjects’mean flexion axis (MFA) intersection points in the lateral plane and medial plane. Red points represent the average center, and
the horizontal and vertical lines represent the standard deviation of the axis in the anterior–posterior direction and the distal–proximal direction. (A) In the medial view, the
origin point is the medial trochlear center. (B) In the lateral view, the origin point is the lateral trochlear center.

TABLE 1 | Mean flexion axis (MFA) position in the coronal, transverse, lateral sagittal, and medial sagittal planes. Positive inclination indicated that MFA was varus and
internally rotated to the medial–lateral epicondyle axis (MLA). In the lateral and medial planes, positive values indicated that the MFA was anterior and proximal to the
center of the trochlea.

Subject Coronal plane/° Transverse plane/° Lateral plane (mm) Medial plane (mm)

Lateral X Lateral Y Medial X Medial Y

1 −4.0 ± 1.5 0.0 ± 2.4 0.1 ± 1.1 −0.7 ± 0.7 0.3 ± 0.6 1.2 ± 0.3
2 1.6 ± 1.9 1.4 ± 2.4 1.4 ± 1.0 −1.9 ± 0.9 −0.5 ± 0.7 1.8 ± 0.5
3 −3.2 ± 3.1 −2.8 ± 2.2 2.3 ± 1.1 −0.4 ± 1.3 −0.8 ± 0.5 1.4 ± 0.9
4 −4.9 ± 1.7 3.1 ± 2.1 −0.1 ± 0.7 −1.8 ± 0.6 −0.4 ± 0.8 1.4 ± 0.7
5 −9.0 ± 4.4 0.8 ± 2.2 1.3 ± 1.4 1.4 ± 2.3 −0.6 ± 0.4 0.7 ± 0.8
6 −4.5 ± 2.3 −6.9 ± 2.3 −1.7 ± 0.9 −1.4 ± 1.2 1.6 ± 0.9 2.0 ± 0.5
7 1.8 ± 1.1 −2.8 ± 1.1 0.0 ± 0.6 −1.0 ± 0.5 0.0 ± 0.3 1.3 ± 0.4
8 −0.4 ± 1.4 3.4 ± 2.5 2.3 ± 1.4 −1.7 ± 1.0 −0.8 ± 1.0 1.3 ± 0.7
9 −6.6 ± 1.1 −1.3 ± 3.5 −0.1 ± 1.3 −0.5 ± 0.8 0.2 ± 1.2 0.5 ± 0.7
10 −9.0 ± 1.7 −0.8 ± 4.4 2.2 ± 1.8 −0.5 ± 1.1 −1.0 ± 1.4 1.3 ± 0.6
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FIGURE 4 | Dynamic flexion axis (DFA) change among all subjects. The continuous change in the DFA is represented by four colors which indicate four
flexion–extension phases. FE, full-extension; MF, maximum flexion; (A) medial view; (B) lateral view.

TABLE 2 | Values representing the angle between the average rotation axis andmedial–lateral epicondyle axis in the coronal plane and transverse plane at different phases of
flexion. Positive values indicate the average rotation axis was varus and internally rotated to the medial–lateral epicondyle axis (MLA) (FE–30, full extension to 30° flexion;
30–60, 30° flexion to 60° flexion; 60–90, 60° flexion to 90° flexion; 90–max, 90° flexion to max flexion; FE–MF, full extension to max flexion).

Coronal plane (°) Transverse plane(°)

Mean/std Max/std Min/std ROM/std Mean/std Max/std Min/std Range/std

FE–30 −5.2/5.1 1.2/3.8 −6.6/5 2.8/1.9 −0.8/3.5 3.2/4.1 −2.4/3.3 3.6/2.4
30–60 −4.2/4.8 −2.7/4.3 −5.7/5.3 3.0/2.3 −1.4/3.3 −0.2/3.7 −2.5/3.5 2.3/1.2
60–90 −3/3.5 −1.7/3.6 −4.3/3.7 2.6/2 −1.3/4.2 0/4.1 −2.5/4.0 2.5/1.3
90–MF −2.9/3.6 −2.7/4.3 −5.8/4.3 4.1/3.0 1.0/3.5 −0.2/3.7 −1.4/3.2 6.0/5.6
FE–MF −3.8/3.8 −1.2/3.8 −7.9/4.7 6.7/2.5 −0.6/3.1 −5.9/4.3 −4.0/2.8 9.9/4.1

TABLE 3 | Result of all morphological parameters.

MTD TD LTD TWP TW MTH TH LTH

Average (mm) 22.5 16.2 19.8 18.4 22.8 21.4 15.2 19.0
STD (mm) 1.7 1.1 1.3 2.1 2.3 1.8 1.3 1.7
Max/min 25.7/19.7 17.5/14.5 22.0/17.3 20.9/13.5 25.5/18.0 24.8/18.6 17.2/13.3 22.5/16.3
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Correlation Between Morphological
Parameters and DFA
The different morphological parameters were correlated with the
positions and ranges of the DFA at different phases. From full
extension to a 30° flexion, MTD (r = 0.68 and p = 0.03) and MTH
(r = 0.69 and p = 0.03) were all positively correlated with the range
of DFA (2.8° ± 1.9°) in the coronal plane. From flexion of 30° to
60°, LTH (r = −0.64 and p = 0.04) was negatively correlated with
the position of average DFA (−1.4° ± 3.3°) in the transverse plane.
LTH (r = 0.71 and p = 0.02) was positively correlated with the
range of DFA (3.0 ± 2.3°) in the coronal plane. From flexion of 60°

to 90°, a significant correlation was found between LTH with the
position of average DFA in the coronal (r = −0.77 and p = 0.01)
and transverse planes (r = −0.76 and p = 0.01). From a flexion of
90° to maximal flexion, TW (r = 0.66 and p = 0.04) and TWP (r =
0.67 and p = 0.04) were all positively correlated with the range of
DFA (6.0° ± 5.6°) in the transverse plane. During the whole range
of flexion motion, significant correlation was found among LTH
with the position of the average DFA in the coronal (r = −0.64 and
p = 0.04) and transverse planes (r = −0.71 and p = 0.01) (Table 4).

DISCUSSION

This study quantified the difference between the MFA and TCA,
investigated the in vivo continuous position of the DFA of the
healthy human elbow joint during extension to flexion, and
evaluated its relationship with distal humeral morphological
parameters. First, we found that the MFA showed a mean
angle of 3.1° ± 1.9° varus and an external rotation of 1.3° ±
3.0° relative to TCA. Also, MFA was closer to the trochlear center
on the medial side but more away from the trochlear center on the
lateral side. Second, the pathway of the DFA presented individual
patterns. Finally, the widths of the lateral and medial trochlea
were strongly correlated with the position of the DFA, while the
size of the trochlear grove was not. These results indicated that the

lateral and medial sizes of the trochlea were the key parameters
that may affect the elbow joint function.

The position of MFA was varus and externally rotated to the
TCA in the coronal and transverse planes, suggesting that the
TCA may not be suitable to represent the elbow flexion axis. In
vivo (Ericson et al., 2003; Ericson et al., 2008) and in vitro
(Bottlang et al., 2000; Duck et al., 2003a) studies about the
optimum elbow flexion axis have also been published. Bottlang
et al. (2000) reported the range of MFA was 2.6° ± 1.0° in the
coronal plane and 5.7° ± 2.2° in the transverse plane in a passive
movement by using the electromagnetic motion tracking
method. Ericson et al. (2003) found greater variations in the
coronal plane (6.2° varus to 6.5° valgus) than in the transverse
plane (2.4 ˚ internal rotation to 2.2 ˚ external rotation) in an in
vivo active elbow movement situation. Those variations were
close to our result (coronal plane: 5.4° varus to 1.0° valgus,
transverse plane: 4.7° internal rotation to 4.8° external
rotation). Bottlang et al. (2000) reported that the DFA
intersection has the smallest distribution near the medial
trochlea, located 2.0 ± 0.6 mm away from the longitudinal
axis of the humerus in the frontal plane. Goto et al. (2004)
reported that the DFA intersection distribution tended to be
scattered on the lateral trochlea than on the medial trochlea.
Our study quantified the MFA intersection located on the
medial trochlea (0.3 ± 0.3 mm anterior and 0.2 ± 0.4 mm
distal) and the lateral trochlea (0.8 ± 1.3 mm anterior and
−0.8 ± 1.0 mm distal), which showed a similar pattern that the
distribution was more scattered on the lateral side and more
concentrated on the medial side (Figure 3). The previous study
has shown that the MCL provided a primary stabilizer to resist
valgus stress and constrained the internal rotation of the
forearm at the elbow (Labott et al., 2018). These results
may explain the constrained function of the MCL on the
medial side of the elbow.

Accurately aligning the implant or external fixation with the
elbow is still a challenge for surgeons. Although the TCA is easy to
recognize through the humeral trochlear feature, there is still a

TABLE 4 |Correlation between themorphological parameters with the position of average DFA and range of DFA in different phases of flexion (FE, full extension; MF,maximal
flexion).

Variable Descriptive data/mm Range of the DFA in the coronal plane (FE–30°)

Means ±
SD

Range Means ± SD/° r p Means ±
SD/°

r p

MTD 22.5 ± 1.7 19.7–25.7 2.8 ± 1.9 0.68 0.03 — — —

MTH 21.4 ± 1.8 18.6–24.8 0.69 0.03 — — —

Position of the average DFA in the
transverse plane (30°–60°)

Range of the DFA in the coronal plane
(30°–60°)

LTH 19.0 ± 1.7 16.3–22.5 −1.4 ± 3.3 −0.64 0.04 3.0 ± 2.3 0.71 0.02
Position of the average DFA in the coronal

plane (30°–60°)
Position of the average DFA in the

transverse plane (30°–60°)
LTH 19.0 ± 1.7 16.3–22.5 −3.0 ± 3.5 −0.77 0.01 −1.3 ± 4.2 −0.76 0.01

Range of the DFA in the transverse plane
(60°–90°)

—

TW 22.8 ± 2.3 18.0–25.5 6.0 ± 5.6 −0.66 0.04 — — —

TWP 18.4 ± 2.1 13.5–20.9 6.0 ± 5.6 −0.67 0.04 — — —

Position of the average DFA in the coronal
plane (FE–MF)

Position of the average DFA in the
transverse plane (FE–MF)

LTH 19.0 ± 1.7 16.3–22.5 −3.8 ± 3.8 −0.64 0.04 −0.6 ± 3.1 −0.71 0.02
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high alignment error. According to Wiggers et al. (2014), the
mean errors of identifying the TCA were 8° of the mean rotation
and 2 mm of the mean translation with a large inter-observer
variability. The humeral stem loading will increase after humeral
component mal-alignment, according to an in vitro study
(Brownhill et al., 2012). For extra fixation mal-alignment
conditions, increasing stresses might be transferred to the
fixator pins and the pin–bone interface. They were potential
factors that lead to clinical issues of pin loosening, pin breaking,
or persistent instability (Stavlas et al., 2007). A more accurate
alignment can be obtained through the computer navigation
technology. McDonald et al. (2010) improved the implant
alignment errors to below 2° and 2 mm in total elbow
arthroplasty, according to the reference of TCA by applying
the image-based navigation system. However, the MFA could
represent the elbow flexion better than the TCA. An accurate
alignment of TCA could still cause abnormal stress at the
implant–bone interface during flexion. According to our
result, the MFAs showed individual positions, which
complicated the alignment of the MFA. Surgeons could get an
individual and accurate MFA alignment by combining the MFA
calculation algorithm and computer navigation technology (Song
et al., 2018).

Previous studies have reported that the DFA pathway is a
roller configuration during elbow flexion (Bottlang et al., 2000;
Goto et al., 2004). Those studies using electromagnetic
tracking and passive or simulative active cadaveric elbow
might reproduce high repeatability of regular movement,
which leads to a regular pattern of the axis. The only study
reported by Ericson et al. (2003) revealed an irregular DFA
pattern during in vivo elbow flexion, which was similar to our
finding. The variation in the subjects’ muscle activity, joint
laxity, and geometry may influence the movement that results
in an individual pattern of DFA and differ from those in vitro
studies. It has been proven that the DFA movement pattern
would be affected by various factors such as ligament, forearm
position, or muscle force (Duck et al., 2003a; Duck et al.,
2003b). Duck et al. (2003a) reported that a division of an elbow
ligament led to the deviation of DFA displacement and active
movement of the elbow by simulating the muscle force
provided more stability of the axis than passive motion.
Duck et al. (2003b) also reported that the mean DFA was
more externally rotated by 1° with the forearm held supinated
rather than pronated. These results may suggest the movement
pattern of DFA may reflect the biomechanical condition of
the elbow.

Geometry variation, as one of the biomechanical factors,
should be considered in the TEA implant design and treatment
of distal humerus fracture (Shiba et al., 1988; Desai et al., 2014;
Lapner et al., 2014). Few studies had analyzed the distal
humerus morphologic sizes based on CT/MRI models or
cadavers (Desai et al., 2014; Giannicola et al., 2017). Desai
et al. (2014) showed that the mean MTH and LTD were 29.9
and 21.6 mm, which are both significantly larger than the TH’s
17.8 mm. Our study revealed that the distal humeral articular
surface had a concave barrel-shaped trochlea with a circular
concavity and showed similar sizes of the trochlea with MTH,

LTH, and TH which were 21.4, 19.0, and 15.2 mm,
respectively. A new kind of an implant that followed this
relationship was proved to have significantly better
ulnohumeral contact (Lapner et al., 2014; Willing et al.,
2014). It might reduce the contact pressure and increase
survival time. However, Kamineni et al. (2005) suggested
that the implant design, which does not precisely match the
elbow, does not significantly affect the elbow function. Thus,
the information about the geometry and the function of the
elbow requires further investigation.

Some other research had evaluated the effects of the
anatomical variation on the biomechanical changes of the
joint. Lenoir et al. (2015b) revealed that the anterior
angulation of the humerus led to a humeral component
lateral offset, which was associated with pain intensity.
Some studies revealed that the articular geometry changes
reflected the knee kinematics and the moment arm (Bull
et al., 2008; Gray et al., 2021). Our study showed a strong
correlation between humeral trochlear morphological features
and the position of the DFA in the different phases of flexion.
1) At the early stage of flexion, our study found the shape of the
medial trochlear, which means that MTH and MTD were
correlated with the DFA range from full extension to 30°

flexion. Goto et al. (2004) reported that the contact area of
the humeroulnar joint was mainly concentrated on the medial
trochlea during early flexion. When the height or depth of the
medial trochlea increases, it may cause a change in the joint
contact pattern, which might explain the range of the DFA
change at the early flexion phase. 2) During the phase of
flexion, from 30° to 90° of flexion, the LTH was considered
an important feature that would affect the position of the
average DFA in the transverse or coronal planes. Giannicola
et al. (2016) found that there were significant individual
differences in the trochlear notch angle. The increasing size
of the lateral side of the trochlea would directly decrease the
angle of the trochlear notch, thereby causing the inherent
position of the humeroulnar joint to change, leading to
changes in the DFA position. 3) During the phase of flexion
from 90° to the maximum flexion angle, the TW and the TWP
were the essential factors that would affect the range of the
DFA. 4) Our study also found that TH or TD did not correlate
with the DFA position or range at all phases of flexion.
According to the research by Lapner et al. (2014), when the
anatomical shaping humeral prosthesis was applied to the
specimen, a significant edge wearing was visited from the
humeral spool on the proximal ulna surface after simulation
testing. At the same time, the trochlear groove did not show
noticeable wearing on the ulna. It was also evident that the
feature of the trochlear groove was not as essential as the size of
the medial or lateral trochlea. Therefore, this information
implies that doctors or engineers when repairing the
articular surface of the humerus or designing the distal
humerus prosthesis, should pay more attention as the
medial and lateral sizes of the trochlea were important
characteristic factors.

The present study should be interpreted in light of its
potential limitations. First, we only recruited 10 subjects, so
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it was impossible to compare the effects of gender, age, and
other factors on the rotation axis of the elbow joint. The result
of the post hoc power analysis (0.97, which is higher than 0.8)
proved that the sample size was sufficient to reflect statistical
differences. Second, all the subjects were healthy and could
not evaluate the relationship between the shape of the trochlea
and the DFA after the elbow joint’s repair. Further studies of
cadaveric specimens might be used to verify our findings.

CONCLUSION

In summary, the current study investigated the relationship
between the in vivo elbow dynamic flexion axis location and
the distal humeral trochlear geometry. The inclination of MFA
was found to be 3.1° varus and 1.3° external rotation to the
TCA. Significant inter-individual differences in the pattern of
the dynamic in vivo DFA were observed in our study. The
lateral and medial sizes of the trochlea were significantly
correlated with the position and range of the DFA, which
indicated that they were the key parameters that might affect
the elbow joint flexion function. When recovering complex
distal humeral fractures or considering the TEA implant
design, surgeons should pay more attention to the lateral
and medial trochlear geometry.
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Background: The traditional titanium mesh cage (TTMC) has become common as a
classical instrument for Anterior Cervical Corpectomy and Fusion (ACCF), but a series of
complications such as cage subsidence, adjacent segment degeneration (ASD), and
implant-related complications by using the TTMC have often been reported in the previous
literature. The aim of this study was to assess whether a novel anatomic titanium mesh
cage (NTMC) could improve the biomechanical condition after surgery.

Methods: The NTMC model consists of two spacers located on both sides of the TTMC
which match the anatomic structure between the endplates by measuring patient
preoperative cervical computed tomography (CT) data. The ranges of motion (ROMs)
of the surgical segments and the stress peaks in the C6 superior endplates, titanium mesh
cage (TMC), screw–bone interface, anterior titanium plate, and adjacent intervertebral disc
were compared.

Results: Compared with the TTMC, the NTMC reduced the surgical segmental ROMs by
89.4% postoperatively. The C6 superior endplate stress peaks were higher in the TTMC
(4.473–23.890 MPa), followed by the NTMC (1.923–5.035 MPa). The stress peaks on the
TMC were higher in the TTMC (47.896–349.525MPa), and the stress peaks on the TMC
were lower in the NTMC (17.907–92.799 MPa). TTMC induced higher stress peaks in the
screw–bone interface (40.0–153.2 MPa), followed by the NTMC (14.8–67.8 MPa). About
the stress peaks on the anterior titanium plate, the stress of TTMC is from 16.499 to
58.432MPa, and that of the NTMC is from 12.456 to 34.607MPa. Moreover, the TTMC
induced higher stress peaks in the C3/4 and C6/7 intervertebral disc (0.201–6.691MPa
and 0.248–4.735 MPa, respectively), followed by the NTMC (0.227–3.690 MPa and
0.174–3.521MPa, respectively).
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Conclusion: First, the application of the NTMC can effectively decrease the risks of TMC
subsidence after surgery. Second, in the NTMC, the stresses at the anterior screw-plate,
bone–screw, and TMC interface are much less than in the TTMC, which decreased the
risks of instrument-related complications after surgery. Finally, increases in IDP at adjacent
levels are associated with the internal stresses of adjacent discs which may lead to ASD;
therefore, the NTMC can effectively decrease the risks of ASD.

Keywords: novel anatomic titanium mesh cage, traditional titanium mesh cage, cage subsidence, implant-related
complications, anterior cervical corpectomy and fusion, adjacent segment degeneration, finite element analysis

INTRODUCTION

Anterior cervical corpectomy and fusion (ACCF) is an effective
treatment method for various cervical disorders, including
cervical spondylosis myelopathy, ossified posterior longitudinal
ligaments (OPLL), trauma, tumors, and rheumatoid arthritis.(Ji,
Yu, Yan, Wang, Hou, Hou and Cai 2020, Missori, Domenicucci
and Marruzzo 2018; Zeng, Duan, Yang, Wang, Hong, Lou, Ning
and Liu 2018). ACCF has been widely accepted with satisfactory
postoperative prognosis because of removing the direct
decompression of the spinal cord and offering immediate
stabilization of the surgical segments (Fengbin, Jinhao,
Xinyuan, Xinwei, Yu and Deyu 2013; Yang, Chen, Liu, Song,
Kong, Zeng, Xue and Ren 2013).

The use of the traditional titanium mesh cage (TTMC) has
become the main method for cervical reconstruction during
ACCF surgery (Fehlings, Smith, Kopjar, Arnold, Yoon,
Vaccaro, Brodke, Janssen, Chapman, Sasso, Woodard, Banco,
Massicotte, Dekutoski, Gokaslan, Bono and Shaffrey 2012).
Although this method maintains immediate anterior column
stability with good biocompatibility after surgery and has a
relatively high bone fusion rate, the incidence of postoperative
titanium mesh cage (TMC) subsidence reported in the previous
literature is as high as 90% (Fengbin, Jinhao, Xinyuan, Xinwei, Yu
and Deyu 2013; Yang, Chen, Liu, Song, Kong, Zeng, Xue and Ren
2013). TMC subsidence may be correlated with poor clinical
efficacy or poor neurological recovery and can even lead to
symptom recurrence, deterioration of nerve function, failure of
internal fixation, and revision surgery (Mo, Li, Jia, Yang, Wong
and Fan 2017; Wu, Meng, Wang, Rong, Hong, Ding, Chen and
Liu 2019). Moreover, an instrument-related complication is a
more serious type of complication, which includes plate fracture,
broken screw, or TMC dislodgement, and may lead to a more
serious set of consequences. Although there are many risk factors
related to TMC subsidence and instrument-related
complications, the structural improvement of the TMC is one
of the most important methods to solve the problem in clinical
practice.

For ACCF using the TTMC, the contact area between the
TMC and endplate is limited. The upper and lower endplates are
all characterized by irregular anatomical shapes. After TMC
implantation, contact with the endplate through the edge of
the titanium mesh and the match is poor. The contact area
between the TMC and endplate is small, which is point-to-
point contact. Moreover, this kind of point contact causes

relatively concentrated stress, which easily leads to TMC
subsidence and instrument-related complications after surgery.
Therefore, it is of great importance to find a novel anatomic
titaniummesh cage (NTMC) consisting of two spacers located on
both sides of the TMC which match the anatomic structure
between the endplates and change point-to-point contact into
face-to-face contact, which can avoid uneven stress distribution
and decrease the incidence of postoperative TMC subsidence and
instrument-related complications.

For this purpose, an NTMC was designed, whose ends
possessed enlarged spacers which match the anatomic shape
between the endplates by measuring patient preoperative
cervical CT data. The mechanical properties were analyzed by
using a three-dimensional finite element (FE) analysis to analyze
whether this NTMC could effectively improve the biomechanical
performance in ACCF.

MATERIALS AND METHODS

Finite Element Model of the Intact Lower
Cervical Spine
An intact C2-7 FE model was constructed with the following
steps. Computed tomography (CT) images (SOMATOM
Definition AS+, Siemens, Germany) of the C2-7 cervical spine
were obtained from a young healthy volunteer (37 years of age;
height, 172 cm; weight, 65 kg) and were then imported into
Mimics 17.01 (Materialise Corporation, Belgium) to
reconstruct the surface model of each vertebra. Solid models
of the cortical shell, cancellous bone, and intervertebral disk were
constructed in Geomagic Studio 2015 (Raindrop Geomagio Inc.
United States). Meshes of the bones, intervertebral discs, and
ligaments were constructed using Hypermesh 14.0 (Atair
Corporation. United States) and imported into Abaqus 6.14
(Dassault System. France) for material property definitions,
model assembly, and FE analysis (Liu, Lu, Wang, Sun, Li and
He 2019).

Figure 1 shows the FE model of the intact C2-7 cervical spine,
which consisted of six vertebrae, five intervertebral disks, the
anterior longitudinal ligament, the posterior longitudinal
ligament, the capsular ligament, the interspinous ligament, the
supraspinous ligament, and the ligamentum flavum. A 0.5-mm-
thick shell consisting of cortical bone (Denoziere and Ku 2006)
and the nucleus pulposus was modeled as an incompressible
inviscid fluid, and the intervertebral disc was divided into the
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annulus fibrosus and nucleus pulposus, with a volume ratio of 7:3
(Kallemeyn, Gandhi, Kode, Shivanna, Smucker and Grosland
2010). The annulus fibrosus was modeled as an annulus ground
substance embedded with annulus fibers. Annulus fibers
surrounded the ground substance with an inclination to the
transverse plane between 15° and 45° (Mo, Li, Jia, Yang, Wong
and Fan 2017). Hypoelastic material properties were assigned to
the ligament according to the stress–strain curves that were
published previously (Kallemeyn, Gandhi, Kode, Shivanna,
Smucker and Grosland 2010). A convergence analysis was
performed to ensure that the maximum changes in the strain
energy were <5% (Ayturk and Puttlitz 2011; Jones and Wilcox
2008). The element types and material properties used in the FE
model are shown in Table 1, which is based on previous
publications (Kallemeyn, Gandhi, Kode, Shivanna, Smucker
and Grosland 2010; Wu, Meng, Wang, Rong, Hong, Ding,
Chen and Liu 2019).

FE Model of the ACCF Procedures
Figures 2A,B show the FE models of ACCF at C4-6. The
corpectomy of C5 was simulated by removing the C4-5 and
C5-6 intervertebral disks; two-thirds of the vertebral body in C5;
and the corresponding anterior and posterior longitudinal
ligaments (Liu, Lu, Wang, Sun, Li and He 2019). After the
corpectomies, a TTMC (Johnson & Johnson, United States)
with a 12-mm diameter was trimmed into a suitable length
and implanted into the intervertebral space. Both ends of the
TTMC were ensured to be in close contact with the
corresponding endplates. The contact area in the cage-
endplate interface end was 0.27 cm2. An anterior plate-screw
system was placed at C4-6 to further stabilize the surgical
segment. The length and width of the anterior titanium plate
were 36 and 12 mm, respectively, and the length and diameter of
the screws were 12 and 3 mm, respectively (TTMC internal
fixation system).

FIGURE 1 | Finite element model of the intact C2–C7 cervical spine: (A) front view; (B) sagittal view; (C) annulus fiber; (D) intact intervertebral disk.

TABLE 1 | Material properties assigned to the finite element model.

component Element type Young’s modulus (MPa) Poisson ratio Cross-sectional area (mm2)

Cortical bone C3D4 12,000 0.29
Cancellous bone C3D4 450 0.29
Nucleus pulpous C3D8H 1 0.49
Anterior longitudinal T3D2 30 0.3 6.1
Posterior longitudinal T3D2 20 0.3 5.4
Capsular T3D2 20 0.3 46.6
Ligamentum flavum T3D2 1.5 0.3 5.0
Interspinous T3D2 1.5 0.3 13.1
Supraspinous ligament T3D2 1.5 0.3 5.0
Facet joint cartilage C3D4 10.4 0.4
Titanium alloy C3D4 110,000 0.3
Screws C3D4 110,000 0.3
Cages C3D4 110,000 0.3
Spacers C3D4 110,000 0.3
Endplates C3D4 5.6 0.3
Annulus fibers T3D2 110 0.3

PEEK, polyetheretherketone.
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Figures 3A,B show the FE model of ACCF using the NTMC for
interbody fusion. After the corpectomies, an NTMC with a 12-mm
diameter was implanted into the space. Both ends of the NTMC
were enlarged by adding a spacer to each end, which matches the
shapes between the endplates by measuring the patient preoperative
CT scan data, and the TMC was fixed to the spacer by the slot
structure (Figure 3C). Satisfactory matching between the endplate
and spacer was achieved using the Boolean calculation to remove the
portion that overlapped with the vertebral body. The contact area in
the spacer–endplate interface was 3.63 cm2. For all surgical models,
the interfaces at the cage endplate and screw bone were defined as a
tied contact condition to simulate a complete fusion status (Zhao,
Chen, Liu, Elsamaloty, Liu, Li, Elgafy, Zhang and Wang 2018).

Loading and Boundary Conditions
The FE model of intact C2−C7 segments was fixed at the inferior
endplate of C7. Follower loads of 75 N were used to simulate muscle
force and head weight. A 1.0-Nmmoment and a 75-N follower load
were applied to the odontoid of the C2 vertebrae to produce flexion,

extension, lateral bending, and axial rotation (Wu,Meng, Liu,Wang,
Hong, Rong, Ding and Chen 2019). The surgical segment ranges of
motion (ROMs), the stress of the C6 superior endplates, TMC,
screw–bone interface, anterior titanium plate, and adjacent
intervertebral disc were compared between the constructs of
ACCF using the TTMC and ACCF using the NTMC. Based on
previous studies and literature data, C4/5 and C5/6 were chosen as
the implanted levels because they are the most frequently involved
levels in clinical practice (Ouyang, Lu, He, Gao, Cai and Jin 2019).

RESULTS

Model Validation
The intersegmental ROMs at C2-3, C3-4, C4-5, C5-6, and C6-7
were 4.29°, 6.49°, 7.45°, 7.35°, and 4.89°, respectively, in flexion;
3.16°, 4.57°, 6.32°, 5.22°, and 4.21°, respectively, in extension; 5.14°,
5.42°, 5.67°, 4.21°, and 3.85°, respectively, in bending; and 2.14°,
3.15°, 4.36°, 3.60°, and 2.08°, respectively, in rotation. As shown in
Figure 4, the intersegmental ROMs in each motor direction
showed good agreement with the outcomes of previous
publications, where the consistency can be as high from 61.3
to 95.1% (Panjabi, Crisco, Vasavada, Oda, Cholewicki, Nibu and

FIGURE 2 | Finite element models of the surgical procedures: (A) front
view of ACCF using the TTMC; (B) the structure of the TTMC.

FIGURE 3 | Finite element models of the surgical procedures: (A) front view of ACCF using the NTMC, (B) the structure of spacers, (C) the structure of the TMC,
and (D) TMC and the spacer are connected by the slot structure.

FIGURE 4 | Intersegmental ROMs of the intact model are compared with
those of previously published studies, and validity has been proven.
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Shin 2001; Lee, Park, Kim and Jahng 2016). Moreover, in the
study of cadaver specimens in vitro, the intersegmental ROMs at
C2-3, C3-4, C4-5, C5-6, and C6-7 were 3.90°, 7.05°, 6.02°, 7.93°,
and 5.33°, respectively, in flexion; 2.21°, 4.97°, 5.32°, 7.81°, and
5.61°, respectively, in extension; 4.32°, 6.54°, 4.07°, 4.28°, and 2.79°,
respectively, in bending; and 2.37°, 3.97°, 5.13°, 6.22°, and 3.63°,
respectively, in rotation, where the consistency is up to 98.4% and
can prove the validity of the model to a certain extent (Kallemeyn,
Gandhi, Kode, Shivanna, Smucker and Grosland 2010).

ROMs of the Surgical Segments
As shown in Figure 5, the ROMs of the intact C4-6 model in
flexion, extension, bending, and rotation were 14.8°, 11.55°, 9.86°,
and 7.96°, respectively. Postoperatively, the surgical segment
ROMs of ACCF using a TTMC and ACCF using the NTMC
were 5.28° and 0.56°, respectively, in flexion; 5.38° and 0.52°,
respectively, in extension; 5.55° and 0.59°, respectively, in
bending; and 2.85° and 0.31°, respectively, in rotation. The
differences in the surgical segment ROMs between the TTMC
and NTMC can be as much as 90.3%, and the differences were
significant between the two groups, which is similar to previous
literature (La Barbera, Larson, Rawlinson and Aubin 2021).

Cortical Endplate Stresses
Figure 6A shows the maximum stresses in the C6 superior
endplates. The endplate stress peaks were higher in the construct
of ACCF using a TTMC, wherein the stresses were 4.47, 21.27, 14.35,
and 23.89MPa in flexion, extension, bending, and rotation,
respectively. In the same direction of movement, the endplate

stress peaks were lower by using the NTMC in ACCF, which
reduced to 1.92, 5.04, 3.81, and 3.97MPa, respectively. The stress
distributions in the C6 superior endplates are shown in Figure 6B.

Stress at the TMC
The maximum von Mises stresses in the TMC are shown in
Figure 7. In the ACCF using a TTMC model, the stresses at the
TMC interface in flexion, extension, lateral bending, and axial
rotation were 47.90, 285.45, 252.04, and 349.53 MPa, respectively.
In the ACCF using an NTMC model, the stresses at the TMC
interfacial in flexion, extension, lateral bending, and axial rotation
were 17.91, 92.80, 34.73, and 59.01 MPa, respectively.

Stress at the Bone–Screw Interface
The maximum von Mises stresses in the C6 screw interface are
shown in Figure 8A. In the ACCF using a TTMC model, the
stresses at the bone–screw interface in flexion, extension,
lateral bending, and axial rotation were 40.04, 153.18,
134.83, and 103.57 MPa, respectively. In the ACCF using an
NTMC model, the stresses at the bone-screw interface in
flexion, extension, lateral bending, and axial rotation were
14.82, 65.49, 28.17, and 63.44 MPa, respectively. The stress
cloud map in the C6 screw–bone interfacial stresses between
two models is shown in Figure 8B.

Fixation Systems Stresses
The maximum von Mises stresses of the fixation systems are
shown in Figure 9. In the ACCF using a TTMC model, the
stresses at the anterior titanium plate in flexion, extension, lateral
bending, and axial rotation were 16.51, 16.47, 44.49, and
32.54 MPa, respectively. In the ACCF using an NTMC model,
the stresses at the anterior titanium plate in flexion, extension,
lateral bending, and axial rotation were 12.48, 15.17, 27.93, and
30.02 MPa, respectively.

Stress on the C3/4 Intervertebral Disc
Intradiscal pressure (IDP) measures at the supra-adjacent (C3/4)
segment are presented in Figure 10. Compared with the TTMC
model, the stress on the upper (C3/4) adjacent intervertebral disc
in the NTMC model was lower during flexion, extension, lateral
bending, and rotation. In the TTMC model, the maximum von
Mises stresses on the C3/4 intervertebral disc were 0.20 MPa
during flexion; 4.55 MPa during extension; 4.53 MPa during
lateral bending; and 6.96 MPa during rotation. In the NTMC

FIGURE 5 | Using the intact model as a reference, comparisons of the
ROMs of the surgical segments (C4–C6) between the TTMC and NTMC
models has been performed.

FIGURE 6 | (A) Comparisons of the maximum von Mises stresses in the C6 superior endplate between the TTMC and NTMCmodels; (B) Stress cloud map of the
C6 superior endplates between TTMC and NTMC models.
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model, the maximum von Mises stresses on the C3/4
intervertebral disc were 0.23 MPa during flexion; 3.69 MPa
during extension; 2.87 MPa during lateral bending; and
3.27 MPa during rotation; and in the intact model, the
maximum von Mises stresses on the C3/4 intervertebral disc
were 0.19 MPa during flexion; 0.32 MPa during extension;
0.37 MPa during lateral bending; and 0.36 MPa during
rotation. The stress distributions on the C3/4 intervertebral
disc are shown in Figure 10B.

Stress on the C6/7 Intervertebral Disc
IDP measures at the infra-adjacent (C6/7) segment are
presented in Figure 11. In these two models, the NTMC
group had lower stress on the intervertebral disc than the
TTMC group. In the TTMC group, the maximum von Mises
stresses on the C6/7 intervertebral disc were 0.25 MPa during
flexion; 4.00 MPa during extension; 4.37 MPa during lateral
bending; and 4.74 MPa during rotation. In the NTMC group,
the maximum von Mises stresses on the C6/7 intervertebral

FIGURE 7 | Comparisons of the maximum von Mises stresses in the TMC between TTMC and NTMC models.

FIGURE 8 | (A) Comparisons of the maximum von Mises stresses in the C6 screw–bone interface between TTMC and NTMCmodels; (B) Stress cloud map of the
C6 screw–bone interface between TTMC and NTMC models.
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disc were 0.17 MPa during flexion; 3.52 MPa during extension;
2.88 MPa during lateral bending; and 3.20 MPa during
rotation, and in the intact model, the maximum von Mises
stresses on the C6/7 intervertebral disc were 0.21 MPa during
flexion; 0.32 MPa during extension; 0.33 MPa during lateral
bending; and 0.33 MPa during rotation. The stress
distributions on the C6/7 intervertebral disc are shown in
Figure 11B.

DISCUSSION

Construct Stability
This study comprehensively compared the biomechanical
stabilities provided by ACCF with the TTMC model and
NTMC model. As shown in the results, both models could
significantly reduce the ROMs in the surgical segments

compared with the intact model. Therefore, the ACCF with
the TTMC model and NTMC model both can achieve strong
construct stability in the surgical segments.

According to the result of the ROMs of the surgical
segments, compared with the TTMC model, the ACCF with
the NTMC model has smaller ROMs in the surgical segments,
which means that the NTMC model has better stability. In the
present study, similar to previous studies, the boundary
conditions of the spacer–bone interfaces were assigned to be
tied contacts to simulate the status of bony fusion (Wu, Meng,
Wang, Rong, Hong, Ding, Chen and Liu 2019). Compared with
the cage–bone interfaces in the TTMC model, the spacer–bone
interfaces have a larger area in contact with the whole endplate,
which is more beneficial to increasing anterior column stability
immediately after surgery and bone fusion during the process
of follow-up. As the bony fusion at the endplate space, the
stiffness of the anterior column increases, which further
improves the stability of the construct. A recent study
found that compared with immediately after surgery, the
ROMs of the surgical level were further reduced by 11.5%
when bony fusion was achieved at the intervertebral space (Li,
Wu, Chu, Liu, Hou, Yu and Hou 2018). In general, the NTMC

FIGURE 9 | (A) Comparisons of the maximum von Mises stresses of the fixation systems between TTMC and NTMC models; (B) Stress cloud map of the anterior
titanium plate between TTMC and NTMC models.

FIGURE 10 | (A) Comparisons of the maximum von Mises stresses in
the IDP of the C3/4 segment among the intact model, TTMC model and
NTMC model; (B) Stress cloud map of IDP of the C3/4 segment between
TTMC and NTMC models.

FIGURE 11 | (A) Comparisons of the maximum von Mises stresses in
the IDP of the C6/7 segment among the intact model, TTMC model, and
NTMC model; (B) Stress cloud map of IDP of the C6/7 segment between
TTMC and NTMC models.
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model can not only improve the stability immediately after
surgery but also maintain long-term stability after the
operation.

Subsidence Resistance
TMC subsidence is one of the common postoperative
complications in ACCF (Wen, Lu, Wang, Liang, Gao and
He 2018). The relatively high endplate interfacial stress
concentration is an important factor that facilitates the cage
penetrating into the endplate and inducing cage subsidence
(Lu, Liang, Liu, Guo, Zhang, Yang and He 2017; Wen, Lu,
Wang, Liang, Gao and He 2018). In some literature, bony
endplate strain/stress threshold is also reported (Ottardi, La
Barbera, Pietrogrande and Villa 2016; La Barbera, Cianfoni,
Ferrari, Distefano, Bonaldi and Villa 2019; La Barbera,
Cianfoni, Ferrari, Distefano, Bonaldi and Villa 2019).

Although cage subsidence has little influence on the clinical
outcomes in some patients, some severe cases may induce
kyphosis, neurologic deterioration, and instrumental-related
complications because of the significant decrease in
intervertebral height and the subsequent increase in stress
load within the anterior titanium plate (Takase, Murata,
Sato, Tanaka, Miyazaki, Yoshizumi, Tateishi, Kawahara and
Yamamoto 2018).

To address these issues, the NTMC model consisting of two
spacers located on both sides of the TMC that match the shapes of
the upper and lower endplate was developed, where the contact
area in the spacer–endplate interface was 3.57 cm2. The outcomes
of endplate stresses showed that ACCF using the TTMC for
vertebral body construction induced approximately 3 to 5-fold
greater stress peaks on the C6 endplate than the NTMC model
(4.5–23.9 vs. 1.9–5.0 MPa, respectively). For the TTMC model,
the contact area between the TMC end and the endplate is small
(the contact area was 0.31 cm2), which results in a large stress
concentration and leads to cage subsidence.

The present study concluded that the larger the
spacer–endplate interface contact area, the lower the
subsidence rate of the TMC. In addition, some new cages
also have been reported to support this viewpoint. These new
cages offered larger contact areas with the endplate by
enlarging the surface area and simulating the endplate
shapes in the cage end to prevent excessive stress
concentration, which effectively dispersed the stress
distribution and reduced the subsidence rate (Fengbin,
Jinhao, Xinyuan, Xinwei, Yu and Deyu 2013; Shamji,
Zhang, Quan, Zhao, Luo, Tang, Li, Zhou and Jiang 2014).
Due to the anatomical structure of the cervical spine among
patients being different, it is difficult to achieve perfect
anatomical matching with the endplates by using new cages
(Lou, Liu, Rong, Li, Wang and Gong 2016). However, the
postoperative results found that these new cages are still in
close contact with the endplates, effectively increasing the
contact area, rebuilding the intervertebral height, and
dispersing the endplate stress. By simulating the shape of
the endplate, these new cages significantly decreased the
interval between the spacer and the endplate compared with
the conventional TMC with a flat end (Fengbin, Jinhao,

Xinyuan, Xinwei, Yu and Deyu 2013; Shamji, Zhang, Quan,
Zhao, Luo, Tang, Li, Zhou and Jiang 2014). Therefore, the
reduction of the interval leads to a significant increase in the
contact area, which further reduces the stress concentration
and decreases the risk of postoperative subsidence (Ordway,
Rim, Tan, Hickman and Fayyazi 2012).

It can be seen from the endplate stress nephograms that due
to the limited interface contact area between the TMC and
endplate, the stress distribution of using the TTMC in ACCF is
mainly concentrated on the anterior and lateral parts of the
endplate. By using the NTMC in ACCF, due to the spacer
simulated the shape of the endplate, the contact area at the cage
endplate significantly expanded, and the stress distribution on
the endplate became homogeneous, which reduced the
concentration of stress and decreased the subsidence rate of
the TMC.

Risks of Instrument-Related Complications
Instrument-related complications include plate fracture,
broken screw, or TMC dislodgement, which can lead to
risks such as neck pain, compression of the esophagus,
compression of the spinal cord, and even paralysis after
surgery, and most of them even require revisions.
Therefore, the NTMC model was designed to decrease the
risks of instrument-related complications.

A previous study found that the lowest maximum load to
identify an endplate failure event by using the conventional
TMC is about 1300 N, and the contact area between the
endplate and the TMC is about 30.5 mm2. From this, we
can conclude that the stress threshold of the endplate is
about 42.6 Mpa. For another, the lowest maximum load to
identify an endplate failure event by using the novel TMC is
about 2100 N (Lu, Liang, Liu, Guo, Zhang, Yang and He 2017).
However, the present methods for a reasonable estimation of
the stress threshold for subsidence are limited, and because the
physiological curvature of the cervical spine is lordotic, the
load on the anterior spine would be eccentric with respect to
the posterior spine. Therefore, any compressive load is not
only pure axial translation but also involves a rotation. As
mentioned above, since the spine rotation is not taken into
account, our previous stress applied at the interface between
the cage and the endplate cannot lead to a reasonable
estimation of the stress threshold for subsidence. In
addition, due to the subsidence failure being also associated
with huge shear loads and bending moments, even if the load
was following the spine curvature (follower load), we would
not be sure that the load would be uniformly distributed across
the cage–endplate interface. Accordingly, we would make
relevant targeted optimizations in future research.

Compared with the ACCF using a TTMC model, the stresses
at the anterior screw–plate interface, bone–screw interface, and
TMC in the NTMC model are much less. According to the load-
shared results, we found that the NTMC model can effectively
reduce the stress load on the TMC. The reasons for the lower
stress loads at the anterior screw–plate interface, bone–screw
interface, and TMC by implanting the NTMC were attributed to
the increase in the contact area at the spacer–endplate interface
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and the dispersion of the stress distribution, which offered greater
stability for the anterior column (Fengbin, Jinhao, Xinyuan,
Xinwei, Yu and Deyu 2013; Lu, Liang, Liu, Guo, Zhang, Yang
and He 2017) and decreased the risks of instrument-related
complications in ACCF.

Risks of the Degeneration at Adjacent Discs
It is of great importance to evaluate the changes in internal
stresses at adjacent levels of surgical segments by measuring
the IDP (Barrey, Campana, Persohn, Perrin and Skalli 2012).
Increases in IDP at adjacent levels may lead to adjacent
segment degeneration (ASD), which affected patient
postoperative recovery and quality of life (Zeng, Duan,
Yang, Wang, Hong, Lou, Ning and Liu 2018). Increases in
IDP at adjacent levels after surgery may be relevant to many
reasons, such as discogenic pathology, changes in cervical
curvature, and subsequent pain (Eck, Humphreys, Lim,
Jeong, Kim, Hodges and An 2002). The present study found
that the insufficient stability of the anterior column can also
lead to increases in IDP. In addition, the stress load led to the
intervertebral disc cells being stimulated by stresses such as
compressive stress and tensile stress, which not only increased
the change of ROM but also damaged the intervertebral disc to
a large extent. Because of offering a better fixation method to
improve the stabilities of the cervical spine, the adjacent IDP in
the NTMC model was less than that in the TTMC model in all
directions, which agreed with the changes of ROM, suggesting
that the new model had the ability to delay the degeneration at
adjacent discs. It can be seen from the IDP nephograms that
the stress distribution of using the TTMC in ACCF is
consistent with the NTMC model, and both are aligned
with the direction of motion. This indicates that the stress
distribution of the adjacent intervertebral disc is related to the
motion direction of the cervical spine.

Moreover, the paravertebral muscle strength played a
crucial role in regulating IDP. Therefore, for daily activities,
patients should pay attention to the muscle strength of their
neck through exercise to decrease the IDP at adjacent levels
after surgery.

Limitations
FE analysis is a traditional style for judging the diagnosis after
different surgical strategies and offering treatment options.
However, there are still some limitations of the current study.
First, we idealized some situations within an acceptable range.
The frictionless contact in the facet joint surfaces may lead to
potential errors (Panzer and Cronin 2009; Li, Fogel, Liao,
Tyagi and Liu 2018). Any possible micromotion among the
TMC-spacers, bone-implant, and screw–bone interface was
ignored, which were modeled as a tie. Second, although we
operated on an in vitro model for surgical simulation and
inserted a device in the surgical models, simplified in vitro
models may not simulate the actual biomechanical
environment during the process of surgery, especially for
endplates and ligaments at the surgical segments. Third, in
this research, we performed the finite element model analysis

based on CT data from a 37-year-old young healthy man,
which might not take the impact of degenerative pathology
into account on the biomechanical properties of the spine.
Finally, various types of NTMCs have different structural and
biomechanical features, and the results of the current study
have certain limitations and may not be applicable to other
devices. Thus, the FE model may not be the best representation
of the real state, and the main purpose of this research is to
provide a trend rather than actual data.

CONCLUSION

First, the application of the NTMC that possessed two enlarged
spacers and matched the anatomic structure between the
endplates seems to suggest a decreased risk of TMC
subsidence in ACCF by dispersing stress, which can be
proved by the stress cloud map. Second, in the ACCF with
the NTMC, the stresses at the anterior screw–plate interface,
bone–screw interface, and TMC are much less than those at the
TTMC, which might decrease the risks of instrument-related
complications after surgery and enhance the speed of
postoperative bone healing so as to improve the prognosis
of patients. Finally, increases in IDP at adjacent levels are
associated with the internal stresses of adjacent discs which
may lead to ASD; therefore, the NTMC has the potential to
decrease the risks of ASD.
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Moderate External Rotation of Tibial
Component Generates More Natural
Kinematics Than Internal Rotation
After Total Knee Arthroplasty
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This study aimed to investigate the influence of tibial malrotation on knee kinematics after
total knee arthroplasty (TKA). A symmetric fixed-bearing posterior-stabilized prosthesis
was implanted in the validated knee model with different rotational alignments of the tibial
component (neutral, 3° external rotation, 5° external rotation, 3° internal rotation, and 5°

internal rotation). Computational kinematic simulations were used to evaluate the
postoperative kinematics of the knee joint including anteroposterior translation femoral
condyles and axial rotation of tibial component during 0°–135° knee flexion. The results
revealed that the neutral position of the tibial component was not the closest kinematics to
the intact knee, the model with 5° external rotation of the tibial component showed the
closest lateral condyle translation and tibial axial rotation, and moderate external rotation
could improve the kinematics after TKA.

Keywords: computational simulation, total knee arthroplasty, tibial component, rotational alignment, kinematics

INTRODUCTION

Total knee arthroplasty (TKA) has been the most common treatment for severe arthritis of knee
joints for the past several decades with high survival rates; however, nearly 20% of patients were still
not satisfied postoperatively because of knee pain or restricted function (Bourne et al., 2010).
Rotational malalignment between the femoral and tibial components is one of the reasons, and the
proportion of tibial component malrotation beyond 3° can reach 57% according to a research study
using 3D-CTmeasurement (Cerquiglini et al., 2018). Malrotation of knee components influenced the
mechanical behaviors of the knee joint, including the ligament tension, patella force, and contact
stress on the polyethylene liner (Kuriyama et al., 2014), and caused patellofemoral maltracking,
femoral–insert interface, anterior knee pain, patellar subluxation, excessive polyethylene wear, and
even early failure of the tibial liner (Cerquiglini et al., 2018).
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As for the rotational alignment in TKA, the transepicondylar
axis (TEA) is universally accepted as the gold standard of femoral
rotational alignment. This is partly because the TEA can
represent the best approximation of the actual
flexion–extension axis (FEA) of the knee (Churchill et al.,
1998). However, it is still controversial with regard to the
tibial rotational alignment. The correct tibial rotational
alignment is usually regarded, as with the anterior–posterior
axis of the tibial component, as being perpendicular to TEA at
the full leg extension position. It is considered the neutral position
or internal or external rotation (Akagi et al., 2004; Kim et al.,
2017). The positions of the femur and tibia in the primary knee
joint are changeable during gait cycles, and the tibia plateau aligns
with slight external rotation compared to the femoral condyle in
full leg extension (Duparc et al., 2014). Until now, there has been
no TKA that can replicate the kinematics of the living knee, and
the main abnormal kinematics includes decreased posterior
femoral rollback, paradoxical anterior femoral translation, and
reverse axial rotation of the tibia (Dennis et al., 1998). For the
posterior-stabilized (PS) prosthesis of TKA, the cam-post
mechanism was designed to avoid paradoxical anterior femoral
translation (Arnout et al., 2015). However, the rotation between
femoral and tibial components was limited because of this
mechanism, which resulted in complications, such as
impingement, wear, and even fracture of the post (Callaghan
et al., 2002; Dolan et al., 2011; Diamond et al., 2018). Therefore, it
is crucial for rotational alignment when PS prostheses are used in
TKA.Moreover, the few studies focusing on knee kinematics after
TKA with different tibial rotational alignment show inconsistent
results (Harman et al., 2012; Hutter et al., 2013; Nakahara et al.,
2015). No study has evaluated how the degree of tibial component
malrotation affects the kinematics of the knee joint after TKA.

The current study aimed to investigate the effect of tibial
component rotation on knee kinematics after TKA. We
hypothesized that external rotational alignment of the tibial
component results in kinematics closer to the intact knee.

MATERIALS AND METHODS

An intact kinematic knee model which was validated in a
previous study was used (Wang et al., 2012; Fang et al., 2015).
This model was built according to CT data from a healthy female
volunteer with informed consent before scanning, and was
approved by the local institutional review board (approval
number: 12-S-70). The model included the proximal tibial
bone, distal femoral bone, patella, cartilage, and meniscus.
Three-dimensional solid models of a symmetric fixed-bearing
PFC Sigma PS prosthesis (DePuy; Johnson & Johnson, Warsaw,
IN) were constructed using reverse engineering, including a
femoral component, tibial component, and tibial insert.

The bone-cutting was performed using Pro/ENGINEER
Wildfire 5.0 (Parametric Technology Corp) with the
techniques of mechanical alignment and measured resection in
TKA (Daines and Dennis, 2014). On the coronal and sagittal
planes, the distal femoral and proximal tibia were resected
perpendicular to their mechanical axes. The femoral

mechanical axis was defined as the line that connected the
center of the intercondylar notch and the center of the
femoral head; the tibial mechanical axis was defined as the
line that connected the center of the tibial plateau and the
center of the talus (Wu et al., 2002). On the transverse plane,
the femoral component was implanted with its transverse axis
parallel to the TEA, and the tibial component was implanted
depending on the medial angle of its anterior–posterior axis
(the line connected the midpoints of anterior and posterior
edges) and projection of the TEA on the tibial cutting surface
at the full leg extension position. It was regarded as internal
rotation if the angle was less than 90°, otherwise, as external
rotation. Model A has an angle of 90° that was regarded as the
neutral rotational alignment of the tibial component (Akagi
et al., 2004; Kim et al., 2017); the other four models (Model
B–E) were established with 5° internal rotation, 3° internal
rotation, 3° external rotation, and 5° external rotation,
respectively (Figure 1).

The model was assembled by placing the most distal points of
the femoral condyles on the lowest points of the polyethylene
tibial insert in MSC.ADAMS_R3 (MSC Software, Santa Ana,
CA). The medial collateral ligament (MCL), lateral collateral
ligament (LCL), cruciate ligaments, patella tendon, quadriceps,
and hamstrings were simulated as nonlinear force elements to
calculate knee kinematics. The origin and insertion points of
ligaments and tendons were referenced from relevant literature
(Ikeuchi et al., 2007; Tao et al., 2014) and confirmed by the senior
surgeon (TBQu). The flexion facet center (FFC) was generated by
the circular fitting of the condyles of the femoral component
(Iwaki et al., 2000). The line connecting the medial and lateral
FFC was regarded as the x-axis, the mechanical axis was designed
as the z-axis, and the y-axis was generated automatically
according to the x-axis and z-axis. A Cartesian coordinate
system was constructed on the original position (Grood and
Suntay, 1983). During knee flexion, the displacements of medial
and lateral FFCs in the y-direction were used to represent the
anteroposterior translation of medial and lateral condyles,
respectively, and tibial rotation (internal–external rotation of
the tibia) was defined as the angular displacement in the
z-direction (Figure 2).

In this model, the contact properties of tibiofemoral
articulation and patellofemoral articulation were set as “solid
to solid,” and the friction of these two articulations were 0.04 and
0, respectively (Godest et al., 2002). A ground reaction force
(1.5 bodyweights = 750 N) was applied to the center of mass of the
tibial component (D’Lima et al., 2007). The femoral component
was only permitted to move in the flexion–extension direction,
but the tibial component was only constrained in the
flexion–extension direction and unconfined in all other
directions.

All the five models were simulated with the knee flexion from
0° to 135°; the kinematics data, including femoral anteroposterior
translation and tibial rotation, were acquired every 15° during
knee flexion and visualized in Microsoft Excel (Version 2016;
Microsoft, Redmond, WA, United States). In addition, Model A
with the neutral alignment of the tibial component was used for
validating the TKA model against the results of an in vivo
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kinematic study using the same prostheses and surgical
techniques (Ranawat et al., 2004).

RESULTS

The TKA model (Model A) was validated by comparing the
simulated results and in vivo data. The difference in both medial
and lateral femoral condylar contact positions was less than 2 mm
at any angle of knee flexion from 0° to 90° (Wang et al., 2012;
Steinbrück et al., 2016).

The data of femoral anteroposterior translation and tibial
rotation were acquired from intact knee and TKA models.
Different kinematic results were generated from the intact
knee model and all TKA models, especially for the lateral
femoral condyle translation in the full flexion process and tibia
axial rotation beyond 60° flexion.

The TKA models showed less posterior translation of the
lateral femoral condyle and internal tibial rotation. As for the
kinematics among the TKA models with different rotational
alignments, the femoral condyle translation and tibial axial
rotation were proportional to the external rotation of the tibial
component. However, the overall trends of translation and
rotation were similar. Compared with the neutral position, the
internal rotation of the tibial component decreased the
anterior translation of medial condyle, but increased the
anterior translation of lateral femoral condyle, and
decreased the internal rotation of the tibia during flexion.
External malalignment showed contrary results. Moreover,
the kinematic results of Model E with 5° external malrotation
were the closest to the intact knee model including lateral

FIGURE 1 | The superior view of the tibial component on the tibia; the solid line indicates the anterior–posterior axis of the tibial component, and the dotted line
indicates the projection of the TEA. (A–E) show models A, B, C, D, and E, respectively.

FIGURE 2 | The TKA model and the coordinate system in ADAMS.
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femoral condyle translation and tibial axial rotation
(Figure 3).

DISCUSSION

To investigate the influence of tibial rotational alignment on the
kinematics of TKA, dynamic simulations of TKA models with
different tibial rotational alignments were used to calculate the
femoral condylar translation and tibial rotation. The key finding
of this study is that the external rotational alignment of the tibial
component can restore the lateral femoral condyle translation
and tibial axial rotation, which was closer to a normal knee joint
than the neutral position. For the medial femoral condyle
translation, the internal rotational alignment is most similar to
that of a normal knee. Considering the posterior translation of the
lateral condyle is greater than the anterior translation of the
medial condyle, the whole femoral condyle slides more
posteriorly at external 5° rotational alignment than that at
internal 5° rotation during flexion. However, anterior
translation of the medial condyle was decreased because of
internal malrotation that leads to paradoxical tibial axial
rotation. Overall, the external 5° rotational alignment is better
than the neutral position because it is closer to the normal joint in
femoral condyle translation and tibial axial rotation. The reason
for this might be that the tibia was externally rotated to the femur
at full extension of the intact knee joint, and it is the tibial
component implanted with a moderate external rotation that
mostly aids recovery in this situation.

The goal of TKA is not only to alleviate pain and improve
function but also to help the patient regain normal kinematics of
the knee joint. Recovering the optimal rotational alignment of the
tibial component is helpful to achieve this goal, but it still requires
further research. Previous studies revealed internal malrotation
can lead to many complications such as stiffness, anterior knee
pain, and extensor mechanism deficiency (Bédard et al., 2011;
Steinbrück et al., 2016; Abdelnasser et al., 2020). Recently, a
systematic review confirmed that excessive internal rotation (>10°
of internal rotation demonstrated the common value) of the tibial
component was a significant risk for knee pain and inferior
functional outcomes after TKA, although external rotation
does not affect the results (Panni et al., 2018). External
rotation might be helpful. A retrospective study of

1,696 consecutive patients (3,048 knees), with a mean follow-
up duration of 15.8 years (range, 11–18 years), found that the risk
factors for failure of the components involved <2° external
rotational alignment of the tibial components and
recommended that the tibial component be placed with the
rotational alignment of 2–5° external rotation (Kim et al., 2014).

The altered postoperative kinematics might be responsible for
postoperative complications and patients’ subjective
dissatisfaction. The kinematics of TKA was affected by a
variety of factors, such as the prosthesis design and surgery
procedure (Koh et al., 2019; Wang et al., 2019). However, only
a few cadaveric and computational simulation studies have
investigated the influence of tibial rotational alignment. A
cadaveric study recorded the kinematics of the femorotibial
joint with an ultrasonic-based motion analysis system using
the tibial component with 3° internal rotation, neutral, or 3°

external rotation. With the regression coefficients from the
mixed-effects model analysis, we found that the mean anterior
translation of the femur was −0.9, 0, and 0.4 mm at the tibial
component with 3° internal rotation, neutral, or 3° external
rotation position, respectively, and the internal femorotibial
rotation was 1.2°, 0°, and 0.2°, respectively (Steinbrück et al.,
2016). These results are consistent with those of our current
study, where the femoral component anterior translation
increased and internal tibial axial rotation decreased if the
tibial component was internally rotated. Another cadaveric
study compared the preoperative and postoperative
tibiofemoral kinematics from 0° to 90° of flexion with the tibial
components self-adapted, 6° internal rotation, 6° external rotation
and with the femoral component ligament balanced, 3° external
rotation, 6° external rotation, or 6° internal rotation. The largest
kinematic differences between knees were found from the
combination of femoral component internal and tibial
component external rotation. The tibial component with 6°

external rotation can restore a tibial longitudinal rotation most
similar to that of the preoperative one with the femoral
component of balanced ligament, 6° external rotation. The
femoral component rotation was referenced with the posterior
condylar line, which is internally rotated concerning both the
surgical and anatomic TEA, with mean angles between 3° and 7°

in the study (Maderbacher et al., 2017). Consequently, a 6°

external rotation of the femoral component might result in a
neutral rotation similar to the femoral rotational alignment in the

FIGURE 3 | The kinematics of TKA models and intact knee model. (A) Medial condyle translation, (B) lateral condyle translation, and (C) internal tibial rotation.
Positive means anterior translation or tibia internal rotation against the femur. Negative indicates the opposite.
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current study. It is consistent with the current study that the tibial
component with 5° external rotation regains the tibial axial
rotation closest to the normal knee joint. According to the
literature we retrieved, only one computational simulation
investigated the influence of tibial rotational alignment on
tibiofemoral kinematics. For the PS implant, an externally
rotated 15° tibial component permitted greater anterior
femoral translation than an internally rotated 15° tibial
component, and the anterior translations of the medial
condyle appeared to be increased in the cases of external tibial
component rotation, which is also consistent with the result in the
current study (Thompson et al., 2011).

Increased MCL force resulting from the internal rotational
alignment of the tibial component might be one of the possible
reasons for the decreased anterior translation of the medial
condyle, but MCL force also increased slightly with external
rotational alignment; the orientation of the MCL might induce
this discrepancy. As proven by MRI studies, the tibial attachment
to the MCL is located more anteriorly than the femoral
attachment in knee extension (Thompson et al., 2011). So, an
internally rotated tibial component results in an internally rotated
femur and posterior translational femoral medial condyle relative
to the tibia, which lengthens the MCL and increases the tensile
force. On the contrary, an externally rotated tibial component
leads to the anterior translation of themedial femoral condyle; the
length of MCL might be shortened slightly or unchanged;
moreover, the MCL force would not change significantly.
Meanwhile, the LCL is less affected by malrotation of the
tibial component because of its lower stiffness value and is
modeled as a single bundle compared to the MCL with
anterior, deep, and oblique bundles. In addition, the
orientation of LCL was almost straight from the beginning to
the end, which was different from the MCL, so the length was less
influenced by malrotation of the tibial component (Kuriyama
et al., 2014).

However, there are still some limitations in the current
simulation. First, only five rotational alignments were
simulated. The influence of tibial malalignment on kinematics
might be more specific with more simulations of different
alignments. The value of malrotation was set according to a
previous work in which the degree of tibial malrotation was
measured referencing the Akagi line, medial 1/3 tibia tubercle, or
the posterolateral corner-locked (PLCL) technique in the normal
Chinese population (Fang et al., 2020). According to a
retrospective cohort study with 3,048 knees, 2–5° external
rotation of the tibial component accounted for 2,490 knees,
which was shown as the main rotational alignment in clinical
practice (Kim et al., 2014). In addition, the prosthesis used in the
current study is the PFC Sigma fixed-bearing prosthesis, which is
a PS prosthesis with a cam-post mechanism. Excessive internal
rotation (10° internal rotation) of the tibial insert resulted in
impingement between the cam-post and higher stress on the post
(Huang et al., 2006). Thus, moderate malrotation alignment (5°)
was used in this study, but the cutoff was not determined in the
current study. Another limitation is that the results of the current
study may not apply to other commercial prostheses because the
posterior cruciate-retaining and insert conformity design may

affect the kinematics as well. Finally, the bone model was
constructed according to data from an individual, which
cannot reflect on all patients because of anatomical differences.

CONCLUSION

The tibial component rotational alignment can alter the
kinematics after TKA, and the neutral position is not the
optimal tibial rotational alignment. Moderate external
rotation (5°) can restore the lateral femoral condyle
translation and tibial axial rotation to a state closest to the
normal knee joint compared with external 3°, internal 3°,
internal 5° rotation, and neutral position. More studies that
focus on the optimal rotational alignment of the tibial
component, rather than the accuracy of rotational
alignment, need to be conducted in the future.
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Kinematic and biomechanical
responses of the spine to
distraction surgery in children
with early onset scoliosis: A 3-D
finite element analysis
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Periodical and consecutive distraction is an effective treatment for severe early

onset scoliosis (EOS), which enables the spinal coronal and sagittal plane deformity

correction. However, the rate of rod fractures andpostoperative complicationswas

still high mainly related to the distraction process. Previous studies have primarily

investigated the maximum safe distraction force without a rod broken, neglecting

the spinal re-imbalance and distraction energy consumption, which is equally vital

to evaluate the operative value. This study aimed to reveal the kinematic and

biomechanical responses occurring after spinal distraction surgery, which were

affected by traditional bilateral fixation. The spinal models (C6-S1) before four

distractions were reconstructed based on CT images and the growing rods were

applied with the upward displacement load of 0–25mm at an interval of 5mm.

Relationships between the distraction distance, the distraction force and the

thoracic and lumbar Cobb angle were revealed, and the spinal displacement

and rotation in three-dimensional directions were measured. The spinal overall

imbalance would also happen during the distraction process even under the safe

force, which was characterized by unexpected cervical lordosis and lateral

displacement. Additionally, the law of diminishing return has been confirmed by

comparing the distraction energy consumption in different distraction distances,

which suggests thatmore attention paid to the spinal kinematic and biomechanical

changes is better than to the distraction force. Notably, the selection of fixed

segments significantly impacts the distraction force at the same distraction

distance. Accordingly, some results could provide a better understanding of

spinal distraction surgery.

KEYWORDS

spinal distraction surgery, bilateral fixation, kinematic and biomechanical response,
law of diminishing return, traditional growth rod
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Introduction

EOS is a progressive spinal deformity that occurs in

children before the age of 10 years. Unilateral or bilateral

posterior fixation such as the growing rod technique was used

to limit the progression of scoliosis without stunting the spinal

growth (Stokes et al., 1996; Akbarnia et al., 2005, Akbarnia

et al., 2008; Thompson et al., 2007; Villemure and Stokes,

2009; Elsebai et al., 2011). It requires repeat distraction every

6 or more months via open surgery under general anesthesia

(Akbarnia et al., 2005, 2008; Sankar et al., 2011). However, the

situations such as postoperative complications, rod fractures

and second spinal imbalance are still existing. For example,

more than 50% of patients treated with growing rods had at

least one complication at some point after surgery (Bess et al.,

2010). Similarly, rod fractures occured in 15% of patients

(Thompson et al., 2005; Bess et al., 2010; Yang et al., 2011),

which were perhaps accompanied by screw loosening (Li et al.,

2010). Higher or lower force, suboptimal distraction could

also lead to poor sagittal contours in juvenile patients

(Akbarnia et al., 2005). These conditions are related to the

choice of distraction force and distraction frequency, which

depends on the patient’s growth.

The recent studies contributed to a better understanding of

the relationship between distraction force and distraction

frequency. A shorter distraction episode can effectively reduce

the stress on the rods while patients must undergo more surgical

damage (Agarwal, et al., 2014a; Agarwal, et al., 2014b, Agarwal,

et al., 2015, Agarwal, et al., 2017; Agarwal, et al., 2017a).

Meantime, frequent distractions are more gentle on the soft

tissues and may avoid progressive stiffness of auto fusion of

the spinal segments (Cheung et al., 2016). On the other hand, a

greater distraction force resulted in a significant therapeutic

effect in a short time and a reduction of surgical damage,

which also meant an increased risk of rod fracture (Agarwal

et al., 2017b). However, little attention has been paid to the

overall spinal balance and local biomechanical environment

changes after distraction surgery.

Agarwal et al. (2017) simulated 6 months of spinal growth

under various distraction forces and found that the optimal

force existed in all types of scoliotic curves. Optimization of

the biomechanical environment could reduce the

complications associated with growing rods. The force

threshold that the rod can withstand may not be applicable

to the bones. They paid more attention to the stress on rods

that neglected the biomechanical changes on the spine or

vertebrae. Nevertheless, Justin V.C. Lemans et al. (Jvcl et al.,

2021) investigated the destructive force by stretching the spine

in vitro and found the maximum force threshold was

800–1200N (age >5). They did not focus on the issues of

spinal coronal or sagittal imbalance. Nail rod system has more

stable characteristics than spine. So, it is more effective to

focus on the spinal response after distraction surgery.

No prior study has ever systematically investigated the local

or global kinematic and biomechanical response after spinal

distraction. Therefore, the current study aimed to reveal the

spinal biomechanical changes in the cases of growing rods

distracting at different distances. In particular, the distraction

force, reduction of Cobb angle, spinal movement and rotation in

three-dimension, coronal and sagittal balance and intervertebral

disc (IVD) stress parameters were measured. The interplay

between them is also interpreted to aid in developing and

optimizing this technology and its contemporary counterparts.

Materials and methods

Subjects

The research was approved by the Science and Ethics

Committee of the School of Biological Science and Medical

Engineering at Beihang University (protocol code:

BM20220087).

The patient (8 years, 115 cm, 30 kg) underwent the first

growing rod implantation in 2015 due to excessive lordosis of

the cervicothoracic junction. Three more surgeries for spine

distraction followed in 2016, 2017, and 2019 (Figure 1). This

patient did not have any other known musculoskeletal disorders.

The preoperative X-ray displays a thoracic curve Cobb angle of

62.9°/54.4°/47.3°/29.9° (thoracic apex: T8; thoracic cephalic

vertebra: T5; thoracic caudal vertebra: T10) and a lumbar

curve Cobb angle of 45.1°/44.1°/37.4°/29.7° (lumbar apex: T12;

lumbar cephalic vertebra: T11; lumbar caudal vertebra: L3),

which were captured at an interval of 1 mm and a resolution

of 512 × 512 px using a CT scanner (model: SOMATAM

Definition Edge) from Berlin and Munich, Germany. The CT

scanner has a maximum scanning speed of 230 mm/s1, a spatial

resolution of 0.3 mm and a single source.

Creating the base model

The modeling process in this study has been shown in Figure 2.

The initial and rough models including C6-S1 vertebrae, screws and

growing rods were reconstructed based on CT images andMIMICS

(version: 17.0; company: Materialise; location: Europe Belgium).

After getting point clouds from MIMICS, the operations of further

smoothing and surface patches divided were carried on through

Geomagic Studio (version: 2013; company: Geomagic; location:

Triangle, NC, United States). Then, individual CAD models were

imported into a whole in SolidWorks (version: 2019; company:

Dassault Systemes SE; location: Paris, France). It’s worth noting that

IVDs were built by lofting the superior and inferior vertebra surface

rather than CT data since IVDs contained less bony material to

image on CT. In the fourth step, the rest operations such as mesh

division, material properties assignment and ligaments established
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were finished in Hypermesh (version: 14.0; company: Altair;

location: Troy, Michigan, United States). In the fifth step, these

assembled models were imported into ABAQUS (version: 2016;

company: Dassault SIMULIAL; location: Providence, Rhode Island,

United States) for simulation. Finally, the data post-processing was

carried out in MATLAB (version: 2018a; company: MathWorks;

location: Natick, Massachusetts, United States). The coronal view

and sagittal view of reconstructed models with different growth

phases and fixed segments was shown in Figure 3.

Adopted mesh and material properties

Bony structures and soft tissues were discretized to

tetrahedral (C3D4) element type and hexahedral (C3D8)

element type. For the same element size, hexahedral

discretization will produce more element nodes than

tetrahedral discretization which lead to the time-

consuming phenomenon. This phenomenon can be

avoided by discretizing some trivial structures using

tetrahedral elements. This division method also achieved

high accuracy and reliability. And the ligament tissues

were modeled with three-dimensional truss elements and

discretized in a one-dimensional line grid. These ligament

tissues included the anterior longitudinal ligament (ALL),

posterior longitudinal ligament (PLL), interosseous

transverse ligament (ITL), capsular ligament (CL),

interspinous ligament (ISL), supraspinous ligament (SSL),

and ligament flavum (LF). Similarly, the IVDs were divided

into fibrous annulus (AF), nucleus pulposus (NP) and

cartilage endplate. Then, each material property is shown

in Table 1.

Bony structures were assumed as linear elastic materials,

without considering plastic deformation. Although there is

overwhelming evidence that younger immature bone can

undergo more plastic deformation prior to fracture than

mature bone (Berteau et al., 2015; Szabo and Rimnac,

2022), the yield stress (about 100 MPa reported in (Currey

and Pond, 1989) is not likely to be achieved in clinical surgery.

Constraint setting and validation

Many individual components were not combined into a

finite element entity. Thus, an illustration of the spinal

constraint setting is shown in Figure 4. A complete

functional segment unit (FSU) consists of vertebrae, IVD,

ligaments and a growing rod system. Among them, the IVD

FIGURE 1
(A) Definition of Cobb angle. Cobb angle is the angle of intersection between the vertical of the superior edge of the cephalic vertebra and the
vertical of the inferior edge of the caudal vertebra. (B–E) The four surgeries included one growing rod implantation and three spinal distractions.
These four models were named Model_1, Model_2, Model_3 and Model_4. The Cobb angle of models conformed to the ones of CT images (mean
error: 1.08°).
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includes nucleus pulposus (NP), annulus fibrosus (AF) and

endplates, the growing rod system includes the growing rods,

domino connectors and screws (Figures 4A–C).

Additionally, these operations were performed: the

vertebrae were connected by ligament, the vertebrae and

IVDs were connected by binding, the S1 segment and

ground were connected by binding, the facet joints were

connected by finite sliding (friction coefficient = 0.01 (Cai

et al., 2019)) and the growing rod and domino connector

connected by sliding too (Figures 4D–F).

Soft tissues such as muscles are hard to reconstruct while

the muscle force has a vital influence on finite element results.

Moreover, the characteristics of muscle force are alterability

and nonlinear. Here, the way of the follower load was used as

an alternative mode to muscle force (Figure 4D). As published

by Patwardhan et al. (Patwardhan et al., 2010), using a

follower load provided a similar kinematics response as in

vivo. A thermosensitive truss can transmit force by the

principle that expansion with heat and contraction with

cold. The thermal expansion effect can transfer the

biomechanical load among the elements by assigning a

temperature field change to a thermosensitive truss. The

expansion coefficient α was defined for the prestressed

element, and the unbonded prestress was determined using

the following formula (Yoganandan et al., 2000):

δT � ε/α (1)
Where δT is the thermal load for the iteration, ε is the thermal

strain (growing strains) for the iteration, and α is an arbitrary

number representing the thermal expansion coefficient.

The follower load of each vertebra is set based on Pasha’s

study and is shown in Table 2. Only the T1-S1 vertebral weight

was defined in the literature (Pasha et al., 2014) and the

percentage of body weight (BW) of the T1 segment was set

to (1.1% + 8% of head weight). Thus, the C1-C7 vertebral

weight to BW was defined as approximately 1.1%. In other

words, the C6 and C7 vertebral weight of BW was set to

6.9 and 1.1%. Additionally, the T3-T5 vertebral weight was

larger than T2 and T6 because the weight of superior limbs

was taken into account. (El-Rich and Shirazi-Adl, 2005).

FIGURE 2
Modeling process in this study.
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Validation is an important step in building the credibility

of numerical models (Babuska and Oden, 2004; Henninger

et al., 2010). It is mainly used to verify that the material

properties and spinal basic structure are correct. The spinal

constraint settings used in validation were shown in

Figure 4G. The grid cells of the C6 upper surface were

coupled and applied a pure torque (0.5, 1.0, 1.5 and

2.0 Nm) in flexion and extension directions. The lower

surface of C7 was bound with the ground. Finally, the

angular displacement of the C6-C7 segment was achieved

and it displayed that the average error between the

experiment and simulation in flexion and extension is 5.7%

FIGURE 3
(A) Coronal view and sagittal view of the spines at four phases. The T3/T4-L3/L4 segments of each spine are fixed. The coronal balance
parameters (C7PL-CSVL) of four models are shown to evaluate the surgical effects. (B) Sagittal view of spines in surgical phase 2. The T1/T2-L3/L4,
T2/T3-L3/L4 and T3/T4-L3/L4 segments of each spine are fixed separately. The sagittal balance parameters (SVA) of three models are shown to
evaluate the surgical effects.

TABLE 1 Material properties in the present finite element models.

Element
construction

Element type Elasticity
modulus/
MPa

Poisson
ratio

Cross-
sectional
area/mm2

Scale
factors

References

Cortical bone Hexahedron 1.344e4 0.30 — 0.805(b) (Currey, 2004; Berteau et al.,
2014)

Cancellous bone Quadrilateral 2.41e2 0.30 — 0.805(b) Kopperdahl and Keaveny, (1998)

Posterior Hexahedron 3.5e3 0.25 — (a) Rohlmann et al. (2009)

Endplate cartilage Quadrilateral 2.38e1 0.40 — (a) Kurutz and Oroszváry, (2010)

Nucleus pulposus Hexahedron 1.0e0 0.49 — (a)

Annulus fibrosus Hexahedron 4.2e0 0.45 — 0.782(b)

ALL Three-dimensional
truss

7.8e0 0.12 63.7 0.893(b) Kurutz and Oroszváry, (2010)

PLL 1.0e1 0.11 20.0

ITL 1.0e1 0.18 1.80

CL 7.5e0 0.25 30.0

ISL 8.0e0 0.14 30.0

SSL 1.0e1 0.20 40.0

LF 1.5e1 0.062 40.0

Growing rod Hexahedron 1.1e5 0.30 — (a) (Aakash et al., 2015)

(a) Indicates that the material parameters were the same as the values of an adult. (b) The scale factors were used to scale adult material parameters to child ones (Yoganandan et al., 2000).
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and 6.9% (Figure 4H) (Li et al., 2019). In addition, as shown in

Figure 1, the mean error between the Cobb angles of the

reconstructed model and CT images is only 1.08°.

Result

Spinal kinematic and biomechanical
response after distraction surgery

Kinematic and biomechanical responses to distraction surgery are

shown in Figure 5. In this condition, the distraction distance is

significantly correlated with the distraction force and Cobb angle

in all four models (Figure 5A). When the distraction distance is

25mm, the distraction force reaches the maximum (221 N of

Model_1, 265 N of Model_2, 343 N of Model_3 and 420 N of

Model_4) (Figure 5B). The Cobb angle of thoracic scoliosis and

lumbar scoliosis becomes smaller as the distraction distance increases.

The slopes of the thoracic curve and lumbar curve are shown

(K = −0.46/−0.46/−0.40/−0.29 of the thoracic curve and

K = −0.40/−0.40/−0.35/−0.30 of the lumbar curve) (Figures 5C,D).

The spinal rotation in three-dimensional directions is shown

in Figure 6. The nephogram illustrated that the spinal middle-

upper parts had a higher rotational value and the spinal middle-

lower parts had a lower one (Figure 6A). In the UR1 direction, the

cervical segment had the largest motion range which

characterized cervical lordosis. In the UR2 direction, the

thoracic segments and lumbar segments had an opposite and

obvious movement which displayed a process of straightening

the spine. In the UR3 direction, the positions of maximum

rotation on the spine were inconsistent. The mean values of

the rotational angle increased almost linearly as the distraction

distance increased. The maximum values of rotational angle were

recorded at each distraction. The rotational angle is the largest

(17.68° in UR1, 9.14° in UR2, and 6.36° in UR3) when the

distraction distance is 25 mm. The spine had maximum

distraction efficiency in the UR1 direction, followed by

UR2 and UR3 (Figures 6B–D).

The spinal displacement of four models in three directions is

shown in Figure 7. The nephogram illustrated that the largest

deformation occurred in the middle-upper spine (Figure 7A). In

the U1 direction, the cervical and thoracic segments had the largest

FIGURE 4
Spinal composition, constraint setting and validation. (A-B) Components of spinal reconstruction. (C) Structure of growing rods and domino
connectors. (D) Spinal constraint setting (L4-L5 segments as an example) includes finite sliding (facet joints), binding (vertebra and IVD) and follower
load (vertebrae). (E) Spinal constraint setting: binding (S1 segment and ground). (F) Constraint setting: finite sliding (growing rod and domino
connector), displacement load (growing rod, 0–25 mm). (G) Spinal constraint setting for validation. The superior surface of C6was coupled and
applied a pure torque. The inferior surface of C7 was bound with the ground. (H) Validation results of the model.
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motion range which characterized the C7PL-CSVL getting greater. In

the U2 direction, the cervical segment had the largest negative

movement value which displayed the process of cervical lordosis.

In the U3 direction, there was an obvious movement in the cervical

segment which represented the progress of the spine getting straight.

It is noteworthy that the presence of cervical lordosis caused the

downward displacement of the spinal topmost segment. The

displacement is significantly related to the distraction distance.

The displacement value is the largest when the distraction distance

is 25 mm (8.29 mm in U1, −23.05 mm in U2 and 3.38 mm in U3).

The maximum distraction efficiency occurred in U2, followed by

U1 and U3 (Figures 7B–D). The mean values of C7PL-CSVL and

SVA of the fourmodels were shown in the subgraph of Figure 7B and

Figure 7C. The coronal balance decreased first and then increased

(the minimum value is 6.2 mm when distraction distance is 5 mm)

and the sagittal balance (SVA) increased reversely (from −2 mm

to −22mm).

Some researchers investigated how the forces increased

during every distraction episode (Figure 8). Each distraction

force was recorded and the maximum and minimum

distraction forces formed the grey shaded area. The

maximum distraction force in literature was 644 N

(Noordeen et al., 2011) and the one in this paper was

420 N. The trend of mean distraction forces in this paper is

consistent with the literature that they increased as the

distraction episode increased. The mean distraction forces

in this paper are all in the gray shaded area (Noordeen et al.,

2011; Teli et al., 2012; Agarwal et al., 2018).

The movement of fixed segments is worth studying to

understand the whole spinal movement. Thus, the displacements

of T3 and T4 are shown in Figure 9. Significant changes occurred in

the anterior and posterior parts of the vertebra. The anterior part had

a lower displacement and the posterior part had a larger one. The

difference between the highest value and the lowest value represents

themiddle-part rotation of the vertebra (T3: 12.2/13.2/14.5/16.0 mm

in four models; T4: 12.8/14.1/14.5/16.4 mm in four models). The

initial Cobb angle is inversely proportional to the difference (Figures

9A,B). The model in late growth phases had the smallest maximum

IVD stress at the same distraction distance (Figure 9C). The

downward percentage for each period has been shown 40%/33%/

17% (5 mm), 14%/33%/17% (10 mm), 10%/30%/11% (15 mm),

13%/26%/3% (20 mm) and 8%/24%/6% (25 mm) (Figure 9C).

Distraction energy consumption is an index that evaluates the

distraction force required for each 1° reduction of the Cobb angle.

The index of the thoracic curve and lumbar curve is shown in

Figure 10. The distraction energy consumption of the four models

had the following trend:Model_1<Model_2<Model_3<Model_4

(Figures 10A,B). Every curve had an upward trend, especially with a

high slope at the distraction distance of 5–15 mm. The distraction

energy consumption was the largest (thoracic curve: 64.28N/° of

Model_4, 38.10N/° of Model_3, 26.32N/° of Model_2 and 24.48N/°

of Model_1; lumbar curve: 69.23N/° of Model_4, 50.00N/° of

TABLE 2 The follower load of C6-S1 spinal segments (Pasha et al., 2014).

Vertebral Percentage of BW
(%) in Pasha’s
study

Percentage of BW
(%) in this
study

Follower load(N) (Patient’s
BW = 300N)

C6 — 6.9 (Head) 20.7

C7 — 1.1 3.3

T1 1.1 + 8 (Head) 1.1 3.3

T2 1.1 3.3

T3 1.3 + 4.0 (Superior limbs) 15.9

T4 1.3 + 4.0 (Superior limbs) 15.9

T5 1.3 + 4.0 (Superior limbs) 15.9

T6 1.3 3.9

T7 1.4 4.2

T8 1.5 4.5

T9 1.6 4.8

T10 2.0 6.0

T11 2.1 6.3

T12 2.5 7.5

L1 2.4 7.2

L2 2.4 7.2

L3 2.3 6.9

L4 2.6 7.8

L5 2.6 7.8

S1 2.6 7.8
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Model_3, 34.63N/° of Model_2 and 28.56N/° of Model_1) when the

distraction distance was 25 mm.

Spinal kinematic and biomechanical responses in different fixed

modes are shown in Figure 11. The thoracic and lumbar Cobb angles

were all decreased as the distraction distance increased. The Cobb

angle of the thoracic and lumbar curve was reduced (12.9°/9.4° in T1/

T2-L3/L4 fixed-mode group; 13.5°/10.2° in T2/T3-L3/L4 fixed-mode

group; 13.2°/10.4° in T3/T4-L3/L4 fixed-mode group) and the correct

rate was increased (24.3%/20.5% in T1/T2-L3/L4 fixed-mode group;

25.5%/22.3% in T2/T3-L3/L4 fixed-mode group; 24.8%/22.6% in T3/

T4-L3/L4 fixed-mode group) when the growing rod was extended to

25mm. No significant differences were seen in the groups. The Cobb

angle of the T2/T3-L3/L4 fixed-mode group is slightly lower than the

other groups (Figures 11A,B). When the distraction distance was less

than 5mm, there was little difference in the distraction force among

the three groups which were all less than 65 N. Subsequently, the

difference became greater because the slope increased with every

5 mmdistraction. Themaximumdistraction force in the three groups

was 311.5, 354.3 and 420.1 N (Figure 11C). Themaximum IVD stress

is proportional to the distraction distance in the three groups, in

which themaximum stress was located in the lower thoracic segment

(T5-T10). No obvious pattern was observed in the three groups

(Figure 11D).

Discussion

Periodical and consecutive distraction is an effective treatment for

severe EOS, which enables the spinal coronal and sagittal plane

deformity correction. The position of each distraction directly

determines the rate of rod fracture, which is related to the

distraction force. However, more attention has been paid to the

growing rod and the spinal biomechanical environment was ignored.

Cheung et al. reported complications occur in 60% of patients,

FIGURE 5
Changes of distraction force and the Cobb angle of thoracic and lumbar curves. (A) Correlation coefficient heatmap. The liner relations
between distraction distance, distraction force and Cobb angle were normally distributed and significantly correlated at 0.01 level according to the
Shapiro-Wilk test and Pearson correlation. (B) Scatter diagram of distraction distance and distraction force. K represents the slope of the curves. (C)
Scatter diagram of distraction distance and the Cobb angle of thoracic scoliosis. (D) Scatter diagram of distraction distance and the Cobb angle
of lumbar scoliosis. The straight was fitted by scatter points.
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including distraction failure, proximal junctional kyphosis (PJK) and

implant loosening. These patients all needed reoperation via the

extension of the proximal foundation or exchanging larger screws

(Cheung et al., 2019). Watanabe et al. performed a retrospective

multicenter review of 88 patients with EOS and found that 23% of

patients developed PJK (Watanabe et al., 2016). The occurrence of

PJK is due to the ossification in fixed segments and motor

compensation in unfixed segments. These phenomena cause

reoperation that is related to surgical phases and distraction mode.

Thus, more attention paid to the kinematic and biomechanical

environment in local structure is momentous for understanding

complications unrelated to the rod itself.

Many researchers have tried to judge the optimal

distraction force by whether the rod is broken or not (Teli

et al., 2012; Agarwal et al., 2017a). They ignored whether the

spinal coronal and sagittal plane was still balanced. Other

researchers also focused on the effect of distraction frequency

on the reduction of rod fracture. Agarwal et al.(2015)

confirmed the importance of a shorter distraction period

in reducing stresses on the rods. But a shorter distraction

frequency resulted in multiple operations, which lead to

greater injury for patients. Magnetically driven growing

rods as an alternative to traditional growing rod

technology can increase the distraction frequency and

reduce surgical injury at the same time (Agarwal et al.,

2014a). It is also not popular because of its limited

distraction force and high rod breaking rate (Rushton

et al., 2019). Fortunately, Agarwal et al. (2015) mentioned

a great sagittal balance of the spine in optimal distraction

force and the reduction of Cobb angle. But they have not

revealed the law of diminishing returns that the reduction

rate of Cobb angle decreased with the increase of distraction

times (Sankar et al., 2011). The present study aimed to

investigate the kinematic and biomechanical response of

the spine after traditional growing rod surgery. To achieve

this, distraction force, spinal displacement and rotation in

FIGURE 6
The spinal rotation in three directions. (A) The nephogram of finite element results (when the distraction distance is 25 mm). The higher value is
labeled in a red circle and the lower value is labeled in a blue circle. (B) The spinal rotation in the UR1 direction. (C) The spinal rotation in the
UR2 direction. (D) The spinal rotation in the UR3 direction.
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three-dimensional directions, reduction of thoracic and

lumbar Cobb angle and distraction energy consumption

were measured.

As an initial factor, distraction distance affected the force

on the growing rod and the spinal shape. Model_4 had the

minimum initial Cobb angle and the largest distraction force.

Understandably, the downward component of the muscle

force on the vertebra increases with the decrease of Cobb

angle, which made the upward support force smaller

(Figure 5B). Some studies had shown that large

displacement was achieved with a relatively small

distraction force (Noordeen et al., 2011; Shekouhi et al.,

2022). This condition commonly occurred in the prophase

distraction. However, there is a lack of sufficient statistical

data to establish a clear timeline or a threshold of distraction

distance. There are various variables that could affect the

conclusion, including the initial Cobb angles, number of

fixed segments, time of the first implantation and

distraction frequency, etc. Although lacking sufficient

evidence, it can be considered that a small distraction

force is accompanied by a large displacement when the

distraction distance is 0–15 mm. Additionally, the spinal

stiffness was increased due to the spine growing itself and

skeletal maturity, which caused a greater distraction force

(Noordeen et al., 2011). The reduction trend of thoracic and

lumbar Cobb angle was consistent that Model_4 had the

minimal Cobb angle changes. The trend confirmed the law of

diminishing returns (Figures 5C,D). These results

enlightened us that a reduced distraction distance should

be appropriately performed in spine straightening gradually.

At the same time, the time interval of distraction should be

prolonged to 6–9 months in every distraction.

Positive benefits of spinal distraction should be the

rotation of each vertebra in the UR2 direction. Conversely,

spinal rotation in the UR1 direction represented cervical

lordoses such as flexion or extension, and the one in the

UR3 direction represented the left-right torsion of the human

body (Figure 6A). The rotational situation exhibited that

cervical lordosis had the largest change in the distraction

process and self-rotation inevitably occurred. The negative

FIGURE 7
The spinal displacement in three directions. (A) The nephogram of finite element results (when the distraction distance is 25 mm). The higher
value is labeled in a red circle and the lower value is labeled in a blue circle. (B) The spinal maximumdisplacement in the U1 direction. Themean value
of C7PL-CSVL was measured and displayed in the subgraph. (C) The spinal maximum displacement in the U2 direction. The mean value of SVA was
measured and displayed in the subgraph. (D) The spinal maximum displacement in the U3 direction.
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benefits of rotation basically occurred in the cervical spine,

especially the segment unfixed. The thoracic vertebra and

lumbar vertebra had an opposite rotational direction and that

is why the thoracic and lumbar scoliosis is decreasing

(Figure 6). The positive benefits of spinal distraction

should be the distance of each vertebra in the

U3 direction. Additionally, the spinal movement in the

U1 direction represents a horizontal displacement of the

cervical thoracic segment in the coronal plane. The

coronal balance parameter C7PL-CSVL decreased first and

increased (Figures 7A,B). The spinal movement in the

U2 direction represents the trend of cervical flexion. The

sagittal balance parameter SVA became greater (Figures

7A,C). It reminds us that a single distraction should not

be too large, otherwise the coronal and sagittal balance will

backfire.

In the movement of the U3 direction, the thoracic segment

had a forward displacement and the cervical segment had a

reverse displacement. It explained that spinal scoliosis was

gradually improving, while the existence of the original

cervical curvature caused it to move forward and

downward. This phenomenon is consistent with the

rotational situation. Another reason for this phenomenon is

that the distraction force acted on the posterior vertebra rather

than the vertebra center, which caused an additional

displacement of the posterior vertebra. The

U3 displacement of the T3-T4 anterior and posterior

vertebra showed an upward trend and reached the

maximum in Model_4 (Figure 9). For the other models,

Model_4 has less displaceable space in the +U3 direction

and a more displaceable space in the −U3 direction. The

maximum IVD stress also has been measured, which was

an index that characterized the rate of complications to

some extent. The trend showed that later implantation of

the growing rod can effectively reduce the maximum IVD

stress, or reduce the rate of complication (Figure 9C). Bess

FIGURE 8
Comparison of distraction force between this paper and
literature. Themaximum andminimum values were recorded from
the literature and were merged into a gray region. The upper
boundary of the gray region represented the largest
distraction force and the lower boundary represented the smallest
one. Accordingly, the gray line represents the mean force value in
literature. The upper and lower limits of four models were also
recorded and the red linewas used to display themean value in this
paper.

FIGURE 9
The displacement of the T3 and T4 vertebra in the U3 direction (distraction distance is 25 mm). (A) Displacement of T3. (B) Displacement of T4.
(C) Themaximum IVD stress of fourmodels from different growth phases at different distraction distances. The asymptotes represent changes going
from a low value (blue) to a high value (red). The yellow line is the difference between the low value and high value.
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FIGURE 10
Distraction energy consumption of the four models in the process of distraction. (A) The distraction energy consumption in the thoracic curve.
(B) The distraction energy consumption in the lumbar curve.

FIGURE 11
Spinal kinematic and mechanical responses in different fixed modes. (A) The changes of thoracic Cobb angle as the distraction distance
increased. (B) The changes of lumbar Cobb angle as the distraction distance increased. (C) The relationship between distraction distance and
distraction force. (D) The relationship between distraction distance and maximum IVD stress.
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et al. (2010) demonstrated that rates could be reduced by

delaying initial implantation (13% decrease for every

additional year of inpatient age at the beginning of treatment).

Distraction energy consumption is very important for

understanding the law of diminishing returns (Figure 10). It

represents the distraction force needed for each 1°

distraction. For all models, the distraction energy of

Model_4 is the largest, followed by Model_3, Model_2,

and Model_1. This law enlightens us that an optimal

distraction distance is accompanied by a lower distraction

force and a better correction effect, rather than the largest

distraction force. This is why some researchers believe

applying less distraction with more frequent surgeries is

favorable. However, additional surgeries would increase

the risk of complications such as wound infection (Bess

et al., 2010; Agarwal et al., 2015, 2019). This risk

increased by 24% at each additional surgery, which had

been shown by authors (Bess et al., 2010; Mundis et al., 2013).

The influences of fixed segments on the kinematic and

biomechanical response have been studied (Figure 11). It

exhibited that the intragroup trend was consistent with the

trend mentioned above, while the difference between groups is

not obvious. Among the results, the curve of distraction force

had a gradually rising slope and the T3/T4-L3/L4 fixed model

had the largest distraction force (Pei et al., 2022). The spinal

structure itself has a stage of easy deformation due to the

elasticity of soft tissue, which includes stages of compression

and tension. Thus, the more the vertebral numbers in the fixed

area, the larger the deformable space.

After understanding the law of diminishing returns, there

is some specific advice for surgeons. Although the time

interval of distraction has been proposed to be 6 months

in early experience with growing rod procedures, more and

more surgeons are used to extending the frequency to

9–12 months/time. Because continued forceful distraction

in dysplastic spine theoretically includes PJK. More

recently, other authors have reported similar experiences.

Carbone et al. (2019) reported a 1-year distraction interval in

their cohort of NF1 patients. They explained that less

frequent lengthening surgeries reduce the psychological

burden on their patient. Another reason for the long

distraction interval used in this cohort was that the risk of

wound infection is minimized by reducing the frequency of

distraction. Additionally, a single over-distraction will

backfire especially in spine straightening. Thus, decreasing

distraction distance and increasing interval may be

considered by the surgeons to reduce the rod fracture and

complications.

There are a few limitations to this study. First, the

distraction amounts of bilateral growing rods were not

adjusted according to the initial state of the model, which

should be considered during the operation, resulting in

additional imbalance. Second, there were no corresponding

biomechanical experiments to verify the finite element results.

It was very difficult to obtain a long segmental specimen of

scoliosis in children. Third, material properties that change

with age were not considered. Finally, this paper did not

consider other types of scoliosis, which may lead to

accidental results. While the distraction distance and

distraction frequency are vital to understanding rod

fracture, there are other factors that need further

investigation such as the patient’s age (Bess et al., 2010;

Jiang et al., 2011; Upasani et al., 2016) and T1-S1 growth

rate (Abolaeha et al., 2012; Agarwal, 2015, 2015).

Conclusion

The kinematic and biomechanical responses of the spine

occurring after growing rod distraction surgery were

investigated. Compared to previous studies, a more

realistic spinal environment was restored, being simulated

the postoperative effects of different growth phases and

different fixed segments on spinal distraction. Our results

show that the process of spinal distraction may be

accompanied by the spinal re-imbalance in the coronal

sagittal plane. The positive distraction benefits of the

spine are inversely proportional to the distraction

distance. In addition, there is an optimal distraction force,

rather than the maximum one, to ensure lower distraction

energy consumption and lower pressure on the rod and IVD.

The choice of optimal distraction force depends on the

response of the fixed segment and the positive return we

obtained. In summary, more attention should be paid to the

spinal balance and aesthetic evaluation, rather than relying

on whether the rod is broken to set the optimal distraction

force. This study can provide a better understanding of the

biomechanical response after spinal distraction surgery. The

next avenue of future work could be adding more types of the

spine to verify our results.
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Abstract: Although bone tissue has the ability to heal itself, beyond a certain

point, bone defects cannot rebuild themselves, and the challenge is how to

promote bone tissue regeneration. Iron oxide nanoparticles (IONPs) are a

magnetic material because of their excellent properties, which enable them

to play an active role in bone regeneration. This paper reviews the application of

IONPs in bone tissue regeneration in recent years, and outlines themechanisms

of IONPs in bone tissue regeneration in detail based on the physicochemical

properties, structural characteristics and safety of IONPs. In addition, a

bibliometric approach has been used to analyze the hot spots and trends in

the field in order to identify future directions. The results demonstrate that

IONPs are increasingly being investigated in bone regeneration, from the initial

use as magnetic resonance imaging (MRI) contrast agents to later drug delivery

vehicles, cell labeling, and now in combination with stem cells (SCs) composite

scaffolds. In conclusion, based on the current research and development

trends, it is more inclined to be used in bone tissue engineering, scaffolds,

and composite scaffolds.

KEYWORDS

iron oxide nanoparticles, tissue engineering, bone regeneration, scaffolds, stem cells

Introduction

Orthopedic diseases are the second leading cause of disability worldwide, as living

conditions improve and people live longer, skeletal diseases are becoming more

frequent, and their incidence is increasing every year (Rasker, 1995; Jakob et al., 2013;

Weinstein, 2016). Among them, bone defects caused by trauma, tumors, chronic

inflammation, infection, osteoporosis and congenital deformities caused great

physical, and emotional damage to patients and diminished their quality of life

(Gao et al., 2022; Li et al., 2017; Migliorini et al., 2021; Li et al., 2022b). Bone is a living

organ that can heal and remodel itself. Nonetheless, extensive defects of bone and

cartilage require the necessary interventions. For osteochondral defects that are not

self-repairing, autologous or allogeneic osteochondral grafts are currently used as the

primary means. However, this has the disadvantages of infection, immune rejection,
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inflammation, and disease transmission, and these limitations

have severely restricted their widespread use in clinical

practice (Tang et al., 1998; Kowalczewski and Saul, 2018;

Zhang et al., 2019c; Yao et al., 2019; Koons et al., 2020; Xu

et al., 2021). Particularly for those with serious irregularities in

bone and cartilage, their rational repair and reconstruction

can be interesting and challenging (Fazzalari, 2011; Tevlin

et al., 2014; Ho-Shui-Ling et al., 2018).

In recent years, magnetic nanoparticles (MNPs) have been

widely used in medical research, such as magnetic resonance

imaging (MRI), cell labeling, targeted drug delivery, antitumor,

thermal therapy, and biosensing (Ferreira et al., 2016). Compared

with other materials, MNPs have unique advantages, including

low production cost, good biocompatibility, stable

physicochemical properties, and low toxicity (Ozbey et al.,

2015), and consequently, they are receiving increasing

attention in the biomedical field. The magnetic materials

currently most used in the medical field are based on iron

oxide (IO), such as ferric oxide (Fe2O3) and ferroferric oxide

(Fe3O4) (Ramimoghadam et al., 2014; Shokrollahi, 2017). Iron is

an essential trace element in the body, and exogenous IO can be

metabolized and degraded through various pathways when it

enters the body, and it is relatively non-toxic (Xia et al., 2019c;

Liu et al., 2020a). Because IO is more common in nature, easy to

synthesise and particularly sensitive to magnetic fields, it has

been researched more frequently (Paik et al., 2015; Salehiabar

et al., 2018). And mainly due to the mobility in response to

magnetic fields (Kitture and Ghosh, 2019), iron oxide

nanoparticles (IONPs) have been approved by the FDA and

are the most widely studied material in the field of nanomedicine

(Bobo et al., 2016). However, due to the easy aggregation of bare

iron and the potential toxicity caused by the release of iron ions,

most of them are coated with biocompatible ligands, which can

affect cell proliferation, adhesion, migration, differentiation,

movement, and distribution under the action of an external

magnetic field (Vangijzegem et al., 2019). IONPs can be

visualized by MRI and can also promote cell differentiation,

inhibit osteoclast formation, and enhance osteogenesis (Li et al.,

2018a; Xia et al., 2018b; Liu et al., 2018). Overall, IONPs have a

strong ability to promote bone regeneration, good

biocompatibility and chemical stability, as well as no

significant intrinsic toxicity, which is superior to other

magnetic nanoparticles, and are widely used in bone

regeneration therapy (Paik et al., 2015; Li et al., 2018a; Xia

et al., 2018b; Salehiabar et al., 2018).

Consequently, this article summarizes some of the

achievements and progress in the use of IONPs in bone

regeneration in recent years and provides a summary and

perspective of the research hotspots and trends. Specifically,

the characteristics of IONPs and their application in bone

repair, mechanism studies, and safety were discussed.

Furthermore, this article adopts a bibliometric approach to

analyze and discuss the hot spots and research trends.

Through the above research, it is hoped that this contribution

will guide the study of bone regeneration (Figure 1).

Bone regeneration mechanisms

The skeleton is a vital organ that supports the body and

remains under stress and weight for the whole life (Zhu et al.,

2021). Usually, bone resorption and destruction is a dynamically

balanced metabolic process. In the micro-ecological environment

of bone, various cells are involved, including a large number of

osteocytes, osteoclasts, and immune cells (Mohammadi et al.,

2018). Osteocytes and osteoblasts play a key role in bone

formation, while osteoclasts are involved in the resorption and

regeneration of bone tissue (Torgbo and Sukyai, 2018). In

addition, type I collagen, the inorganic minerals calcium

(Ca2+), and phosphate (PO4
3-) are still important components

of bone structure (Jang et al., 2009). Physiologically, it has a

certain degree of self-healing when minor bone defects or bone

destruction occurs; however, this ability is limited, especially in

the case of trauma, infections, and tumours that result in bone

defects worth more than 2 cm (Yang et al., 2018; Zhang W. et al.,

2019a; Wagner et al., 2019). More importantly, bone defects can

also lead to bone ischaemia, bone loss, and osteonecrosis, which

further lead to a failure of bone healing (Loi et al., 2016). When a

bone defect cannot heal itself, additional means are essential to

achieve the goal of stimulating bone regeneration. How to

maximize the optimal repair of bone defects has been a hot

topic. The current methods used for bone regeneration consist of

five main components depending on the pathogenesis of the

bone injury (Figure 2): 1) external stimulation, 2) cells, 3) blood

vessels, 4) biomolecules, and 5) biomaterials (Saiz et al., 2013;

Hankenson et al., 2015; Lopes et al., 2018). In current studies,

several methods are used in combination to enhance the

effectiveness of the therapy. External stimulation such as

magnetic fields promote bone regeneration (Singh et al., 2014;

Zhuang et al., 2018); cellular therapy is currently focused on the

use of MSCs (Jia et al., 2019); vascular regeneration is essential to

ensure cellular metabolism and nutrition (Xia et al., 2018b);

biomolecules include growth factors and bone morphogenetic

proteins (Yu et al., 2020); and biomaterials are currently an

important modality in the treatment of bone defects, and the

development of various scaffolds has extended the effect of

osteogenesis. For the study of scaffolds, various requirements

need to be met, of which biocompatibility, absorbability,

mechanical properties, non-toxic side effects, and bubble

structure are the most important, as shown in Table 1.

In response to the mechanisms of bone regeneration, current

research focuses on promoting bone healing through the

modification of external conditions. There are various

methods of bone regeneration, but in order to enhance the

effect of bone growth, a combination of methods is usually

applied, and this is most noticeable in the case of biological
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FIGURE 1
General diagram of the core content of the article. This paper contains six main contents, which are respectively bone regeneration
mechanisms, iron oxide nanoparticles and bone regeneration, application of iron oxide nanoparticles in bone regeneration, application of iron oxide
nanoparticles in pathological bone defects, mechanism of iron oxide nanoparticles in bone regeneration, and hot spots and trends in iron oxide
nanoparticles for bone regeneration.

FIGURE 2
Main schematic diagram of bone regeneration. There are five ways to promote bone repair after bone injury, which are external stimulation,
cells, blood vessels, biomolecules, and biomaterials.
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scaffolds. If biomolecules, cells, and IONPs are mixed in a

scaffold, it retains all the advantages of a scaffold but also has

molecular, cellular, and nanoparticle-related characteristics (Ou

et al., 2019; Yang et al., 2019; Petretta et al., 2021). Although some

results have been reached, the search for the design of scaffolds

with ideal loading molecules and cells with good biological

effects, suitable mechanical properties, optimized bubble

structures with controlled degradability, and non-toxic to

tissues are still the direction being pursued.

Iron oxide nanoparticles and bone
regeneration

Overview of iron oxide nanoparticles

Among the various nanoparticles, magnetic materials are

more attractive to researchers because of their unique

responsiveness to magnetic fields (Dhivya et al., 2015).

Currently, magnetic materials commonly used in the

biomedical field include iron, cobalt, titanium, and nickel

metal alloys as well as IO, ferrite (BaFe12O19, CoFe2O4), and

nano-magnetic hydroxyapatite, among which magnetic IONPs

are the most widely studied because iron is an essential element

for the human body and can be sensitive to magnetic fields (Li

et al., 2016). It can be combined with growth factors, stem cells

(SCs), drugs, and other biologics so that be labeled, imaged,

thermally treated, and disease targeted (Ghosh et al., 2015;

Accomasso et al., 2016; Rajan et al., 2020). The biomedical

applications of IONPs are mainly based on their

superparamagnetic properties. Superparamagnetic iron oxide

nanoparticles (SPIONs) are a type of IONPs with a diameter

of 10–100 nm and can generate strong magnetism in a weak

magnetic field, and its magnetism can disappear with the

withdrawal of the external magnetic field (Laurent et al., 2008;

Kircher et al., 2011). Based on its superparamagnetic properties,

IONPs are usually used in MRI examinations and targeted to

specific areas under the action of an external magnetic field to

achieve targeted therapeutic effects (Radeloff et al., 2020). Maria

et al. (Volokhova et al. 2022) made SiO2-coated magnetic iron

oxide nanoparticles into α-Fe@SiO2 with a cubic morphology,

which exhibited higher MRI relaxation than iron oxide alone and

could show high-performance contrast effects. Zheng et al.

(2022) found that allantoin phosphate can deliver iron oxide

nanoparticles precisely to bone tissue for targeted synergistic

treatment of osteoporosis. At present, the preparation of IONPs

primarily consists of dry and wet methods (Yu et al., 2016; Huang

et al., 2018) (Figure 3). The wet methods are more commonly

used and include thermal decomposition, chemical co-

precipitation, sol-gel, ball milling and atomic layer deposition

(Cotin et al., 2022; Kiyani et al., 2022). The co-precipitation

method is more commonly used in the synthesis of MNPs and

allows for better control of the size andmagnetic properties of the

material, but the MNPs have a tendency to aggregate due to the

small particle size (Lin et al., 2017). The high-temperature

pyrolysis method is mainly used to synthesis ultra-fine

powders and crystals of different materials, but it cannot

obtain NPs smaller than 10 nm in size (Bhavani et al., 2017).

Therefore, different extraction methods have their advantages

and disadvantages, and researchers should select the appropriate

method for generating IONPs according to the specific situation.

Iron oxide nanoparticle physicochemical
properties

The physicochemical properties of IONPs include magnetic

properties, chemical stability, modifiability, biocompatibility and

ease of surface functionalization (Clark et al., 2005) (Figure 4). In

particular, the magnetic properties make it multifunctional.

IONPs have long been used for MRI contrast for its uniquely

magnetic and highly biocompatible (Zhao et al., 2022). Its good

biocompatibility allows it to label specific cells without causing

damage (Moise et al., 2017). With their biocompatible, magnetic,

small size and customised surface coating properties, SPIONs can

be used for the delivery and monitoring of small molecules, drugs

and cells, particularly in areas of muscle, bone or cartilage (Iyer

et al., 2017).

Magnetism is the most important property of IONPs. SPION

can sparingly deliver drugs to specific areas under the action of an

external magnetic field and can undergo magnetothermal

transformation to kill tumour cells which ultimately treats

TABLE 1 Requirements for biomaterial scaffolds in bone regeneration.

Requirements Purpose References

Biocompatibility Supports cellular activity and molecular signalling without causing immune rejection or inflammatory
responses

Murphy et al. (2010); Chen et al. (2022)

Absorbability Provides space for new tissue to grow inwards; allows for controlled degradation in vivo Williams, (2008)

Mechanical properties Meets mechanical strength needs and provides transfer properties Yi et al. (2016)

non-toxic side effects The various properties should be carried out under non-toxic conditions Mondschein et al. (2017)

Bubble structural Can provide a reasonable amount of space for bone regeneration Hou et al. (2019)
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FIGURE 3
Methods for the preparation of IONPs. (A)Wet method preparation process of CTS-g-PTMAAC/SC-Fe3O4 composite magnetic nanoparticles
(Chen et al., 2016); (B) Images of IONPs prepared by immunoprecipitation technique under scanning electronmicroscope (SEM), (a) 5 nm, (b) 20 nm
(Mengesha et al., 2022); (C) IONPs obtained by thermal decomposition (Cotin et al., 2022); (D) Preparation of IONPs by co-precipitation method in
microchannel reactor (Lin et al., 2017); (E) Preparation of high saturation magnetic IO nanomaterials (Bhavani et al., 2017).
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FIGURE 4
Physicochemical properties of iron oxide nanoparticles. (A) IONPs are used for MRI examination due to their good magnetic properties and
biocompatibility (Zhao et al., 2022); (B) IONPs are readily absorbed by cells and can label cells for cell tracking (Iyer et al., 2017); (C) IONPs have
magnetic heating properties and can substantially promote tumor cell death in vitro (Iacoviţă et al., 2021); (D) IONPs are used for targeted magnetic
drug delivery (Hola et al., 2015); (E) CSLM images showing MG-63 cancer cell line stained alive/dead at 41°C (Khodaei et al., 2022); (F) IO-OA/
PLGA produces mechanical stimulation in the presence of an external magnetic field and promotes osteogenic differentiation of MC3T3-E1 cells
(Hao et al., 2019).
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tumours (Iacoviţă et al., 2021; Pucci et al., 2022). Additionally,

magnetic materials can have mechanical properties that can

regulate cell behaviour and promote bone regeneration (Hao

et al., 2019). The small particle size of IONPs allow them to

overcome the biological barrier for wide distribution in the body,

and they can also be excreted from the body by themselves (Hola

et al., 2015). Studies have indicated that very small particles with

hydrodynamic diameters up to 5 nm–8 nm can be excreted from

the kidneys; while larger IONPs are readily captured by the

reticuloendothelial system (RES), allowing imaging of the liver

and spleen and detection of areas of inflammation; it ranging in

size from about 20 to 150 nm may also accumulate in the

stomach, bones and kidneys (Dadfar et al., 2019). Thus, the

particle nature of the iron oxide nanoparticles is also an

important characteristic to ensure its functionality.

Iron oxide nanoparticle structure

IONPs consist primarily of an IO core, a coating, and an

external modification layer (Figure 5). The core is a large amount

of IO, which ensures that it has a certain magnetism. Uncovered

IO is toxic because it tends to collect and react chemically, so an

organic or inorganic coating needs to be applied to the surface of

the core, which reduces IO oxidation, toxicity, and enhances its

biocompatibility (Dadfar et al., 2019). Current coating materials

include organic, inorganic, and organic-inorganic composites

(Ma et al., 2013). Organic coatings include mainly dextran,

chitosan, citrate, agarose, collagen, polylactic acid (PLA),

polycaprolactone (PCL), polyglycolic acid (PGA), and

polylactic acid-glycolic acid copolymer (PLGA) (Iyer et al.,

2017; Marin et al., 2020); the inorganic coating consists

mainly of silica, calcium phosphate, calcium silicate, and

calcium phosphate cement complexes (Ferrage et al., 2017);

organic-inorganic composites such as mineralized collagen,

which retain the common properties of both while giving the

scaffold good rigidity and toughness (Li et al., 2021b). The main

purpose of the coating is generally to restrict particle aggregation

and provide hydrophilicity, stability, and biocompatibility to the

internal core (Accomasso et al., 2016; Harrison et al., 2017). In

order to bind specifically to the receptor, molecular modifications

can be applied outside the coating, or the therapeutic agent can be

loaded so that the combination can be used for specific targeted

therapy (Li et al., 2012).

Iron oxide nanoparticle safety

One of the first things to ensure when IONPs are used for

bone regeneration is safety (Figure 6). Studies have indicated that

IONPs have superior biocompatibility and stability without

significant intrinsic toxicity (Salehiabar et al., 2018). Most

studies have demonstrated that low doses of IONPs are non-

toxic to organisms (Pariti et al., 2014). In general, the toxicity of

nanoparticles depends on their physical and chemical properties,

such as particle size, surface properties, and chemical

composition (Huang et al., 2017b). Therefore, before

evaluating the toxicity of IONPs in vitro and in vivo, their

FIGURE 5
Structure of IONPs. IONPs consist primarily of an IO core, a coating and an external modification layer (This diagram is drawn from (Dasari et al.,
2022)).
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FIGURE 6
Safety of IONPs. (A)MTS assay showed that different concentrations of Au-Fe3O4 nanoparticles were not significantly toxic to CHO cells (Pariti
et al., 2014); (B) USPIO could induce an immune response (Daldrup-Link, 2017); (C) Flow cytometry assay showed that SPIO was incubated directly
on hMSCs for a long time (72 h) and had no significant effect on ROS(Yang et al., 2011); (D) IONPs can cause reversible damage to the reproductive
systemofmalemicewithout affectingmajor organs (Yang et al., 2022); (E)Quercetin attenuates the neurotoxicity induced by IONPs(Bardestani
et al., 2021).
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physicochemical properties must be clarified. Various

nanoparticles exhibit size-dependent toxicity in vitro and in

vivo (Wu et al., 2022a). Under normal conditions,

nanoparticles smaller than 10 nm are eliminated by the

kidneys, while nanoparticles larger than 200 nm are

phagocytosed (Rajan et al., 2020). The majority of IONPs are

engulfed by hepatocytes, which on the one hand, facilitates their

usefulness in liver imaging and, on the other hand, is a potential

hazard to the body (Daldrup-Link, 2017). Although IONPs can

stay in the body for a long time, they are biodegradable, can be

metabolised from the circulation through a variety of pathways

(Ventola, 2012). However, some IONPs are still non-degradable

and it is not known whether there are serious effects on the body.

It is also considered that IONPs can induce some toxic side

effects in the body. IONPs have been found to cause significant

toxicity in rats when kept in the body for long periods, causing

reduced body weight, significant liver damage, and mild splenic

toxicity (Verma et al., 2021). The interaction of the surface charge

of IONPs between nanoparticles and biological components also

substantially affects their toxic response (Woo et al., 2021). Toxic

reactions are mainly manifested by impaired mitochondrial

activity, membrane leakage, and morphological changes that

negatively affect cell viability, proliferation, and metabolic

activity, significantly weakening its therapeutic efficiency

(Yang et al., 2011). Nanoparticle-treated cells may trigger

immune-inflammatory reactions and other side effects if they

migrate in tissues or accumulate at specific sites over time

(Mahmoudi et al., 2010; Mahmoudi et al., 2012). IONPs were

discovered to cause reversible damage to the reproductive system

of male mice without affecting major organs (Yang et al., 2022).

There are some solutions to these risks. For example, IONPs may

damage neural tissue through free iron accumulation, protein

aggregation, and oxidative stress, but quercetin may reduce

neurotoxicity in clinical applications (Bardestani et al., 2021).

The effect of IONPs on the inflammatory response is size-

dependent, with smaller IONPs weakening the inflammatory

response; this inflammatory response can also be attenuated by

blocking actin polymerization, endoplasmic reticulum (ER)

stress, or oxidative stress (Ying et al., 2022). New predictive

models have also been developed as a method of toxicity

screening to provide a safety profile for the clinical use of

IONPs. Coccini et al. (2019) have developed a model for

assessing human stem cells-based Fe3O4 NP toxicity screening

and support using this approach to improve the safety of NPs to

predict health outcomes with confidence. Hence, when utilizing

IONPs, it is essential to understand their physicochemical

properties. IO itself is toxic, but by choosing a suitable surface

coating, reducing the dosage, reducing the diameter of the

particles, and avoiding long-term aggregation in the same

location, the toxic reaction can be effectively reduced.

Measures should be taken in advance for different side effects,

and extracts of some herbs can be used in synergy with IONPs to

reduce toxicity. Models for predicting toxicity and safety

assessment are also necessary for the rational use of

nanoparticles.

Effect of iron oxide nanoparticles on bone
regeneration

IONPs, as a special magnetic particle, have a multifaceted

effect on bone regeneration. Its function of promoting bone

regeneration is closely related to its physicochemical

properties. Among them, magnetism is an important

prerequisite for the action of IONPs on bone regeneration.

It has been demonstrated that IONPs not only respond to

external magnetic fields, but also act as a magnetic domain

themselves on the nanoscale, with nanoparticles forming

magnetic fields to generate a number of biochemical

reactions (Xie et al., 2019). When an external magnetic field

is applied to bone defects, it promotes fracture healing and

tissue repair, even without the intervention of IONPs(Shan

et al., 2013; Thrivikraman et al., 2014). When IONPs are used

to treat bone defects, a magnetic field is applied externally,

which further enhances their magnetic effect, and this

magnetism stimulates osteoblast-associated cells, activating

the osteogenic pathway and exerting a bone regeneration

effect (Jia et al., 2019). In addition, mechanical stimulation

was found to promote osteogenic differentiation of stem cells

(Meng et al., 2021). IONPs are mechanically stimulated by the

effect of a magnetic field, which acts on the cells to generate

internal biochemical signals and enhance bone regeneration

(Wang et al., 2016; Zhuang et al., 2018). Furthermore, IONPs

can generate magnetothermal conversion with the

intervention of an alternating magnetic field (AMF), which

is delivered to deep lesions to generate heat for the treatment

of bone tumours and post-operative bone defects (Guo et al.,

2017; Lee et al., 2018; Albarqi et al., 2019). The production of

blood vessels is still essential for the regeneration of bone

tissue. IONPs were identified to improve angiogenic

properties and promote the formation of new blood vessels

in bone defects, which was present in the presence or absence

of static magnetic field (SMF) intervention (Singh et al., 2014;

Xia et al., 2018b; Hu et al., 2018). It can be absorbed by cells

through endocytosis (Kolosnjaj-Tabi et al., 2013), so it is used

for cell tracking and targeting (Zhang and Zhang, 2005; Shen

et al., 2013). This can detect the location of cells in bone

regeneration and migration of SCs(Liao et al., 2022). Cells

labelled with these nanoparticles are non-toxic and easily

reach the desired effect. Note that for those IONPs that are

smaller in size and have a longer half-life in the blood stream,

it has significant bone targeting properties (Arami et al., 2015).

In particular, it can remove reactive oxygen species from the

body to regulate bone metabolism and improve post-

menopausal bone loss (Yu et al., 2020). It has also been

found that IONPs can inhibit osteoclast production and
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differentiation (Zheng et al., 2022). Its multifaceted action

promotes the occurrence of bone regeneration.

Application of iron oxide
nanoparticles in bone regeneration

The multifaceted properties of IONPs have led to a wide

range of research and applications in bone regeneration. The

main directions of application include direct action (Figure 7),

action on stem cells (differentiation, migration, homing,

tracking) (Figure 8), targeted drug delivery, combined use

with scaffolds, and composite scaffolds.

Direct action

IONPs have a direct effect on cells. Various physical forces

can affect cell activation, and studies have demonstrated that

magnetic and mechanical stimulation can promote SCs

proliferation and differentiation (Sniadecki, 2010; Schwartz

et al., 2018). Magnetic forces can be converted into

mechanical forces, and when cells are mechanically

stimulated, they can generate a series of biochemical signals

that induce a biological response to the organism (Ingber, 2006;

Martino et al., 2018). Research has revealed that a composite

coating formed by IONPs with a mineralized collagen coating

under a static magnetic field can promote osteogenic

differentiation through mechanical stimulation (Zhuang et al.,

2018). Studies have also indicated that SIONPs themselves can

strengthen bone regeneration without external magnetic fields

(Hu et al., 2018). Proven research has also been conducted on the

effects of the state of nanoparticles on cells, finding that direct

delivery of colloidal ferromagnetic fluids is more desirable than

the administration of powdered particles (Uskoković et al., 2019).

Evidently, IONPs can stimulate cells directly with or without

external magnetic field intervention and promote osteogenesis.

Action on stem cells

SCs are an important tool in the treatment of bone defects. It

holds great promise in treating many diseases and conditions

(Daneshmandi et al., 2017; Česen Mazič et al., 2018). SCs are a

particularly important group of cells in bone tissue engineering,

which can differentiate into different cells under certain

conditions. SCs are primarily derived from bone marrow,

adipose tissue, muscle, umbilical cord, cord blood, placenta,

Wharton’s glue, and amniotic fluid, all of which can

differentiate into osteoblasts, of which the most studied are

bone marrow mesenchymal stem cells (BMSCs) (Kangari

et al., 2020). When bone damage occurs, MSCs migrate from

the bonemarrow or other adjacent tissues to the site of injury and

secrete growth factors such as BMP and VEGF to promote the

bone healing process (Schreivogel et al., 2019;Wasnik et al., 2019;

McNeill et al., 2020). At the same time, MSCs are also involved in

regulating inflammation and repairing bone damage together

with progenitor cells, stromal cells and macrophages (Grayson

et al., 2015; Xue et al., 2022; Yin et al., 2023). MSCs are also

capable of differentiating into bone tissue and have favourable

immunomodulatory properties (Safarova et al., 2020).

In recent years, SCs therapy has provided a strategy for bone

regeneration, particularly in repairing large bone defects

(Watanabe et al., 2016). As Hao et al. (2022) constructed

FIGURE 7
Mechanical stimulation of IONPs. (A) Mechanical activation of IONPs stimulates cellular receptors (Sniadecki, 2010); (B) Fe3O4/mineralized
collagen coating promotes osteogenic differentiation of MC3T3-E1 cells (Zhuang et al., 2018).
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FIGURE 8
Role of IONPs on stem cells. (A) Promotion of stem cell migration (Zhao et al., 2021); (B) stem cell labeling (Mehta, 2022); (C) promotion of stem
cell homing (Li et al., 2019); (D) promotion of stem cell differentiation (Jiang et al., 2016).
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microgels that can effectively promote the adhesion,

proliferation, and osteogenesis of BMSCs, providing a new

idea for repairing large bone defects. Liu et al. (Liu et al.,

2022) also designed functional spheroids containing MSCs to

create a 3D cell-directed microenvironment for the bone repair of

large defects, resulting in excellent osteogenesis, angiogenesis,

and bone regeneration of MSCs. For cells expanded in vitro, a

stable cell phenotype should be maintained, targeting SCs to

specific sites, promoting differentiation and proliferation of SCs

to osteoblasts at the site of injury, maintaining local cell stability,

and reducing cell loss at the defect site, all of which are necessary

for bone defect repair.

Stem cells differentiation

The differentiation of SCs is influenced by many factors, of

which magnetic conditions are an important one. Ruchita et al.

(Shelat et al., 2020) used L-lysine-functionalized IONPs to

interfere with bone marrow mesenchymal stem cells (BMSCs)

and showed efficacy in promoting in situ cartilage regeneration

and its ability to label cells and act as a contrast agent. Driven by a

magnetic field, carbon quantum dot (CD)-doped SPION can also

differentiate MSCs into bone and cartilage for osteochondral

regeneration (Das et al., 2019). Uptake of bovine serum albumin

(BSA) (Fe3O4/BSA) particles loaded with IONPs also

significantly enhanced osteogenic differentiation of MSCs

under a constant static magnetic field (Jiang et al., 2016).

Low-temperature atmospheric nitrogen plasma positively

affects the behaviour of MSCs cultured on bone scaffolds

containing IO-loaded silica nanoparticle catalysts, improving

SCs behavior and promoting the value-added and osteogenic

differentiation (Przekora et al., 2020). IONPs can directly

promote the differentiation of SCs. However, current research

tends to package and combine IONPs to strengthen this impact.

Stem cells migration and homing

SCs labeled by IOPNs can migrate and home to specific sites

in response to magnetic fields. It has been disclosed that the

presence of SPIONs confers special magnetic properties to PLGA

microspheres, which greatly promote the proliferation,

migration, and osteogenic differentiation of BMSCs under the

influence of external magnetic fields (Zhao et al., 2021).

Moreover, the combination of pulsed electromagnetic fields

(PEMF) and SPIONs were synergistic role in promoting the

directional migration and osteogenic differentiation of BMSCs

(Wu et al., 2018). A further finding was that silica-encapsulated

IONPs promoted migration while retaining the proliferation and

differentiation capacity of BMSCs and that the labeled BMSCs

were more viable and migrated better, but their osteogenic

potential was not affected (Yao et al., 2020). In vitro magnetic

targeting system was used to attract rabbit BMSCs. This

technique significantly facilitated the penetration of IONPs-

labelled cells into porous hydroxyapatite ceramics transplanted

into rabbit ulnar bone defects and promoted bone formation

(Chen et al., 2010). IONPs enhance the homing potential of

MSCs to the site of injury and have no negative impact on MSCs

function; furthermore, MSCs-loaded nanoparticles exhibit good

homing and anti-inflammatory capacity in the absence of

external magnetic field intervention (Li et al., 2019). The

combination of IONPs with MSCs has special magnetic effects

and pro-osteogenic differentiation potential, which indicates the

great ability of the two to merge for bone regeneration.

Stem cell tracking

IONPs can be used as nuclear magnetic resonance (NMR)

contrast agents for cell tracking (Hua et al., 2015). Currently, the

commonly usedMRI contrast agent is gadolinium, but its toxicity

has raised the level of concern. When searching for an effective

alternative without significant toxic effects, IONPs-labelled

MSCs were found to show positive results both in vitro and

in vivo (Mehta, 2022). Similarly, in a sheep tendinitis model

treated with MSCs labeled with IONPs, cells were still detectable

in MRI 7 days after surgery (Scharf et al., 2015). The magnetic

effect mediated by IONPs is a crucial tool for SCs tracking and a

wide range of applications. It has great potential as a magnetic

particle imaging (MPI) tracer advancing SCs therapy (Wang

et al., 2020).

Targeted drug delivery

Targeted drug delivery is an important feature of IONPs

(Figure 9), and IONPs complexes are commonly used as carriers

for controlled drug release (Prodan et al., 2013). For instance,

IONPs have been found to stimulate the corresponding drug

delivery systems for targeted drug delivery in arthritis (Zhang

et al., 2022). To enhance the anti-osteoporosis effect, the

investigators synergized IONPs with alendronate, and the

combination substantially improved bone mineral density and

microarchitecture compared to the same dose of alendronate

(Zheng et al., 2022). Merging bisphosphonate (Bis) and IONPs

and incorporating them into osteoblasts, this composite

magnetic nanoparticle has the significant anti-osteoporotic

potential (Lee et al., 2016). Guo et al. (2021) constructed a

PLGA-based drug delivery system, co-loaded with 17β-
estradiol (E2) and iron oxide (Fe3O4) and modified with

alendronate for the remote targeting of estradiol in the

treatment of post-ovariectomy osteoporosis in rats, which

achieved good efficacy and magnetically remote targeted drug

release. Besides, IONPs can be loaded with various cytokines,

genes, and targets to reach the site of bone defects for the purpose
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of targeting and promoting bone regeneration. Jiang et al.

(Chiang et al., 2018) developed magnetic gelatin nanocapsules

containing transforming growth factor (TGF)-β1 consisting of

hexanoic anhydride grafted gelatin and IONPs and achieved

magnetic enrichment of loaded cells through combined

treatment with magnetically induced stimulation and TGF-β1.
Fan et al. (2014) developed a magnetic IONPs-encapsulated

biopolymer nanogel consisting of chitosan and heparin via

specific nucleobase pairing for Bone morphogenetic protein 2

(BMP-2) delivery, which plays an important role in cartilage and

bone regeneration. For this purpose, Sahmani et al. (2020)

generated a specific biomimetic scaffold with drug delivery

capacity, a porous scaffold for biomedical use, prepared from

hydroxyapatite and IONPs and loaded with gelatin, in which

ibuprofen was incorporated to achieve excellent pain relief at the

specified site. Researchers (Wang et al., 2021) have developed

IONPs containing HA and raloxifene (R-IONPs-HA), which

exhibit superior biocompatibility, antibacterial activity, and

osteoinduction, and have great potential for fracture repair

and infection prevention. Specific composite platforms are

also being investigated for targeted drug delivery (Pistone

et al., 2014). It is evident that the targeted delivery of IONPs

is being refined and matured, and multiple compound platforms

loaded with drugs have been investigated, showing a good ability

to promote osteochondral regeneration.

The role of the scaffolds

In bone tissue engineering exploration, scaffolds are the

most used modality because they can retain specific structural

and mechanical properties while loading other factors,

particles, and materials, as well as being biocompatible and

offering outstanding advantages in maintaining the normal

physiological structure of bone and maintaining good weight-

bearing and force-bearing functions. The design of delivery

platforms plays a crucial role in the activation of bone

regeneration as they provide a suitable environment for cell

adhesion and growth while providing a beneficial platform for

delivery strategies (Bi et al., 2020). Simple biodegradable

polymeric materials or ceramics have been investigated as

bone tissue engineering scaffolds, but these materials have

significant limitations, including insufficient mechanical

strength. In contrast, nanoparticle-modified composite

scaffolds offer significant promise for promoting bone

regeneration. The nanomaterials incorporated into

polymeric scaffolds are divided into organic and materials,

and they can provide sufficient surface area and mechanical

properties required for support, as well as cell adhesion,

differentiation, and integration (Kim and Fisher, 2007). The

scaffolds currently in use mainly consist of organic materials

(lipids, liposomes, dendrimers and polymers, chitosan, gelatin,

collagen) or inorganic nano-biomaterials (silica, bioceramics,

bioglass, hydroxyapatite) fused (Navarro et al., 2008; Virlan

et al., 2016; Kumar et al., 2020). Xia et al. (2018a) mixes IONPs

with calcium phosphate cement to create a scaffold that

promotes osteoinduction and bone regeneration, adheres to

SCs, and promotes osteogenic differentiation. In contrast,

thermoplastic polyurethane (TPU) and PLA polymers

doped with IONPs exhibited significant osteogenic

differentiation of MSCs in response to external magnetic

fields (Marycz et al., 2020). Hydrogels have excellent

biocompatibility and adjustable mechanical properties,

promising biomaterials for replacing extracellular matrix

(ECM) and organ regeneration (Hu et al., 2015; Huang

et al., 2017a; Xue et al., 2019). Han et al. (Han et al.,

FIGURE 9
IONPs can be used for drug delivery. (A) Delivery of alendronate to osteoporosis (Zheng et al., 2022); (B) Remote controlled bone-targeted
delivery of estradiol to treat ovariectomy-induced osteoporosis in rats (Guo et al., 2021).
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FIGURE 10
Three common methods for constructing scaffolds for IONPs. (A) Electrostatic spinning technique (Khalili et al., 2022); (B) freeze-drying
technique (Zhang W. et al., 2019b); and (C) 3D printing technique (Shokouhimehr et al., 2021).
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2021b) developed a tunable hydrogel for the 3D culture of

dental pulp stem cells (DPSCs), through which DPSCs could

aggregate and generate spheroids enriched with CD146+ cell

subpopulations, which exhibited significant osteogenic

differentiation in response to the intervention of IONPs.

The mainstream methods currently used to synthesize

scaffolds containing IONPs are electrospinning techniques,

freeze drying and three-dimensional (3D) printing (Figure 10).

Electrospinning technology is a well-established scaffold

fabrication method with many critical advantages, including

its simple nature, high surface area to volume ratio, potential

to release drugs and antimicrobial agents, controlled fiber

diameter, high porosity, and permeability (Mortimer and

Wright, 2017). To promote the fruitful differentiation of

MSCs, a researcher prepared magnetic polycaprolactone (PCL)

nanofiber scaffolds by adding third-generation dendrimer-

modified SPIONs (G3-SPIONs) during electrospinning, which

demonstrated promising results with favorable cytocompatibility

and cell adhesion (Khalili et al., 2022). Although electrospinning

technology is simple to handle and easy to control the surface

properties of the support, it still has the disadvantage of low yield

and low strength (Singh et al., 2014; Li et al., 2018b).

The freeze-drying technique contains both freezing and

drying steps and is one of the most commonly used methods

to enhance the stability of scaffolds (Rahman et al., 2010;

Hassanajili et al., 2019). It is currently used as a common

method for producing scaffolds in bone regeneration research.

Freeze-dried scaffolds have a unique structure with the required

porosity and pore interconnections for the selective movement of

small molecules and closely resemble the natural bone

extracellular matrix, making them optimal for bone tissue

engineering studies (Singh and Dasgupta, 2022). Lu et al. (Lu

et al., 2020) successfully prepared gadolinium-hyaluronic acid

(Gd-HA) nanoparticles (NPs) by a simple freeze-drying method

as a novel MRI contrast agent for the accurate detection of

cartilage damage without toxic side effects. Wu Zhang et al.

(2019b) used a combination of freeze-drying monthly physical

mixing methods to prepare ultra-small superparamagnetic iron

oxide (USPOI)-labeled hydroxyapatite (HA)/silk fibroin (SF)

scaffolds loaded with dental pulp stem cells (DPSCs), which

were physically stable and significantly promoted pulp tissue

repair and regeneration. Azam et al. (Hajinasab et al., 2018) also

applied freeze-drying methods to fabricate a 3D nanocomposite

scaffold consisting of gelatin and hydroxyapatite (GEL/HA)

loaded with Fe3O4 nanoparticles, which has great potential for

drug loading and bone replacement. The flexibility of the freeze-

drying technique can be seen to provide important support for

the study of bone regeneration scaffolds.

3D printing methods allow the precise, reproducible, and

large-scale manufacture of complex scaffold systems with tunable

structural and physicomechanical properties (Filardo et al., 2019;

Serpooshan and Guvendiren, 2020). 3D printing technology for

bone tissue engineering also allows for specific geometric design

of defective bone areas (Trombetta et al., 2017; Tomov et al.,

2019). The manipulation of computer-aided design (CAD)

models for printing scaffolds permits precise adjustment of

the porosity, size, and geometric design of the graft to closely

correspond to the target bone defect (Moreno Madrid et al.,

2019). 3D printing technology offers good stability, 3D spatial

structure, and high efficiency, but materials are more restricted

and expensive (Zhao et al., 2014). Shokouhimehr et al. (2021) 3D

printed a new generation of hyperelastic bone (HB) implants

loaded with SPIONs applying a bio-ink consisting primarily of

HA to scaffolds and studied their therapeutic effect on large non-

healing fractures, demonstrating great potential for bone

regeneration. The three scaffold fabrication methods and

components are shown in Table 2.

The role of the composite scaffolds

Tissue engineering is a method of reconstructing

functional tissue at the site of damage, usually including

cells, growth factors, and 3D biodegradable scaffolds. With

the addition of IONPs to the tissue project, it will contain four

main components (Figure 11). Its complex construction is of

great importance in promoting bone regeneration. In order to

strengthen the effectiveness of the bone repair, extend the

synergistic effect and reduce the deficiencies possessed by a

single scaffold, researchers are now primarily developing

composite scaffolds to reach the desired goal (Figure 12).

Researchers combined aminopropyltriethoxysilane

(APTES)-modified nanohydroxyapatite (nHAp) with IONPs

to develop composites that significantly enhanced osteoblast

activity and reduced inflammatory responses and

osteoclastogenesis (Marycz et al., 2022). By coating core-

shell structured HA on SPIONs (SPIO@HA), Li et al. (Li

M. et al., 2021) discovered it could target osteoclastogenesis

and osteogenesis. A multifunctional scaffold of filamentous

protein/hydroxyapatite scaffold combined with ultra-small

SPIONs (USPIO) doped with BMSCs promotes osteogenic

differentiation of SCs and allows for osteogenic differentiation

non-invasive monitoring of bone regeneration by quantitative

MRI (Liu Q. et al., 2020). Moreover, oleic acid-modified

IONPs (IO-OA NPs) and PLGA were used to produce

homogeneous magnetic nanocomposites, which showed

good mechanical properties and enhanced osteogenic

differentiation (Hao et al., 2019). In addition, calcium

phosphate cement (CPC) scaffolds doped with IONPs on

SCs utilizing an external static magnetic field (SMF) have

great osteoinductivity, which may be related to the physical

forces generated by the magnetic field and the cell-intrinsic

action of the magnetic nanoparticles released from the scaffold

(Xia et al., 2019a). The relevant modification of the surface of

IONPs and their subsequent application to composite

scaffolds is also a way of extending their efficacy.
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Kartogenin (KGN), an emerging stable non-protein

compound that promotes the differentiation of BMSCs into

chondrocytes, was transplanted onto the surface of modified

USPIO and then made into a fibrin nanocrystal/dextran

hydrogel, which showed enhanced cartilage regeneration

(Yang et al., 2019).

Bone tissue-engineered scaffolds alone have many

drawbacks, including lack of osteoinduction and low

mechanical strength. To circumvent these limitations, the

option of composite scaffolds is necessary. Hu et al. (Hu

et al., 2021) used a poly (lactic acid-ethanolic acid

copolymer)/polycaprolactone/β-tricalcium phosphate (PPT)

scaffold, incorporating IONPs into a porous electromimetic

scaffold for long-term release, and this composite scaffold was

optimized to further enhance osteogenic capacity. The low

mechanical strength of the scaffold can be regulated by various

preparation techniques, of which electrostatic spinning is one

of the most applied (Schiffman and Schauer, 2008; Jun et al.,

2018). Chen et al. (2018) reported magnetic PLGA/PCL

scaffolds made by electrostatic spinning technology and

layer-by-layer assembly of SPIONs, which exhibit excellent

biocompatibility, adjustable stiffness, physical sensing, and

stimulus responsiveness. Estévez et al. (2022) were the first

to combine type I collagen and SPIONs to design magnetic and

biocompatible electrostatic spinning scaffolds, showing that

the electrostatic spinning structures containing SPIONs

could retain the magnetic properties of the nanoparticles

alone and that these collagen scaffolds could promote the

proliferation, adhesion, and viability of osteoblasts and

HBMSCs.

3D printing technology for composite scaffolds is another

commonly used method whose versatility makes it

increasingly important in bone regeneration. The study

found that IONPs-rich PLGA copolymer scaffolds prepared

through the layer-by-layer assembly by 3D printing

technology promoted cell adhesion and enhanced

osteogenesis of rat BMSCs (Han L. et al., 2021). Saraiva’s

group (Saraiva et al., 2021) used 3D printing to create a

polylactic acid platform loaded with HA, IONPs, and an

antibiotic (minocycline) with tunable properties and a

multi-stimulus response. The platform was discovered to

regulate the anti-biofilm dose and strengthen the ability of

bone tissue regeneration. Utilizing 3D printing technology,

porous titanium aluminium vanadium (Ti6Al4V, pTi)

TABLE 2 Fabrication type and research of scaffolds.

Manufacturing
method

Coating Magnetic
field
type

Cell
type

Synthetic
method

Nanoparticle
type

Magnetic
field
intensity
(emu/g)

Scaffolds
proportion

References

Electrospinning
techniques

PCL PEMF ADMSCs Coprecipitation G3-SPIONs 57.75 495 ± 144 nm Khalili et al.
(2022)

Electrospinning
techniques

PCL EMF MC3T3-E1 cells Coprecipitation SPIONs 71 No application Singh et al.
(2014)

Freeze-drying
technique

HA/SF No
application

DPSCs Feeeze-drying USPIO No
application

0.025 mg/ml
USPIO and 5 mg/
ml HA/SF

Wu Zhang et al.
(2019b)

Freeze-drying
technique

GEL-HA EMF L929 cells Feeeze-drying Fe3O4

nanoparticles
49.6 No application Hajinasab et al.

(2018)

3D printing methods HA No
application

C3H10T12 cells
and HBO cells

3D printing SPIONs No
application

SPION
concentration
between 60 and
200 µ g/ml

Shokouhimehr
et al. (2021)

FIGURE 11
Components of tissue engineering in IONPs. When IONPs are
applied to tissue engineering, this body has four main
components: cells, molecules, IO and scaffold.
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scaffolds can reconstruct large bone defects (especially in load-

bearing areas). Nevertheless, the lack of osteogenic properties

limits its use in clinical practice. To address this dilemma, a

researcher co-deposited IONPs and polydopamine (PDA) on

the surface of 3D printed pTi scaffolds, a novel magnetic

coating that improved the adhesion, proliferation, and

osteogenic differentiation of HBMSCs (Huang et al., 2020).

Wang et al. (2018) synthesized biodegradable shape memory

polyurethane (PU) as the main component of a 3D printing

ink for manufacturing bone scaffolds and added SPIONPs and

polyethylene oxide (PEO) or gelatin to the 3D printing ink to

promote osteogenic induction, shape fixation and increase

printability. This composite scaffold with its shape memory

properties, biodegradability, and osteogenic effect, has the

potential to become a bone substitute. Petretta et al. (2021)

prepared a polycaprolactone-based (PCL) scaffold with HA

and SPIONs (PCL-HAp-1% SPION) by 3D printing to

improve the healing efficiency of bone and inoculated the

scaffold with MSCs.

The construction of composite scaffolds gives new ideas

for bone regeneration, while the addition of drug loading after

the platform has been established can achieve certain

therapeutic effects for specific bone diseases. As Schneider

et al. (Schneider et al., 2021) used citric acid (MG@CA) coated

magnetic iron oxide nanoparticles (MNPs) as a raw material

for the treatment of bone diseases to construct a magnetic

nanoplatform, adding raloxifene (Ral), curcumin (Cur), and

methylene blue (MB) for the symptomatic treatment of bone

diseases.

Application of iron oxide
nanoparticles in pathological bone
defects

Mild bone injuries have some ability to heal themselves, but

beyond a certain point, bone defects usually fail to reconstruct

themselves. For this type of bone defect that does not heal on its

own, pathological bone defects such as osteoporosis (Bai et al.,

2020; Li et al., 2022a; Li et al., 2022b), rheumatoid arthritis (Liu

et al., 2021), infections (Taylor and Webster, 2011) and tumors

(Kesse et al., 2020) are the main causes. In contrast, IONPs have

been extensively investigated in pathological bone defects.

Several studies have demonstrated that IONPs can positively

FIGURE 12
Application of composite scaffold in bone regeneration. IONPs are mostly found in the form of scaffolds in the treatment of bone defects. To
enhance their efficacy, scaffolds can contain a variety of components that promote osteogenic differentiation of stem cells under the influence of a
magnetic field.
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regulate bone metabolism in vitro and in vivo, and that they have

favorable bone targeting, bone regeneration and biocompatibility

properties. For instance, Zheng et al. (2022) revealed that IONPs

can alleviate osteoporosis induced by ovariectomized mice

(OVX) by scavenging reactive oxygen species, promoting

osteogenic differentiation of BMSCs and inhibiting

osteoclastogenesis in vitro. Krzysztof et al. (Marycz et al.,

2022) combined aminopropyltriethoxysilane (APTES)

modified nHAp with IO nanoparticles and demonstrated

in vitro that this biomaterial promotes osteoblast viability and

RUNX-2 expression, reduces osteoclast metabolism and

inflammation, and can be used for healing of osteoporotic

fractures. Another study produced a SPIO with a core-shell

structure coated with HA (SPIO@HA), which was used to

target osteoclastogenesis and osteogenesis. The results revealed

that the material greatly prevented bone loss in OVX mice and

that their mechanism may be related to TRAF6-p62-CYLD,

TGF-β, PI3K-AKT and calcium signalling pathways (Li et al.,

2021a). Moreover, IONPs can be used for drug delivery in the

presence of magnetic fields, bone targeting for osteoporosis (Guo

et al., 2021).

Rheumatoid arthritis (RA) is a systemic immune disease that

is primarily characterised by joint inflammation accompanied by

progressive bone and joint destruction, which can cause

significant bone defects (Takeuchi et al., 2021). Magnetic

nanoparticles, particularly IONPs, have been documented to

be an important tool for the treatment and diagnosis of

rheumatoid arthritis by targeting local lesions with additional

magnetic fields and avoiding systemic side effects (Liu et al.,

2021). IONPs are an effective nanoplatform for targeted drug

delivery, stimulus-responsive drug release, MRI diagnostics,

photothermal therapy, and magnetothermal therapy in RA

treatment, and could also contribute to the development of

new magnetic materials (Wu and Shen, 2019). Duan et al.,

(2014) synthesized polyethyleneimine-functionalized

superparamagnetic iron oxide nanoparticles (PEI-SPION)

in vitro and demonstrated through in vivo and in vitro

experiments that PEI-SPION can be used for systemic siRNA

delivery to strengthen the therapeutic effect of RA with the

intervention of an external magnetic field. Furthermore,

Carneiro et al. (2020) constructed gold-coated SPIO

(AuSPION) for the treatment of arthritic rats by

intraperitoneal injection and found that AuSPION inhibited

joint inflammation and edema, redox imbalance and cytokine

expression under the influence of an external magnetic field.

Infection is another major challenge for bone regeneration,

but this has been made viable with the intervention of

nanotechnology. Studies have indicated that SPIONs have

good antimicrobial activity, magnetic properties, and bone

regeneration properties, which could be used in the

development of new drugs for the treatment of bone defects

associated with orthopaedic infections (Taylor and Webster,

2011). Wang et al. (2021) used IONPs (R-IONPs-HA)

containing HA and raloxifene for fracture repair and infection

prevention which showed good biocompatibility, antibacterial

activity and osteoinductive effects. Taylor et al. (Taylor and

Webster, 2009) demonstrated in an in vitro study that SPION

significantly inhibited the growth of Staphylococcus epidermidis

and at the same concentration significantly enhanced osteoblast

function, offering hope for bone repair after infection. Wei et al.

(2021) synthesized IONPs-sHA-strontium@collagen (IONSs-

HA-SR@C) using a co-precipitation method and evaluated its

effect on the differentiation and proliferation of MC3T3-E1 cells

and their morphological changes as well as its antibacterial

activity by in vitro experiments. The results clearly indicate

that IONSs-HA-SR@C has promising biocompatibility, bone

growth promoting ability and antibacterial activity. It is

evident that IONPS has great potential for bone repair and

anti-infection.

The incorporation of IONPs into multifunctional

biomaterials for the treatment of tumors and post-tumour

bone defects has led to a number of advances and

breakthroughs due to their thermal, magnetic targeting, bone

healing and pro-tumour cell apoptosis properties. Pang et al.

(2021) synthesized a bone-targeted SPIO that, when delivered to

bone, inhibits flavoproteinase, thereby inhibiting bone resorption

by osteoclasts and invasion by breast cancer cells, effectively

protecting against breast cancer-induced osteolysis. Khodaei

et al. (2022) developed a method for the delivery of curcumin

by SPIONs-based magnetothermal nanocarriers, in which the

release of curcumin was coordinated by temperature. In vitro

results showed that the temperature could be stabilised at 41°C by

alternating magnetic fields, and that curcumin and heat therapy

could kill MG-63 osteosarcoma cells and achieve good anti-bone

tumour effects. Not only that, IONPs can promote bone

regeneration for the repair of bone defects after tumour

surgery. Sasikala et al. (2022) developed a piezoelectric

magnetic nanoparticle (PMNP) that can regulate cell

behaviour and fate under ultrasound (US), magnetic field

(MF) and light-responsive conditions to achieve superior bone

regeneration and bone transformation after bone tumour

surgery. Vergnaud et al. (2022) designed superparamagnetic

bioactive nanoparticles with an IO core (γ-Fe2O3) wrapped in

a bioactive glass (SiO2-CaO) shell, which demonstrated in vitro

experiments its non-toxic, bone healing and thermal therapeutic

properties for direct or combined scaffolding of bone defects after

bone tumour resection. It is apparent that IONPs have a great

platform and opportunity in the treatment of pathological bone

defects and have now gained great traction.

Mechanism of iron oxide
nanoparticles in bone regeneration

The rational use of IONPs can better promote bone

regeneration. Previous studies have focused on the construction
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FIGURE 13
Mechanism of IONPs in the treatment of bone defects. (A) In the action of SMF, the Fe3O4/PDA@pTi scaffold regulates cellular function via the
TGFβ-Smads signaling pathway (Huang et al., 2020); (B) IONPs promote osteogenic differentiation of HBMSCs through the MAPK pathway when
they enter the cells (Wang et al., 2016); (C) IONPs + CPC can promote osteogenic differentiation of HDPSCs through theWNT signalling pathway (Xia
et al., 2019b); (D) IONPs promote osteogenic differentiation of MSCs through the INZEB2 and BMP/Smads signaling pathways (Wang et al.,
2017).
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of scaffolds, the selection of composite materials, and the integrated

use of SCs and drugs but neglected their specific mechanisms. In

recent years, with the development of molecular biology, the study

of the mechanism has gradually applied to the field of materials; the

results found that IONPs promote bone regeneration with a variety

of factors and signaling pathways related (Figure 13). Proteomic

analysis revealed that magnetic iron oxide/polydopamine coating

(Fe3O4/PDA) promotes osteogenesis by upregulating the TGFβ-
Smads pathway in a static magnetic field (Huang et al., 2020). Heat

therapy is beneficial in stimulating bone regeneration. Wang et al.

(2022) constructed nanoparticle-hydrogel composites by

embedding Arg-Gly-Asp (RGD)-coated core-shell structured

magnetic iron oxide nanoparticles (MION) (CoFe2O4@

MnFe2O4) in agarose with significant magnetothermal effects.

Under mild magnetothermal treatment, the expression of

HSP90 was upregulated in preosteoblasts and endothelial cells,

activating the PI3K/Akt pathway in preosteoblasts, thus

significantly promoting osteogenesis and biomineralization;

meanwhile, the cobalt in CoFe2O4@MnFe2O4 upregulated the

expression of the angiogenesis-related gene HIF-1 α, further

promoting the formation of new blood vessels at the injury site.

Zhuang et al. (2018) incorporated IONPs into mineralized collagen

coatings (MC) to promote osteogenic differentiation by initiating

mechanotransduction pathways and upregulating integrin α1,
integrin β1 and RhoA under static magnetic fields. Jia et al.

(2019) synthesized mesoporous silica-coated magnetic (Fe3O4)

nanoparticles (M-MSN), which exhibited excellent

biocompatibility and promoted osteogenic differentiation of

MSCs in vitro via the Wnt/β-catenin pathway. In healing

osteoporosis, IONPs can inhibit osteoclastogenesis by modulating

the TRAF6-p62-CYLD signaling complex (Liu et al., 2020a). Yu

et al. (2020) synthesized Fe2O3@PSC nanoparticles using the

biopolysaccharide-based antioxidant polyglucose-sorbitol-

carboxymethyl ether (PSC) as a precursor and found that it

scavenged reactive oxygen species from MC3T3-E1 and Raw

264. cells by activating the Akt-GSK-3β-β-catenin pathway,

inhibiting MAPK and NF-κB pathways ultimately promoting

osteoblast differentiation. IONPs, in combination with SCs or

biomaterials, will exhibit multiple functions. It was discovered to

promote osteogenic differentiation of hBMSCs via the MAPK

pathway (Wang et al., 2016). Jiang et al. (2016) prepared bovine

serum albumin (BSA) particles loaded with IONPs (Fe3O4/BSA)

and found that they significantly promoted the expression of

alkaline phosphatase, type I collagen, and osteocalcin at the

mRNA and protein levels in MSCs under static magnetic fields.

The microbiota influences the process of bone repair. By

constructing a rat palatal bone model, Jia et al. (2021) found that

3D printed SPION/PLGA could have a significant antibacterial

effect and could alter the oral microbiota while treating palatal bone

defects. Lu et al. (2018) prepared magnetic SrFe12O19 nanoparticle-

modified mesoporous bioglass (BG)/chitosan (CS) porous scaffolds

(MBCS) with excellent bone regeneration and anti-tumor functions.

The magnetic field generated by MBCS can promote the expression

of osteogenic genes such as OCN, COL1, Runx2, and ALP by

activating the BMP-2/Smad/Runx2 pathway; it can also perform

photothermal conversion to promote apoptosis of tumour cells, so it

is used for tumor-associated bone defects. The combination of

IONPs, MSCs, and biomaterials to build a composite system is the

mainstay of bone regeneration research, and some breakthroughs

have been made in their mechanisms. Duan et al. (2020)

constructed a human umbilical cord mesenchymal stem cell-

super magnetic iron oxide nanoparticles (NPs)@polydopamine

(SCIOPs) system, which was found to inhibit osteoblast

apoptosis, enhance osteoblast proliferation and promote bone

repair through the Akt/Bcl-2/Bad/caspase-3 signaling pathway in

the presence of a magnetic field and SCs homing ability. Xia et al.

(2019b) added IONPs powder to CPC powder to fabricate CPC-

IONP scaffolds and investigated the effect of the novel composite on

bonematrix formation and osteogenesis of human dental pulp stem

cells (hDPSCs). The results indicate that the osteogenic behavior of

hDPSCs may be driven by CPC-IONP via the WNT signaling

pathway. Themechanism bywhich IONPs promote bone repair has

also been explored from the perspective of RNA. It was found to

upregulate lncRNA INZEB2, regulating ZB2 expression and the

BMP/Smads pathway (Wang et al., 2017). As nanomaterials are

increasingly used in bone regeneration, it is essential to understand

their biological effects (Table 3). The ongoing exploration of their

molecular mechanisms may provide a theoretical basis and

biological evidence for regenerative medicine.

Hot spots and trends in iron oxide
nanoparticles for bone regeneration

A bibliometric approach was employed to investigate the

hotspots and trends in IONPs on bone regeneration. We

searched the Web of science core database for 631 relevant

primary literature and, after limiting the language of the

literature to English, eventually obtained 629 publications for

inclusion in the study. The literature was imported into the

Carrot2 clustering analysis tool to identify the current

mainstream research directions. A burst analysis of the

involved literature was also carried out using Citespace

software to identify hot spots and trends in recent years. The

results obtained from the Carrot2 analysis revealed that the main

directions of research clustering are Mesenchymal Stem Cells,

Magnetic Cells, Cells Labeled, Human, Superparamagnetic Iron

Oxide, and Scaffolds (Figure 14). Burst analysis disclosed that

IONPs were initially applied as magnetic resonance imaging

contrast agents and transfection agents and then steadily moved

towards magnetic resonance and in vivo tracking. After

incorporating stem cells into the field, IONPs tend to be

focused on migration, cell labeling, transplantation, and drug

delivery. The increasing use of biomaterials has led to the

development of IONPs from in vivo tracking to in vitro

studies. Recent years have seen a shift towards the scaffold,
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bone tissue engineering, osteogenic differentiation,

hydroxyapatite, and composite scaffold (Figure 15). The

results of the thematic clustering reveal that the research

literature in this area focuses on three main blocks of

research: stem cell research, cell marker research, and research

on scaffolds. Based on the analysis of the strongest citation bursts

of keywords, the development of this study can be divided into

three main periods. In the early stages, research in this field

concentrated on MRI and diagnostic aspects of disease; in the

middle stages, it focused on the labeling of SCs and in vivo

tracking; the current hotspots and trends are in scaffold research,

regenerative tissue engineering of bone and osteogenesis, and the

transformation of the scaffold from a single component at the

beginning to a composite scaffold. It is worth mentioning that

HA is the main inorganic component of bone and its excellent

biocompatibility, osteoconductivity and osteoinductivity,

binding similarity, and high porosity make it an important

area of interest for bone regeneration research (Ramesh et al.,

2018; Gomes et al., 2019). Its effects are primarily in the coating

of IO, the construction of scaffolds, and the delivery of drugs

(Khajuria et al., 2018). However, HA has certain drawbacks, as its

fragility reduces the mechanical properties of the material, and its

demonstrated difficulty in modification makes the nanoparticles

prone to agglomeration (Jegatheeswaran and Sundrarajan, 2015;

Alaribe et al., 2016). To address these issues, nHAp can be

combined with polymers to strengthen their mechanical

properties, biocompatibility, and biofunctionability, eventually

improving overall regeneration (Song et al., 2016).

Concluding remarks—future
perspectives

Although bone has the potential to heal itself, larger bone

defects are irreversible; it is a serve health problem and how to

promote bone regeneration remains a clinical challenge.

TABLE 3 Key elements of the study on the mechanism of IONPs for bone defects.

Compound
component

Experimental
method

Animal model Cell type Magnetic properties Signaling
pathway

References

Fe3O4/PDA In vivo and in vitro Rabbit model of
femoral epicondyle
defect

hBMSCs SMF TGFβ-Smads signaling
pathway

Huang et al.
(2020)

IONPs(Feraheme) In vivo and in vitro Ovariectomized
(OVX) mice

RAW264.7 macrophages,
bone marrow monocytes
(BMMS), osteoclasts

No application Inhibit RANK signaling
pathway by regulating
TRAF6-p62-CYLD
signaling complex

Li Liu et al.
(2020)

IONPs-PSC In vitro No application hBMSCs No application MAPK signaling
pathway

Wang et al.
(2016)

Fe3O4/BSA In vitro No application rBMSCs SMF(1T) Alkaline phosphatase
(ALP) activity, calcium
deposition, type I
collagen and osteocalcin

Jiang et al.
(2016)

SPION@
PDA NPs (Fe3O4)

In vivo and in vitro Rats were injected with
20 mg/kg/d
methylprednisolone in
the muscle above the
femoral head for
3 days (rat femoral
head necrosis model)

HU-MSCs SMF Akt/Bcl-2/Bad/caspase-
3 signaling pathway

Duan et al.
(2020)

IONP-CPC
(Fe2O3)

In vitro No application hDPSCs No application Wnt/β-catenin
signaling pathway

Xia et al.
(2019b)

IONPs-PSC In vitro No application hBMSCs No application BMP/Smad signaling
pathway

Wang et al.
(2017)

IONP-Exos
(Fe3O4)

In vivo and in vitro Anterior cruciate
ligament resection
model in rats

hBMSCs,
NIH3T3 fibroblasts

SMF miR-21-5p/
SMAD7 signaling
pathway

Xiang-Dong
Wu et al.
(2022)

M-MSNs (Fe3O4) In vivo and in vitro Rat tibia DO model rBMSCs No application Wnt/β-catenin
signaling pathway

Jia et al. (2019)

IOP-MC In vitro No application MC3T3-E1 cells, rBMSCs SMF Mechanotransduction
signaling pathway
(integrin α1, integrin
β1 and RhoA)

Zhuang et al.
(2018)

MBCS (SrFe12O19) In vivo and in vitro Bilateral critical-sized
calvarial-defect models
in rat

hBMSCs, MG-63 cells SMF BMP-2/Smad/
Runx2 signaling
pathway

Lu et al.
(2018)
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IONPs are an important member of the nanoparticle class

because their magnetic properties give them unique

advantages in bone repair, including stimulating osteogenic

differentiation, cell labeling, drug delivery, molecular

activation, and SCs homing. The powerful effect of IONPs

is inseparable from their coating. The external coating reduces

the toxicity of IO and improves the overall biocompatibility

and mechanical properties of the IONPs. Additionally, the

external modification of the coating with cytokines, drugs, and

targets can also give IONPs a targeted therapeutic effect. The

bone regenerative effect of IONPs is also influenced by

external magnetic fields, which can be remotely controlled

to induce various biological responses. IONPs are now

regularly used in combination with SCs and scaffolds to

achieve good bone regeneration results. It promotes

migration, adsorption, homing, labeling, and osteogenic

differentiation of SCs and confers a magnetic effect on the

scaffold. In composite scaffolds, good biocompatibility,

mechanical properties, resorbability, osteoconductivity, and

osteoinductivity are essential for bone regeneration. Although

some scholars have initiated to explore the specific

mechanisms by which IONPs treat bone defects, the

interactions between magnetic fields, cells, and

nanoparticles in composite scaffolds are still not sufficiently

understood. Although basic research has identified the crucial

role of bone morphogenetic proteins, vascular endothelial

growth factor, osteocalcin, and collagen in bone

regeneration, there is still a need to further explore and

elucidate their therapeutic mechanisms. The bibliometric

analysis also identified hotspots and trends in promoting

FIGURE 14
Pie chart of topic clustering in carrot2. The main directions of research clustering are Mesenchymal Stem Cells, Magnetic Cells, Cells Labeled,
Human, Superparamagnetic Iron Oxide, and Scaffolds.
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bone regeneration by IONPs fromMRI, cell labeling to in vitro

experiments, composite scaffolds, bone tissue engineering,

and hydroxyapatite. Later studies can further experiment

with innovations in tissue engineering based on HA

combined with IONPs, and adding other organic or

inorganic material components, adding cytokines or

pharmaceutical components to better accomplish the

purpose of bone regeneration. It is worth mentioning that

although IONPs are relatively safe for use in bone

regeneration, their toxicity is influenced by some factors,

and specific toxicological studies and refined interpretation

protocols are areas that we will need to explore further at a

later stage.
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Ankle sprain occurs by a sudden and extreme inversion and plantarflexion at the

ankle joint to cause ligamentous injuries. A portion of ankle sprain patients

experience recurrent ankle sprains and develop chronic ankle instability (CAI).

The present CAI animal models are single events with severe ligamentous injury

using surgical transection of ligaments or manually overextending the ankle.

Purpose: To simulate the mechanical and recurrent sprain injuries in CAI

patients, we established a new ankle instability model with multiple ankle

injuries using a self-designed machine to sprain the ankle with a controlled

inversion angle and speed.

Methods:Male C57BL/6J mice were used and respectively subjected to a sham

operation, calcaneofibular ligament (CFL) transection, and mechanical ankle

sprains. Three mechanical sprains were performed on the 13th and 185th day

after the initial mechanical ankle sprain.

Results: The first mechanical sprain and CFL transection induced ankle injury as

indicated by an average of a 62% decrease in ankle pressure pain threshold and a

114% increase in the ankle thickness compared with the contralateral untreated

ankle. The second and third mechanical sprains induced recurrent ankle injuries.

The foot slips during beam tests were increased after mechanical ankle sprains

but not after CFL transection, indicating the induction of motor balance deficits.

Multiple mechanical ankle sprains induced significant gait changes in longer

duration of stance (an average of 194% increase), swing (134%), and step cycle

(147%) compared with CFL transection or sham operation, and slower walking

speed (78% reduction) and shorter step distance (91%) after the third sprain.

Conclusion: These results elucidate that multiple mechanical sprains, which

induce recurrent ankle injuries, balance deficits, and gait changes, are a good

model for investigating the mechanisms of CAI induced by recurrent sprain

injuries.
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Introduction

Ankle sprain is the most common sports injury, with a rate of

4.95 lateral ligament complex ankle sprains per 10,000 athlete-

exposures (Roos et al., 2017). Lateral ankle sprain is the most

common type among all ankle sprains (Garrick and Schelkun,

1997). When the ankle experiences an inversion and/or

plantarflexion motion that exceeds physiological limits,

ligaments on the lateral side of the ankle are often damaged,

including the anterior talofibular ligament (ATFL), posterior

talofibular ligament (PTFL), and calcaneofibular ligament

(CFL). The severity of the lateral ankle sprain is often

classified into grades I (mild), II (moderate), and III (severe),

respectively, representing only stretching, partial, and complete

rupture of one or more lateral ligaments (Tiemstra, 2012; Slater,

2018). An acute ankle sprain could result in pain, swelling, and

loss of function. Residual symptoms after an acute ankle sprain

affect 55%–72% of patients at 6–18 months (Gerber et al., 1998;

Braun, 1999).

Although conservative treatments often lead to full

functional recovery in most people, up to 26% of the patients

continue to have recurrent ankle sprains, suggesting chronic

instability of the ankle joint. Chronic ankle instability (CAI) is

defined as the patient having recurrent lateral ankle sprains after

the initial sprain and is characterized by a recurring giving way

sensation (i.e., instability) of the ankle during walking or other

activities (Hertel, 2002). Depending on different populations, up

to 70% of patients suffering from lateral ankle sprain develop CAI

(Fong et al., 2007; Swenson et al., 2009; Hiller et al., 2012). CAI

has also been found to have a higher risk of developing post-

traumatic osteoarthritis (Gribble et al., 2016; Liu et al., 2021; Li

et al., 2022).

The common symptoms of CAI include balance deficits,

decreased physical activity (Wikstrom et al., 2018), and recurrent

injuries (Yeung et al., 1994). CAI includes mechanical instability,

functional instability, or both. Mechanical instability is the

measurable anatomical change, such as joint laxity, that causes

ankle joint motion to exceed normal physiological limits (Tropp,

2002). Functional instability is the sensation of ankle joint

instability and repetitive re-injuries. The impairment of

proprioception, neuromuscular control, postural control, and

strength are proposed to be involved in functional instability.

However, the supporting evidence is still poor (Hertel, 2000;

Tropp, 2002). Therefore, an appropriate animal model is

urgently needed to study the underlying mechanisms and

treatments for ankle instability.

Currently, two ankle sprain models have been developed. The

first one is a mouse model by surgically transecting the CFL and

ATFL (Kim et al., 2008; Kim et al., 2011; Hubbard-Turner et al.,

2013; Wikstrom et al., 2015; Liu et al., 2021; Li et al., 2022). The

second one is a rat model induced by manually overextending the

ankle repeatedly in the plantarflexion and inversion directions

(Koo et al., 2002). The ligament transection model is a single

injury event with severe injury, which does not replicate the

recurrent sprains seen in the CAI patients. The manual ankle

sprain model was developed for investigating ankle sprain related

pain. It is still unknown whether other CAI-related symptoms

can be induced by this model or not (Koo et al., 2008).

Furthermore, twisting the ankle manually may introduce

inter-experimenter variability, while twisting the ankle joint

60 times in 1 minute does not match how ankle sprain

injuries occur in humans. However, these two models do not

fulfil the development of CAI by recurrent and mechanical

sprains in humans and may also not be appropriate for

studying whether incomplete ligamentous (mild and

moderate) injuries are able to induce CAI.

In order to simulate mechanical and recurrent inversion

sprains seen in CAI patients, it is crucial to develop a non-

invasive (closed) lateral ankle sprain animal model that replicates

the ankle sprain motion more faithfully, with lower intra- and

inter-experimenter variations. We designed a machine that has a

computer-controlled motor capable of rotating the mouse ankle

joint in the inversion direction with precise control of rotation

angle and speed. Using the self-designed machine, we developed

a new mouse model of mechanical ankle sprain and

demonstrated that two consecutive twists (117° of inversion at

the speed of 1,500° per second) can induce an acute ankle sprain

injury similar to that induced by CFL transection. We also

further performed multiple sprains to investigate whether CAI

could be induced.

Materials and methods

Animals

All experimental protocols were in accordance with the

National Institutes of Health Guidelines for Animal Research

and were approved by the National Cheng Kung University

Institutional Animal Care and Use Committee (IACUC

#109126). All efforts were made to ensure animal welfare.

Male 8-week old C57BL/6J mice (body weight 18–22 g) were

used and obtained from the animal facility of the Medical

College, National Cheng Kung University, Tainan, Taiwan.

The mice were housed in a 12/12-h light/dark cycle room at

22 ± 2°C and had free access to standard laboratory chow and

water ad libitum. Twelve mice were divided into three groups, n =

4 for each group: the sham operation group, the CFL transection

group, and the mechanical sprain group. Mice were randomly

allocated into groups after the baseline measures were made.
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Surgical injury model

For both the sham operation and CFL transection groups,

mice were anesthetized in a chamber using 4% isoflurane and

kept under anesthetization using a mask. Prior to the surgery

operation, the lateral side of the right ankle was shaved and

cleaned with 75% alcohol for both groups. A small incision was

made longitudinally on the anterolateral side of the right ankle.

Under the anatomical microscope, the CFL was transected using

a purpose-made hook tool with sharpened edges (Kim et al.,

2008; Wikstrom et al., 2018). After the operation was finished,

the wound was sutured with polyamide monofilament (6/0, B.

Braun Surgical, S.A. Rubi, Spain). Mice received subcutaneous

injection of 5.0 mg·kg-1 Carprofen (Rimadyl; Zoetis, Parsippany,

NJ), one injection per day for 3 days to prevent wound

inflammation. For the sham operation group, the mice were

anesthetized following the same procedure as the CFL

transection group. The same incision as the CFL transection

group was made, but no other surgical operations were

performed. After the incision, the wound was sutured with

the same procedure as the CFL transection group, following

the same wound care protocol.

Mechanical sprain model

To establish a non-invasive (closed) lateral ankle sprain

model, a device was designed and fabricated (Figure 1) that

can restrain the mouse securely and precisely rotate the ankle

joint in the inversion/eversion axis. A stepper motor (Figure 1Aa)

is bolted on a heavy base (Figure 1Ae). The motor is powered by a

200W power supply and controlled by a computer-governed

controller. A rod (Figure 1Ad) coupled to the motor shaft acted

as the foot rest for securing the mouse foot in place. The rod was

cut in half length-wise, thus, when the foot was resting on the foot

rest, the rotation axis of the motor was able to come in line with

the inversion/eversion axis of the ankle. A plate (Figure 1Ab)

affixed on top of the motor acted as the bed platform to hold the

mouse body. Above the foot rest rod, a bed post (Figure 1Ac) was

affixed on the underside of the bed platform to provide an anchor

point for restraining the mouse shin to the machine.

Mice were anaesthetized with inhalation of 4% isoflurane and

thenmounted on the bed platform, facing downwards. A cable tie

was used to strap the mouse paw to the rod (foot rest) connected

to the motor shaft. The mouse shin was held against the bed post

by the experimenter’s hand to restrict the shin’s movement. After

the mouse was strapped firmly in place, the right ankle joint was

inverted in the inversion/eversion axis two times. A video was

provided to demonstrate the condition of the mechanical sprain

(Supplementary Video S1). The ankle was rotated to 117° of

inversion at a speed of 1,500° per second. Based on previous

studies of human ankle sprain kinematics (Fong et al., 2009;

Kristianslund et al., 2011; Fong et al., 2012), we decided on a

rotation speed of 1,500° per second. Our preliminary cadaver

trials found that the mice have a much greater inversion range

(an average of 90°) compared to humans (30°) (Norkin and

White, 2016). To ensure that the mechanical sprains exceed the

physiological limit of the ankle joint and accommodate the

characteristics of the stepper motor of the device, 117° of

inversion rotation was chosen for our study.

Themeasurement for ankle pain threshold

Pain at the joint site is one of the symptoms of ankle sprain.

Pressure application measurement (PAM) was used to measure

the ankle joint hypersensitivity to pressure (Barton et al., 2007). A

3 kg capacity load cell was used to measure how much force was

FIGURE 1
Device for mechanical ankle sprain. (A) photograph showing the device for spraining the ankle, a: a stepper motor, b: bed platform for the
mouse, c: bed post for restraining the mouse shin to the machine, d: foot rest rod connected to the motor shaft for securing mouse foot to the
motor, e: base plate to mount the motor, f: posts to support the motor. (B) photograph showing a mouse mounted on the ankle spraining machine.
The right shin is held against the bed post (c) by the experimenter’s hand (not shown) to restrict shin movement. The right paw is secured on the
foot rest rod (d) by a cable tie. In photo (B), the mouse foot is parallel to the floor and the mouse ankle has not yet been rotated. (C) photograph
showing how much the motor shaft spins to sprain the ankle, it spins 117° in the inversion direction as indicated by an arrow.
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applied. A load cell with a stainless rod (5 mm diameter)

attached, acting as pressure point, was used to assert pressure

on the mice’s ankle. Mice were accustomed to being handled and

restrained before the experiments. The intraperitoneal injection

position was suited for measuring ankle joint hypersensitivity

since the hind limbs were easily accessible. Following the

measuring procedure provided by Barton et al. (2007), the

load cell was used to apply force on the lateral side of the

ankle joint across the joint with gradually increasing force.

When mice showed withdrawal response with their legs or

squealed, the load cell was released and the maximal force

was recorded. Each mouse was measured three times at each

time point and the average was shown.

The measurement for ankle swelling

Swelling at the ankle joint is another one of the primary

symptoms of an ankle sprain. A handheld thickness gauge was

used to measure the level of ankle swelling. Mice were trained to

be handled and restrained before the experiment started. Each

ankle joint was measured three times at each time point.

Beam test

The beam test is a commonly used test for assessing

movement coordination (Luong et al., 2011). In brief, the

beam is a transparent acrylic plate 1 m in length, 6 mm in

width, 20 mm in height, and suspended 50 cm above the floor.

A camera was used to capture footages of mice traversing the

beam. Mice were trained for 3 days to get accustomed to the

beam test before the experiment started. Mice traversed the beam

three times for each time point. The speed of mice traversing the

beam and the total number of hind foot slips were counted by two

experimenters who were blind to the grouping.

Footprint assay

The footprint assay is based on the optical phenomenon of

frustrated total internal reflection (FTIR) as previously described

(Mendes et al., 2015). In brief, the footprint apparatus consists of a

walkway, lights, a mirror, and a camera. The floor of the walkway

was a 10 mm thick transparent acrylic panel. Two strips of blue

light-emitting diodes (LEDs) were affixed to both sides of the floor

acrylic to provide the light source for the FTIR. A mirror was

located 45° underneath the floor panel to reflect the images of the

underside of the floor panel towards the camera, which recorded

the footage of mice’s footprints traversing the walkway. The

footprint assay was performed three times at each time point.

Recorded footages were loaded into the footprint analyzing

program developed by Mendes et al. (2015). The program is

capable of identifying footprint locations automatically and

footprint parameters such as stance duration, swing duration,

step cycle, step distance, foot size, and overall speed can be

extracted. Since only the right hind limb was injured, the

performance of the hind limbs was analyzed. Several gait

cycles were recorded when a mouse traversed the walkway,

and the average of each gait cycle was calculated. Stance

duration was the duration of the stance phase of the gait

cycle, while the swing duration was the the duration of swing

phase of the gait cycle. A step cycle is the duration of each gait

cycle. Step distance was the distance between the centroids of two

sequential steps of the same paw. Foot size is the size of the

lightened up area on the walkway for each paw. Overall speed is

obtained from dividing the walkway length by the time themouse

takes to finish it, and can be treated as walking speed.

Statistical analysis

The data were analyzed and drawn in the GraphPad Prism

9.3 (GraphPad Software, San Diego, CA, United States), and

represented as mean± standard error of means (S.E.M). The

statistical significance was analyzed using a paired t test within

the group, such as a comparison between the left untreated foot

and the right treated foot, or a comparison before (baseline) and

after the treatment. The statistical significance was analyzed

using an unpaired t test between the independent groups,

including a comparison between the sham group and the

surgery group, or the sham group and the machine group, or

the surgery group and the machine group.

Results

Mechanical ankle sprain induces pain on
ankle

Hypersensitivity to pressure (pain) is a major indicator for

ankle sprain injury. We evaluated whether the ankle sprain under

the condition of 117° of inversion rotation and at a speed of 1,500°

per second could induce pressure hypersensitivity on the injured

ankle using PAM. Results showed that pressure threshold to

induce foot withdrawal was decreased, indicating induction of

pain on the injured ankles in all groups, with each group

sustaining a different duration of decrease. (Figure 2A). The

pressure threshold of the right treated foot was significantly

reduced after the CFL transection (an average of 65 ± 3%

reduction for D6–D9 or 42 ± 5% for D0–D9) and also after

the first mechanical sprain (an average of 62 ± 5% for D3–D9 or

63 ± 3% for D0–D9), respectively, compared with the

contralateral (untreated) left foot or corresponding

pretreatment baseline on the right foot (Figure 2A). These

results demonstrated that the induction of pressure
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FIGURE 2
Changes in the pressure pain threshold after mechanical ankle sprains. The ankle pain threshold was measured using PAM on the indicated day.
The pain threshold is shown (A) after the sham operation or the CFL transection or the first mechanical ankle sprain on day 0 (D0), (B) after the
second mechanical ankle sprain on the 13th day (D13), and (C) before (D185-pre) and after (post) the third mechanical ankle sprain on the 185th
day (D185). Values aremean ± SEM, n= 4. The statistical significancewas analyzed using paired t test within the group (# and &) or unpaired t test
between groups (*). *p < 0.05 compared with corresponding sham group; #p < 0.05 compared with corresponding left untreated foot (L);
& p < 0.05 compared with the corresponding right treated foot (R) of pretreatment (pre) baseline on the 12th day (D12) in (B) and pretreatment
baseline on the 185th day (D185-pre) in (C).
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hypersensitivity by a single mechanical sprain was similar to that

induced by CFL transection. In the sham operation group,

decreased pressure threshold was found only immediately

(D0) and on the second day (D2) after the sham operation.

Moreover, results showed that pressure hypersensitivity on the

injured side reappeared on the 13th day (D13, 51% reduction of

pressure threshold vs. the contralateral left foot and 46% vs. the

right foot of baseline on the D12), D16 (67% and 66%), and D17

(93% and 83%, Figure 2B). The third mechanical sprain also

induced a significant decrease in pressure threshold on the 193th

(78% reduction vs. the contralateral left foot and 87% vs. the

injured right foot of baseline on the D185-pre) and 197th day

(65% and 68%, Figure 2C). These results showed that a single

mechanical ankle sprain is successful in inducing a similar

pressure hypersensitivity caused by surgical CFL transection

and that recurrent ankle sprain injuries can be developed by

multiple mechanical sprains.

Swollen ankle is found after mechanical
ankle sprain

One of the major symptoms of ankle sprain-induced

inflammation is ankle swelling; the swelling was evaluated by

measuring the ankle thickness with a thickness gauge. Results

showed that ankle thickness in the treated right side increased

significantly on the 1st day (D1) only after the sham operation

(3.27 ± 0.03 mm) and CFL transection groups (3.2 ± 0.08 mm),

respectively, compared with the contralateral uninjured side

(2.87 ± 0.06 and 2.8 ± 0.00), or compared to the injured side

on the baseline before the treatment (2.8 ± 0.06 and 2.86 ± 0.09,

Figure 3). The first mechanical sprain induced an increasing

trend in ankle thickness on D1 (3.03 ± 0.13 on the sprained ankle

vs. 2.65 ± 0.09 on the un-sprained ankle, p = 0.14) and a

significant increase on D9 (2.93 ± 0.04 on the sprained ankle

vs. 2.77 ± 0.02 on the un-sprained ankle). These results indicated

that in comparison with an acute ankle swelling induced by CFL

transection, a single mechanical sprain induces a prolonged effect

on the ankle swelling. Moreover, a swollen ankle reoccurred after

the second mechanical sprain as shown by a significant increase

in sprained ankle thickness compared to the un-sprained side

(3.16 ± 0.07 mm vs. 2.80 ± 0.06 mm on the D13 and 3.05 ±

0.03 mm vs. 2.82 ± 0.03 mm on the D15) or compared to the

injured side before the second sprain (2.87 ± 0.05 mm). However,

the third mechanical sprain on the 185th day did not induce a

significant increase in the thickness of the sprained ankle. The

results demonstrated that in contrast to the one-time injury

induced by CFL transection, the repeated mechanical sprains

within 2 weeks were able to induce a recurrent ankle swelling but

could not reproduce the swelling symptoms 6 months after the

initial sprain.

Mechanical ankle sprain induces
impairment of motor coordination

We performed the beam test to examine motor coordination

after repeated mechanical ankle sprains. Results showed that

after the first mechanical ankle sprain, the number of foot slips

had a brief upward trend on the sprained side (4.67 ± 1.53 vs.

1.25 ± 0.75 on the un-sprained side, p = 0.18) on the 4th day. The

sham operation did not induce an increase in foot slips on the

treated side. CFL transection induced a significant increase in

foot slips of the injured side compared with the un-injured side

FIGURE 3
Changes in ankle thickness after mechanical ankle sprains. The level of ankle swelling was measured using a thickness gauge on the indicated
day after sham operation or CFL transection or three times of mechanical ankle sprains. The statistical significance was analyzed using paired t test,
#p < 0.05 compared with corresponding left untreated foot (L) and & p < 0.05 compared with the corresponding right foot (R) of pretreatment (pre)
baseline or before the second mechanical sprain (D13-pre) on the 13th day (D13).
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(5.67 ± 0.57 vs. 2.66 ± 0.66 on the D12 and 4.66 ± 0.76 vs. 1.5 ±

0.64 on the D21, Figure 4). After the secondmechanical sprain on

the 13th day (D13), an increasing trend of foot slips was

persistently found from D17 to D177, with a significantly

higher number of slips on the 27th day (3.67 ± 0.57 vs. 0.33 ±

0.28 on D27) compared to the un-sprained side. Moreover, after

the third mechanical sprain, a significantly higher number of foot

slips on the sprained side was reproduced (3 ± 0.5 vs. 0 ± 0 on the

un-sprained side) and continually found until the end of the

experiment. These results demonstrated that repeated

mechanical ankle sprains induced a long-term balance deficit.

Abnormal gait parameters are found after
mechanical ankle sprain

Alterations in gait pattern can be seen in CAI patients. Gait

parameters were analyzed using the footprint assay. Results

showed a significant decrease in stance duration on the

injured side in the CFL transection group (an average of 69 ±

3% decrease on the D14, D18, and D30) and the sham operation

group (58% decrease on D24; 50% on D30) when compared to

the corresponding pretreatment baseline (0.094 ± 0.006 s in CFL

transection group and 0.116 ± 0.011 s in sham group, Figure 5A).

For the mechanical sprain group, a significant decrease in stance

duration was only found on the 180th day (56% reduction) when

compared with the pre-treatment baseline. On the contrary, in

comparison to the CFL transection group and the sham

operation group, the first and second mechanical sprain

induced a significantly longer stance duration on the sprained

side (an average of 155 ± 7% increase on D1 and D5; 194 ± 20%

on D14 to D30 compared with the CFL transection group; 168 ±

0% on D14 and D30 compared with the sham group, Figure 5A).

In comparison with the baseline on the 180th day (0.065 ±

0.005 s), the third mechanical ankle sprain recurrently and

significantly induced a longer stance duration (146% increase

on D190 and 142% on D194, Figure 5A). In addition, the swing

duration was also significantly longer in mice after the first and

the second mechanical sprain than in mice treated with CFL

transection (117% increase on D1 and an average of 128 ± 4% for

D14 to D30, Figure 5B). However, the swing duration (Figure 5B)

and step cycle (Figure 5C) in the CFL transection or the sham

operation group showed no significant changes compared to the

corresponding pre-treatment baseline. Moreover, the results

demonstrated that the duration of step cycle was significantly

longer (117% longer on D5 and 119% on D14) after the first and

second mechanical sprains compared with the pre-injured

baseline (0.273 ± 0.01 s) or compared with the CFL

transection group (an average of 146% ± 6% longer for D1 to

D30). After the third mechanical sprain, the step cycle also

significantly increased on the 190th day (123% increase)

compared with the baseline on the 180th day (0.224 ± 0.01 s)

before the third mechanical sprain (Figure 5C). These results

demonstrate that multiple mechanical sprains induce a gait

change of longer step cycle due to increase in stance and

swing duration.

In the mechanical sprain group, after the first and second

mechanical sprains, step distance was found unaffected for the

initial 30 days until a significant 120% increase on the 180th day

compared with the pre-treatment baseline (72.8 ± 2.1 mm,

FIGURE 4
Effect of mechanical ankle sprains on motor balance and coordination. The number of hind foot slips were measured using a beam test on the
indicated day to evaluatemotor balance and coordination after sham operation, CFL transection, and threemechanical sprains. Total number of foot
slips were counted in three tests at each time point. Values are mean ± SEM, n = 4. #p < 0.05 compared with corresponding left untreated foot (L)
using paired t test. *p < 0.05 compared with sham operation group using unpaired t test.
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Figure 6A). The longer step distance was also found after the CFL

transection and sham operation. However, the third mechanical

sprain significantly induced a decrease in step distance (an

average of 91 ± 0% decrease for D186 to D194) when

compared with the baseline level on the 180th day (87.2 ±

0.9 mm, Figure 6A). These results indicate that the third, but

not the first and second, mechanical ankle sprain induces a gait

change of shorter step length.

FIGURE 5
Mechanical ankle sprains induces gait abnormalities in stance duration, swing duration, and step cycle. Footprint wasmeasured and analyzed on
days indicated on the graphs after sham operation, CFL transection, and three mechanical ankle sprains to obtain gait parameters including stance
duration (A), swing duration (B) and step cycle (C). Values are mean ± SEM, n = 4. The statistical significance was analyzed using unpaired t test (* and
%) or paired t test (@ and &). *p < 0.05 compared with the corresponding right foot (R) of the sham operation group; % p < 0.05 compared with
the corresponding right injured foot of the surgical transection group; & p < 0.05 compared with the corresponding pretreatment (pre) baseline; @
p < 0.05 compared with the pretreatment baseline of the third mechanical ankle sprain on the 180th day (D180-pre).
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FIGURE 6
Mechanical ankle sprains induces gait abnormalities in step distance, foot size, and overall speed. Footprint was measured and analyzed on the
days indicated on the graphs after sham operation, CFL transection, and three mechanical ankle sprains to obtain gait parameters including step
distance (A), foot size (B), and overall speed (C). Values are mean ± SEM, n = 4. The statistical significance was analyzed between groups using un-
paired t test (* and %) or within group using paired t test (#, @, and &) *p < 0.05 compared with right foot (R) of sham operation group; % p <
0.05 compared with the right injured foot of the surgical transection group; #p < 0.05, a significant difference between the right injured and the left
untreated foot (L) in each group; & p < 0.05 compared with the corresponding pretreatment (pre) baseline; @ p < 0.05 compared with the
pretreatment baseline of the third mechanical ankle sprain on the 180th day (D180-pre).
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The foot sizes on the injured sides were significantly smaller

than those on the uninjured sides after sham operation (57%

reduction on D1; 64% on D30), CFL transection (an average of

64 ± 2% reduction on D9, D14, and D30), and the first

mechanical sprain (64% on D1, Figure 6B). In addition, after

the second mechanical sprain, the foot size was unaffected until a

significant 80% reduction was found on the 180th day (D180).

However, the smaller foot size on the sprained side was not found

after the third mechanical sprain.

The overall walking speed increased significantly after CFL

transection (an average of 135 ± 3% increase for D14 to D30) and

after sham operation (142% increase on the 30th day) as

compared with the corresponding pre-treatment baseline level

(Figure 6C). After the first and second mechanical sprains, the

overall speed was not changed for the initial 30 days until a

significant 192% increase on the 180th day compared with the

pretreatment baseline (16.6 ± 0.7 cm/s, Figure 6C). On the

contrary, in comparison with the CFL transection or sham

operation mice, the overall speed decreased significantly in

mice after the second, but not the first, mechanical ankle

sprain (an average of 66 ± 5% decrease vs. CFL transection

for D14 to D30 and 67 ± 6% on D14 and D30 vs. sham

operation). Moreover, the slow speed re-occurred after the

third mechanical ankle sprain, a 78% decrease on the

D190 compared with the baseline level on the 180th day

(31.8 ± 1.6 cm/s, Figure 6C). These results demonstrated that

the repeated mechanical ankle sprains induces a gait change of

slower walking speed in contrast to faster walking speed in the

CFL transection group.

Discussion

We demonstrated a new mouse model for ankle sprain

induced by mechanical wrenching of the ankle with controlled

rotation angle and speed. We found that a single mechanical

sprain induces ankle injury, which is similar to the effect of

surgical CFL transection on ankle tenderness. Moreover, the

second mechanical ankle sprain 2 weeks later induces more

pronounced responses in ankle tenderness and swelling,

higher beam slips, and abnormal gait. Regardless of pain and

swelling, the symptoms of ankle instability, balance deficits, and

abnormal gait are reproduced after the third mechanical sprain

6 months later. This mechanical sprain model can induce

multiple ankle injuries and is very suitable for investigating

the molecular mechanisms and treatments of ankle instability

with recurrent injuries.

We first demonstrated that the ankle is twisted to 117° of

inversion at a speed of 1,500° per second, two at a time. The

model was able to induce an effect similar to that of the surgical

CFL transection on pressure hypersensitivity and swollen ankle

inmice. In addition, the ligament injury-induced hypersensitivity

and swelling can be reproduced when the second mechanical

ankle sprain occurs 2 weeks later; while the surgical group did not

show deficits in hypersensitivity or swelling at this time point,

ankle swelling was seen in the mechanical sprain mice, indicating

that inflammatory edema was induced by mechanical and non-

invasive ankle sprain, which is contrary to the ligament

transection model that has potential additional inflammation

and swelling caused by the open wound of surgery operation. The

results are consistent with the swollen ankles found in humans

after suffering from an ankle sprain (Delahunt et al., 2018).

In terms of the severity of ligament injury for an ankle sprain,

previous studies have shown that the surgical CFL or the ATFL

transection model is a grade III injury owing to the complete

rupture of one or more ankle ligaments, which is different from

the CAI predictor of grade II lateral ankle ligament injury

(Pourkazemi et al., 2014). In the mechanical sprain model, we

found that the sprain injury-induced tenderness and swelling

recovered 12 and 4 days after the first and second mechanical

sprain, respectively. Since ankle injuries are recoverable, the

mechanical sprain condition used in the present study may be

considered to induce a strain of lateral ligaments without rupture,

which is known to be classified as a grade I ankle injury (Slater,

2018). Moreover, when the third mechanical sprain was

performed 6 months later, it induced a delayed ankle

tenderness but did not result in ankle swelling. We

hypothesized that the two previous mechanical sprains may

have induced laxity in the ankle ligaments, leading to ankle

joint laxity; therefore the third sprain using the same twisting

condition was not sufficient to result in the same notable changes

in pain threshold and ankle thickness seen in the previous two

sprains. Previous studies have shown in patients suffering CAI,

the recurrent sprains result in unstable ankle joint due to the

induction of joint laxity (Al-Mohrej and Al-Kenani, 2016).

Although the hypothesis still needs to be further examined

using CT scan or other histology examination methods,

unstable ankle caused by loose ligaments can be supported by

our results showing that significant balance defects and gait

changes are found after the second and third, but not the first

mechanical ankle sprain.

In the beam tests, our results demonstrate that the increased

number of slips on the sprained foot are found after the first and

second sprain, and persistently occurs after the third sprain,

6 months later. However, the increased foot slips in the injured

ankle are only found on days 12 and 21 after CFL transection.

These results are consistent with the finding that increased number

of foot slips were found in the earlier periods of 3 days and 1 week

after CFL transection and that mice with ATFL and CFL

transection have more foot slips than sham operation and CFL

transection mice (Hubbard-Turner et al., 2013; Wikstrom et al.,

2015). Since persistent higher number of foot slips were found after

the second and third mechanical sprain, we propose that the

repeated mechanical sprains used in this study result in long-term

balance defects by inducing injuries of multiple ankle ligaments.

Considering the induction of balance defects as one of the major
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symptoms of CAI (Hertel, 2002), the results and the following

abnormal gaits supports the fact that our model of recurrent

mechanical ankle sprain is able to induce CAI.

The gait changes in the mechanical sprain group included a

significant increase in the stance duration and step cycle

(Figure 5), whereas a decrease in the step distance and overall

walking speed (Figure 6), were found after each mechanical

sprain as compared with the CFL transection or sham

operation group. These findings further support the results

that repeated mechanical ankle sprain-induced injuries of

multiple ankle ligaments lead to a decrease in the step

distance and walking speed because smaller step lengths and

slower running speeds were found in the wheel after the

transection of two ligaments (ATFL and CFL), but not limited

to CFL (Hubbard-Turner et al., 2013; Hubbard-Turner et al.,

2015; Wikstrom et al., 2018). Furthermore, previous results from

human studies demonstrate that individuals with ankle sprains

have slow walking speed and shorter step length (Punt et al.,

2015). On the contrary, in both the sham operation and CFL

transection groups, the stance duration decreased but the step

distance and overall walking speed increased from the 14th to

30th day when compared with the pretreatment baseline.

Moreover, these gait changes are also found in the mechanical

sprain of mice on the 180th day, but not found in the period

between the 1st and 30th day after the first and second

mechanical ankle sprain. Since no footprint assay was

performed in the period between the 30th day (no gait

changes) and the 180th day (significant gait changes) after the

first mechanical sprain, we rule out a training effect of footprint

assay as the reason behind gait changes on the 180th day in the

mechanical sprain group. In addition, the gait changes found in

both the sham operation and CFL transection groups are

comparable and also found on the 180th day in the

mechanical sprain group, suggesting that the shorter stance

duration, longer step distance, and faster walking speed found

in all groups may be normal physiological responses. Previous

results support the suggestion, showing that a longer step length

is observed along with age in all the groups of sham, CFL-only,

and ATFL/CFL transections (Hubbard-Turner et al., 2013;

Wikstrom et al., 2015).

In addition, decreased foot size in treated side of paws was

found in all groups; a persistent decrease in both sham operation

and CFL transection group as well as a transient decrease in the

mechanical sprain group after the first and second mechanical

sprain (Figure 6B). One study demonstrated that a smaller foot

print area (foot size) of the affected side of the paws was found

after unilateral intracerebral hemorrhage using a similar

footprint camera system used in this study (Liu et al., 2013).

These findings support that the decreased foot size may be

associated with the injured ankle. However, the third

mechanical sprain did not induce a smaller foot size

(Figure 6B) in the sprained ankle, which may be due to the

ankle laxity being unable to support the foot as discussed.

The limitation of the present study is that it is hard to

directly evaluate the severity of the ligamentous injuries

induced by mechanical ankle sprains. For example, it is

difficult to isolate the tiny CFL or ATFL and also hard to get

the longitudinal section of both ligaments from the ankle

samples for the examination of ligament injuries using

histological staining, such as HE and collagen staining. In

addition, the mechanical sprains in this study may not

induce complete ligamentous tears, which is also difficult to

observe using the micro-CT. One previous report demonstrated

that talus displacement was still not observed from micro-CT

images in the mice with CFL and ATFL transection (Liu et al.,

2021). However, the limitations may be overcome by changing

the experimental animals into rats and modifying the device

for the rats based on the experiences of the present study.

Moreover, the measurement to detect the ankle joint range

of motion or mobility needs to be done urgently to elucidate

the ankle laxity and functional ankle instability induced by

multiple mechanical ankle sprains in the present mouse CAI

model.

In conclusion, we established a new model of lateral ankle

sprain using a self-designed machine with a precise control of

inversion angle and speed. Our model of multiple mechanical

ankle sprains can induce recurrent injuries, long-term balance

deficits, and gait changes, which simulate the major

characteristics of ankle instability in humans (Hertel, 2002).

Moreover, the advantage of this model is that the inversion

angle, speed, and times and intervals of sprains can be

manipulated and controlled. Therefore, this model can be

used to further study the ankle instability induced by various

ankle biomechanics of sprains, which may simulate the

multiform of CAI in humans. On the other hand, the

mechanical sprain-induced CAI model is distinguished by

surgical transection of ligaments and may also be applied for

investigating the incomplete ligamentous (mild to moderate)

injuries induced by CAI. This mouse model is also applied to

knockout and transgenic mice to study the potential molecular

mechanisms involved in ankle instability, such as nociceptors,

mechanoreceptors, and proprioceptors.
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Stability of internal fixation
systems based on different
subtypes of Schatzker II fracture
of the tibial plateau: A finite
element analysis
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Background: Schaztker II fracture is themost common type of the tibial plateau

fractures (TPF). There has been a large number of cadaveric biomechanical

studies and finite element simulation studies to explore the most stable fixation

methods for this type of fracture, which were based on a single fracture

morphology. But differences among fracture morphologies could directly

affect the stability of internal fixation systems. In this sense, we verified the

stability of existing internal fixation modalities by simulating Schatzker II

fractures with different fracture morphologies.

Objectives: To compare the stability of different filler types combined with

locked compression plate/screw in different subtypes of Schatzker II TPF.

Methods: Four subtypes of Schatzker II were created based on 3D map of TPF.

Each of the subtypes was fixed with LCP/screw or LCP/screw combined with

different fill types. Stress distribution, displacement distribution, and the load

sharing capacity of the filler were assessed by applying the maximum load

during gait. In addition, repeated fracture risks of depressed fragment were

evaluated regarding to the ultimate strain of bone.

Results: The stress concentration of the implant in each scenario was located

on the screw at the contact site between the plate and the screw, and the filler

of the defect site significantly reduced the stress concentration of the implant

(Subtype A: Blank group 402.0 MPa vs. Experimental group 315.2 ± 5.5 MPa;

Subtype C: Blank group 385.0 MPa vs. Experimental group 322.7 ± 12.1 MPa).

Displacement field analysis showed that filler significantly reduced the

reduction loss of the depressed fragment (Subtype A: Blank group

0.1949 mm vs. Experimental group 0.174 ± 0.001 mm; Subtype C: 0.264 mm

vs. 0.253 ± 0.002mm). Maximum strain was in subtype C with the value of

2.3% ± 0.1% indicating the greatest possibility of failure risk. And with the

increase of its modulus, the bearing capacity of filler increased.

Conclusion: The existence of filler at the defect site can effectively reduce the

stress concentration of the implant and the reduction loss of the collapsed
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block, thus providing good stability for Schatzker II fracture. In subtype A

fracture, the modulus of filler presented the slightest influence on the

stability, followed by subtype C, while the stability of subtype B was most

influenced by the modulus of filler. Therefore, it is necessary to evaluate the

preoperative patient imaging data adequately to select the appropriate stiffness

of the filler.

KEYWORDS

tibial plateau fracture, finite element, biomechanics, Schatzker II fracture, stability,
fracture morphology

Introduction

Schatzker II split depression fractures are the most

common type of TPF, accounting for 35% of the fractures

(Elsoe et al., 2015). According to the AO recommendations,

the goal of TPF treatment is anatomic reduction of the

articular surface, the proper alignment of the lower

extremity, stable fixation and reducing the risk of post-

traumatic osteoarthritis (Júnior et al., 2009). Non-angular

stable plate had been a standard method for this type of

fracture. However, motion between fragments due to non-

angular stability is likely to be the main cause of secondary

reduction loss after surgery. Thereafter, angular stable plate

was largely used. A matched retrospective cohort study by

Prall et al. (2020) showed that angular stable plate significantly

improved fracture stability. Other studies have also

demonstrated the good performance of angular stable plate

used in TPF (Trenholm et al., 2005; Lee et al., 2007). However,

range 21%–58% of patients experienced early osteoarthritis

and poor functional outcome was reported (Rademakers et al.,

2007; Manidakis et al., 2010; Mattiassich et al., 2014).

Schatzker II of TPF split fracture is characterized by the

lateral tibia plateau with associated depression of the articular

surface, which need fixation augmentation of filler to fill the

intraosseous void and to provide mechanical support for the

articular surfaces. Numerous biomechanical and clinical

studies on the benefits of fillers had been publish (Russell

and Leighton, 2008). A systematic review by Goff et al. (2013)

compared the effects of various types of fillers from the

perspective of radiological evaluation, and showed that the

secondary collapse rates (step-off above 2 mm) of the articular

surface from high to low were calcium sulfate cement, biotype

bone substitutes (allograft, demineralized bone matrix, and

xenogeneic bone), hydroxyapatite, and calcium phosphate

cement. Trenholm et al. (2005) demonstrated

experimentally in cadaveric bone that augmentation with a-

BSM bone substitute provided good stability compared with

cancellous. Belaid et al. (2018) demonstrated that cement

augmentation can improve implant stability and reduce the

risk of re-collapse of collapsed fragment by means of finite

element analysis. Aubert et al. (2021) also yielded similar

conclusions as Belaid et al. (2018), affirming the good

mechanical stability obtained by bone cement filling the

defect site.

All of the above studies, although comparing the effects of

different types of fillers, were simulated or experimentally performed

under one fracture morphology alone and did not consider the

morphological diversity of Schatzker II fractures themselves. The

variety of fracture morphology may directly affect the stability of

internal fixation methods. This study intends to compare the

stability differences of different types of fillers in the treatment of

different subtypes of Schatzker II fractures by finite element analysis,

so as to provide value guidance for clinical practice.

Materials and methods

Geometry of studied structures

The tibial model was derived from the CT data of the lower

extremities of a healthy adult female (female, 65 years, 75 Kg).

The CT scan (slice thickness: 1.0 mm) was performed on a 64-

slicer CT scanner (Siemens AG, Erlangen, Germany). The data

archived from Picture Archiving and Communication Systems

(PACS) were imported into Mimics (version 21.0, Materialize,

Belgium), and the semi-automatic segmentation method based

on the region growing algorithm was used to obtain the

geometric shapes of cortical bone and cancellous bone. Then

the preliminary model was imported into Geomagic Wrap

(version 2017,3D Systems, United States) for smooth

processing. Finally, the processed geometric models are

imported into Unigraphic NX (version 10.0, Siemens PLM

software, United States) for geometric shape split to construct

the fracture model. The study was approved by the Institutional

Review Board of our hospital (S2020-114-04).

The fracture model was established based on Zhang et al.’s

3DMapping of Hundreds of patients with TPF (Yao et al., 2020).

It consisted of four parts: tibia shaft, separated fragment,

depressed fragment and defect site (Figure 1). By changing the

size of the fragment to represent the diversities of fracture

morphology, four different fracture subtypes were obtained

from four different fragment types. Subtype A was a type in

which the size of the collapsed fragment was relatively large, so

that screws can directly penetrate the collapsed fragment, and
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this subtype occurred mostly in young people with better bone

quality (Figure 2A). Subtype B was a type of relatively large defect

area, which was more common in osteoporotic patients, and

screws were often able to penetrate the filler in the defect area

during treatment (Figure 2B). Subtype C belonged to the

borderline type, and the position of the screw was between

the collapsed block and the defect area, which appeared in a

few cases (Figure 2C). Subtype D represented a type in which the

screw was not in contact with the fracture fragment and it was an

occasionally common type (Figure 2D). The implant was selected

as a proximal tibial lateral LCP (SDJP-A 039; length 81 mm,

width 11 mm, thickness 3.7 mm; AKEC, China) and eight

unicortical locking screws (diameter 3.5 mm, AKEC, China).

The screw threads were removed so as to improve the

calculation efficiency, which didn’t affect the simulation of

locking function of locking screws. Simplified cylindrical filler

FIGURE 1
A geometricmodel of Schatzker II fracture was presented using Subtype C as an example. (A)Overall 3D view of the working conditions. (B) The
frontal view of the tibial, shows the depressed fragment, filler, screw, plate, and tibial shaft. (C) The mirror view of (A) shows the separated fragment.

FIGURE 2
Four subtypes of fracture after assembly. (A–D) respectively represented Subtypes. (A) The screw penetrated the depressed fragment. (B) The
screw penetrated the filler. (C) The screw was located between the depressed fragment and the filler. (D) The screw was not in contact with the
depressed fragment and the filler.
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was selected for the subchondral defect, and the material types

included: polyether-ether-ketone (PEEK), fibula cancellous bone

(FCB), allogenic femoral head particles (AFHP), 3D printed

porous titanium (3DPT) and blank group (BG) of nothing

filler. 3DPT were given three different elastic moduli. The

four fracture subtypes after fixation were shown in Figure 2.

Four fracture subtypes combined with seven filling methods

resulted in 26 simulation scenarios, because there was no

substantial comparison between the blank group of subtype B

and D and the corresponding experimental group.

Material properties of each structure

We used Hypermesh software (version 2019; Altair;

United States) to mesh geometric models and to allocate

material properties. The different parts of the proximal

tibial fracture model were meshed using quadratic

tetrahedral elements as recommended in the literature

(Polgar et al., 2001). To attain a fine meshing with a

great convergence, a set of simulations was computed by

increasing the degree of relevance until displacement values

did not change by more than 1% (Belaid et al., 2018). The

resulting mesh was quadratic tetrahedral elements with a

mean size of 2 mm. The number of mesh was showed in

Table 1.

We assigned cortical and cancellous bone separately to the

corresponding elastic, homogeneous and orthotropic properties

(Amini et al., 2015). The material properties of the other

structures are assumed isotropic linear elasticity. Table 2

shows the material properties of all constructs as well as

relevant literature sources.

TABLE 1 Parameters of the FE models.

Nodes/elements of Subtype A Subtype B Subtype C Subtype D

Tibial shaft 45404/237308 45404/237308 45404/237308 57135/300659

Screw 16577/64040 16577/64040 16577/88514 16577/64040

Fragment 10293/41939 7733/30730 7724/30696 8923/39485

Plate 6311/23071 6311/23071 6311/23071 6311/23071

Filler 318/1055 2746/11770 438/1789 205/659

TABLE 2 Material properities.

Young modulus [MPa] Poisson’s ration References

Cortical bone E3 = 12847 υ12 = 0.381 Belaid et al. (2018)

E2 = 7098 υ13 = 0.172

E1 = 6498 υ23-0.167
G12 = 2290 υ21 = 0.396

G13 = 2826 υ31 = 0.376

G23 = 3176 υ32 = 3.346

Trabecular bone E3 = 370.6 υ12 = 0.381

E2 = 123.4 υ13 = 0.104

E1 = 123.4 υ23 = 0.104

G12 = 44.84 υ21 = 0.381

G13 = 58.18 υ31 = 0.312

G23 = 58.18 υ32 = 0.312

Titanium alloy plate and screw E = 110000 υ = 0.3

PEEK E = 2800 υ = 0.3 Kang et al. (2021)

FCB E = 1500 υ = 0.3 Nagasao et al. (2002)

AFHP E = 2500 υ = 0.3 van Gestel et al. (2019)

3DPT-1 E = 600 υ = 0.3 a

3DPT-2 E = 6000 υ = 0.3 b

3DPT-3 E = 60000 υ = 0.3

a3D Printed block of a certain porosity.
bTheoretical test value.
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Boundary conditions and loading

Abaqus/CAE (version 2019, United States) was used to define

the boundary conditions and to perform simulations. In each

scenario, the maximum load during gait was simulated. It was

defined as 3 times the patient’s body weight (Taylor et al., 2004). The

total load of 2250 N was divided between the medial (1417.5 N) and

lateral condyles (832.5 N) (Zhao et al., 2007). The resulting surfaces

approximately corresponded to 403 and 374 mm2 in the lateral and

medial condyle, respectively (Poh et al., 2012). Nodes at the distal

end of the model were fixed in all degrees of freedom. The loading

conditions were the same for all the models.

The contact between screws and bone was assumed to be fully

ensured and the interface was considered perfectly bounded.

Considering the fluid microenvironment in which the fragment

was located after surgery, we defined the contact between the

fragment as frictionless and the friction coefficient between the

bone and the substitute as 0.2 (Simon et al., 2003).

FIGURE 3
Stress fields (von Mises) in plate in a medial-lateral perspective for the 26 simulated scenarios. The maximum stress values in the plate for each
subtype were presented in Figure 5B.
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Result analysis

Stress distribution (von Mises) of plate and screws was

computed to predict the weak area of the implant. Strain

distribution and reduction loss of the depressed fragment

were output to assess the stability of implant and the risk of

secondary subsidence. Strain value greater than 2% is considered

to bone failure according to Perren’s strain theory (Perren, 2002).

Reduction loss was expressed as the maximum axial

displacement of the depressed fragment (Aubert et al., 2021).

Results

Stress distribution fields of plate and screw were, respectively,

presented in Figures 3, 4 for the twenty-six scenarios. In all

scenarios, the change of plate, screws and bone was within the

elastic deformation range of corresponding material.

Additionally, the maximum stress was concentrated on the

screw. In Subtype A, the peak stress of the blank group was

402.0 MPa, and the average peak stress distribution of the

experimental group was 315.2 ± 5.5 MPa; in subtype B, the

medial stress value of the test group was 278.8 ± 19.3 MPa; in

subtype C, similar to the subtype A, the blank group showed the

maximum stress, about 385.0 MPa, and the average peak stress of

the experimental group was between 322.7 ± 12.1 MPa; in

subtype D, the stress concentration in the filled group was

337.7 ± 0.7 MPa, though the stiffness value of the filler was

100 times the span. As for the plate, the maximum stress in

subtype A was 60.4 MPa, and the average value of other group in

this subtype was 50.9 ± 0.6 MPa. In subtype B, the mean of stress

value is 107.3 ± 5.6 MPa. In subtype C, the maximum was

57.9 MPa and the average was 51.0 ± 1.1 MPa. In subtype D,

the average was 54.1 ± 0.1 MPa. The trend of stress in screw and

plate were showed in Figures 5A,B. The slope between BG and

3DPT1 groups was significantly higher than that of the

experimental groups, especially in the A and C fracture subtypes.

The displacement fields of the depressed fragment were

presented in Figure 6. Consistent with the peak stress, the

blank groups in subtype A and C performed the maximum,

and they were 0.195 and 0.264 mm respectively. The averages in

the experimental groups of subtype A and C were 0.174 ±

0.001 mm and 0.253 ± 0.002 mm correspondingly. The mean

values in the Subtype B and Subtype D were 0.253 ± 0.002 mm

and 0.151 ± 0.002 mm. The trend of the reduction loss of the

depressed fragment was showed in Figure 5C. It was the same as

the change trend of peak stress.

The variation of the load of the supports’ surface was showed

in Figure 5D. The values were 134.2, 148.5, 153.6, 154.4, 159.2,

164.6 N respectively in subtype A. They were 629.5, 642.2, 646.8,

647.4, 652.7, 661.0 N correspondingly in subtype B. In subtype C,

the values from bottom to top were 43.2, 59.1, 69.3, 71.3, 82.1,

94.0 N. In subtype D, the values were 13.0, 13.9, 14.1, 14.1, 14.3,

14.5 N respectively. Invariably, the surface load increased with

increasing stiffness values.

The strain fields of the depressed fragment were presented in

Figure 7. We recorded all internal fixed scenarios with strain

greater than 2%. All the scenarios in Subtype C were included, the

values were 2.3% all. Besides, the blank group in Subtype A

achieve a strain of 2.2% which exceed the limit strain of the bone-

FIGURE 4
Stress fields (von Mises) in screw in an oblique downward view for the 26 simulated scenarios. The maximum stress values in the screw for each
subtype were presented in Figure 5A.
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2%. The above data indicated that Subtype C fracture was a

fracture type with a high risk of failure.

Discussion

Morphological diversity of fracture

Fracture is defined as the interruption of the continuity and

integrity of a bone under a certain external force. The occurrence of

TPF is mainly due to axial compression and valgus violence of the

knee joint. In the past, the classification of tibial plateau fracture is

mainly based on the injury mechanism and the position of fracture

line, which enables the majority of scholars to have an intuitive

understanding of tibial plateau fracture and provides efficient

communication methods. To some extent, this macro

classification provides a reference for treatment and has clinical

guiding significance. However, studies on biomechanical problems

only using traditional classification often have limitations. Belaid

et al. indicated that the screw did not contact with the bone cement

but passed through the collapsed block in the Schatzker II fracture.

Kevin et al. indicated that the screw did not contact with the

collapsed bone but passed through the bone cement. This fully

demonstrates the actual existence of morphological variability in

Schatzker II fractures. Therefore, the conclusion of the above two

researchers only reflect the stability of specific Schatzker II fracture

morphology, and its guiding significance for the macroscopic

treatment of Schatzker II fracture is limited. We are trying the

new morphology-based classification method to get better results

to serve the clinical practice.

As shown in Figures 5A–C, in experimental group of subtype A,

the slope of the curve of elastic modulus and implant stress and

reduction loss was theminimum, followed by the curve of subtype C

and subtype B. This reflected that the stiffness of filler presented the

FIGURE 5
Maximum value and variation trend of screwmaterial stress and plate material stress (A,B), reduction loss on the depressed fragment expressed
as directional displacement (C), and the surface load of the filler (D).
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slightest influence on the stability of subtype A fracture, while the

stiffness of filler showed the greatest influence on the stability of

subtype B fracture. This variation suggested that the morphologic

diversity of fractures did affect the stability of the internal fixation

system.When the screw penetrated through the depressed block, all

the stress of the structure is transferred to the implant through the

depressed fragment, resulting in a large number of stress shielding to

the filling structure below, so the stiffness of the filling has the

minimal influence on the stress of the implant. On the contrary, in

subtype B, the intersection of the screw and the implant enabled the

applied load to be successfully transferred to the implant and

adjacent filler, making the implant-filler the main carrier of stress

bearing, leading to the maximum influence of the stiffness of the

implant on the stress of the implant. Similarly, themiddle position of

screws in subtype C determined the middle slope of the curve. In

addition, as shown in Figures 5A,C, there is a noticeable difference

between the blank group and the 3DPT1 group in subtype A and

subtype C, which was larger than the difference between 3DPT1 and

3DPT3, indicating that the presence or absence of filler had a higher

impact on stress concentration than the increase of filler modulus.

Angular-stability plate and structural filler

The principle of treatment of TPF is anatomical reduction and

rigid fixation. Absolute stabilization is the primary principle of

articular surface treatment, with which direct healing of

metaphyseal cancellous bone can be achieved (McBride-Gagyi and

Lynch, 2020). For the fracture site, compression force promotes the

remodeling and combination of the fragments, and shear force

aggravates the separation of the blocks, which leads to delayed

union or nonunion of the fracture. As one of the most important

joints in the human body, the treatment of knee fractures must

require maximal restoration of structure and function.

The classical principle of treatment of tibial plateau fractures was

to use a synthesis plate and several screws with autograft of the defect

site (Júnior et al., 2009). In recent years, with the extensive spread of

minimally invasive concept, two lag screw fixation combined with

bone cement filling has been advocated by many scholars

(Vendeuvre et al., 2013; Kfuri and Schatzker, 2018).

Corresponding finite element simulations and cadaveric

mechanical studies seemed to confirm the stability of the above

methods, but the unicity of the experimental model does not indicate

that the above treatment modalities can provide greater clinical

benefits. In contrast, angle-stable plates have gradually replaced

non-angle-stable plates due to their strong shear resistance,

especially in the treatment of fractures involving the articular

surface. A large number of controlled clinical studies have

confirmed the good benefits of angle-stable plates in the

treatment of TPF (Nikolaou et al., 2011; Prall et al., 2021).

Filling of the defect site is an eternal topic in orthopedics, and

how to achieve a balance between biological activity and mechanical

FIGURE 6
Directional displacement fields of the depressed fragment from the perspective of maximum displacement of the corresponding scenario.
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stability has always been a problem to be solved all the time. In the

early stage, we have proposed the internal support theory to

reconstruct and repair the empty shell structure in view of the

compression collapse in metaphysis (Li et al., 2020). The theory

indicated that the compression collapse of metaphysis is due to the

collapse effect of complex violence on cancellous. Traditional

therapy failed to reconstruct the collapsed structure, resulting in

the voids that transform the solid structure into a shell structure. The

traditional plate-screw fixation system relies on the raft support of

external screws to achieve fixation. The shell structure is supported

by surface, which has poor mechanical strength and cannot be

effectively fixed. In addition, hollow physical space is formed inside

the empty shell, which cannot form bone. As a result, the fixation

strength cannot be improved with the extension of postoperative

time, which further increases the occurrence of postoperative failure.

The present study is introduced to compare the different types of

internal support in the void of Schatzker II TPF and got a

meaningful result. PEEK, FCB, AFHP and 3DPT are all proven

types of materials with good biological activity, differing in stiffness

values. Whether a large change in stiffness values can have a

significant effect on the stability of internal fixation has not been

concluded in previous finite element studies. The results of our data

showed that the filling or not of the defect site was the main factor

affecting the structural stability, and the change in stiffness value of

100 times did not significantly affect the structural stability (Figures

5A–C). However, it is undeniable that an increase in stiffness value

increases the ability of the filler to share the load (Figure 5D).

Different filler type

There are three main treatment methods for subchondral bone

defects: autologous bone, allogeneic bone and bone substitutes.

Autologous bone is of great osteogenesis, but the disadvantage is

greater surgical trauma and long-term postoperative pain for the

patient. Allografts have been used as a natural substitute to fill the

bone defect, but disadvantages like transmission of diseases, rejection

reactions, nonunion, graft resorption, and limitations of donor have

been reported. Bone substitutes have been studied for decades in the

field of bone tissue engineering, and the current consensus is that

porous structures can provide scaffolds for osteoblasts to grow into

bone.With the rapid development of 3D printing technology, it is no

longer difficult to fabricate structures with specific porosity from

specific material powders. 3D printing technology has been

successfully applied in the treatment of large bone defects, and we

expect that this technology will also play a full role in the treatment of

smaller bone defects in the epiphysis. Therefore, FCB, AFHP, PEEK,

and 3DPT were used as representatives of bone substitutes to carry

out this study. In addition, according to the 3D fracture map of the

tibial plateau created by Zhang et al. (Yao et al., 2020), fracture lines in

FIGURE 7
Strain fields of the depressed fragment from the perspective of maximum strain of the corresponding scenario.
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the collapse area of the tibial plateau are similar to the original shape,

so we simplified the collapsed bone and filling into a cylinder.

Impact on surgery and rehabilitation

Our conclusion suggested that the position of the screw in

relation to the bone fragment is an important factor affecting

stability. The intersection of screws and fragments is ideal for

surgery and is usually achieved in patients with good bone quality

tibial plateau fractures. The coexistence of thin subchondral bone

with a large subchondral defect, namely subtype Cmentioned in this

article, epitomizes the majority of patients and is a challenge for

surgical treatment. The granular form of the implant is characterized

by an inability to obtain a strong connection between the screw and

the implant, which amounts to a failure to fill the defective area-the

screw is suspended, as in the blank group in subtype C, and the risk of

systemic failure is greatly increased. Our structural filler solves this

problem to a certain extent, and reduces the peak stress concentration

in the plate and screw. Therefore, in the surgical treatment of

Schatzker II fractures, it is crucial to flexibly vary the screw

placement to achieve a firm interlocking fixation while avoiding

the levitating effect of the screws. This principle also applies to the

surgical treatment of fractures in other parts of the body.

In addition, this study, which set up a scenario of normal

postoperative walking, showed that satisfactory displacement

and strain were achieved with all subtypes of the internal

support system, except for subtype C. This suggested that it

was mechanically safe for the patient to perform normal

functional walking exercises immediately after surgery when

an effective internal support system was achieved. Therefore,

if possible, we recommend that functional exercise of the limb be

performed as soon as possible after surgery.

Limitations and validity

This study has some limitations. The soft tissues, menisci and

ligament were neglected. The bone was considered

homogeneous. We assumed a lower coefficient of friction (μ =

0.2), to take into account the in vivo environment (blood,

marrow). This was motivated by the measured values of the

coefficient of friction between bone and smooth implant were in

the range of 0.28–0.44 (Rancourt et al., 1990; Shirazi-Adl et al.,

1993). All these factors could nonetheless constitute a significant

contribution influencing the biomechanical model. In addition,

the models had been tested for static load while the displacement

may be caused by repetitive loading during mobilization and can

be simulated in a cyclic loading protocol.

Simulation analysis based on human bone cannot directly

verify the validity of the results, but our results are similar to

those of D Belaid and Kevin et al. regarding Schatzker type II

fracture, the stability of defect filling is much higher than that of

blank group, and filling can reduce the stress concentration on

the plate and screw. In addition, further validation through

similar cadaveric biomechanical studies and animal

experiments is required.

Conclusion

The existence of filler at the defect site can effectively reduce the

stress concentration of the implant and the reduction loss of the

collapsed block, thus providing good stability for Schatzker II fracture.

In subtype A fracture, the modulus of filler presented the slightest

influence on the stability, followed by subtype C, while the stability of

subtype B was most influenced by the modulus of filler. Therefore, it

is necessary to evaluate the preoperative patient imaging data

adequately to select the appropriate stiffness of the filler.
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Little research has been reported on evaluating the safety of the fixation

construct in cervical kyphosis correction. In this study, we proposed a

principal-strain criterion to evaluate the safety of the fixation construct and

validated the modeling method against a retrospective case of anterior cervical

discectomy fusion (ACDF). From C2 to T2 vertebra bodies, fixation instruments

were reconstructed and positioned as per postoperative computed

tomography (CT) scans. Head weight (HW) and various moments estimated

from isometric strength data were imposed onto the C2. The postoperative

stability of non-surgical segments, deformations surrounding the screw

trajectories, and contact slipping on zygapophysial joints were analyzed. The

model was validated against the reality that the patient had a good fusion and

deformity correction. The ACDF restricted the range of motions (ROMs) of

cervical segments and lent stability to vertebra fusion, no failure was found in

the finite element (FE) model of cervical vertebrae. The deformation

surrounding the screw trajectories were concentrated to the lateral sides of

trajectories, recommending that the shape of the anterior cervical plate

conforming to the curvature of the vertebra and screws fully inserted into

vertebrae reduced the deformation concentration around the screw

trajectories.
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patient-specific, numerical investigation, kyphosis correction, principal strain, range of
motion
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1 Introduction

Cervical kyphotic deformity alters the normal functioning

of the cervical spine, reducing the quality of life (Tang et al.,

2012). Anterior-only approaches, posterior-only approaches,

or 360° and 540° reconstructions are normal surgical options

to correct the deformity (Nottmeier et al., 2009), among

which, the anterior approach is of importance in correcting

the kyphosis (Ebot et al., 2020). However, Park et al. (2019)

conducted a retrospective cohort study on discectomy and

found that multi-level fusion was significantly associated with

the increased risk of screw failure (p < 0.01). Screw loosening

and plate migration in the anterior cervical discectomy fusion

(ACDF) is not rare (Ning et al., 2008; Guo et al., 2021), even

though hardware failure attributed to ACDF was

demonstrated only 0.1%–0.9% in the United States

(Epstein, 2019). Many clinical case reports revealed that

screw loosening and anterior cervical plate migration

happened in ACDF (Azadarmaki and Soliman, 2014;

Nathani et al., 2015; Wójtowicz et al., 2015; Fryer et al.,

2019; Ansari et al., 2020). Screw loosening in ACDF is one

of the most dangerous complications in cervical anterior

plating fixation, which may lead to severe consequences

such as esophageal perforation and bone nonunion (Ning

et al., 2008; Hershman et al., 2017; Fryer et al., 2019).

Therefore, prompt recognition and effective foreseeing of

the potential pharyngoesophageal perforation would be

pretty helpful in reducing the mortality and morbidity.

Previous clinical research and biomechanical research

studies help make decisions but not to improve surgical

approaches. Furthermore, few studies stated a detailed FE

modeling strategy from a numerical computation and

biomechanical perspective for reference and few proposed a

practical criterion to evaluate the biomechanical outcomes of

the ACDF. Researchers reported an in-silico analysis of the

cervical-related surgery and concluded various treatment

suggestions based on the reduced Von Mises stress of joint

facets or endplates, restricted ROMs, etc. (Ng and Teo, 2001;

Li et al., 2017; Ouyang et al., 2019, 2020; Zhou et al., 2022),

while limited investigations demonstrated the effective in-

silico method to predict the surgical outcomes of deformity

correction. Moreover, in most existing in-silico studies, the

modeling method and the computational consideration have

not been stated clearly, which may leave confusion for

replication.

In the present investigation, a finite element analysis

(FEA) and the principal–strain based criterion were

proposed to capture the biomechanical response and

damage evaluation of ACDF, as well as computational,

biomechanical, and anatomical explanations of the

modeling strategy, providing a numerical solution for

surgeons to improve the surgical approach and determine

instrument configuration.

2 Finite element model

2.1 Modeling strategy and material
properties

In the present investigation, the computed tomography (CT)

data of a 13-year-old patient suffering from cervical kyphosis

were obtained, as well as the configuration of the cervical

instruments used in the ACDF surgery. Preoperative moment-

balanced traction was performed to stretch and relax the anterior

muscles for 4 days; photo and X-ray were taken before and after

the moment-balanced traction (Figures 1A–C). Three cervical

spacers of two heights, a four-level ventral plate, and eight

variable-angle screws were implanted to the C2–C5 vertebra

bodies to correct the kyphosis to a Cobb angle of 0°, details

are listed in Table 1. The cervical ventral plate is manufactured by

Depuy Synthes (Raynham, MA, United States) and the cervical

ventral plate and fixation screws are from Medtronic (Memphis,

TN, United States), as shown in Figure 2. Anterior longitudinal

ligaments from C2 to C5 were resected due to the placement of

the implant. A three-month follow-up demonstrated that the

postoperative Cobb angle of C2–C5 was maintained at −3.3°

(Figure 1D) compared with the preoperative C2–C5 Cobb angle

of −53.2° (Figure 1B).

During the reconstruction of the cervical–thoracic spine

(from C2 to T2), preoperative CT scans were put into a 3D

slicer (http://www.slicer.org) to perform the geometrical

reconstruction of each vertebra, in which the trabecular bone

was identified via a seed-growing method. The cortical layer will

be built when mapping the mesh. Then, the cervical instruments

were put into the exact positions as per postoperative CT scans,

followed by the positional adjustment of the reconstructed

vertebrae. Boolean operations allow the model to consider the

grinding manipulation on the endplates of vertebra bodies. Thus,

the postoperative spine-implant system was acquired.

Geometries were then transferred to Hypermesh 2020 (Altair

Technologies, Inc., CA, United States) and Jung and Bhutta, 2022

(Abaqus, Inc., Providence, RI, United States) to do the mesh

work and perform the finite element (FE) analysis.

Following the representation of the trabecular bone volume, a

layer of triangular prism elements was offset from the outer

surface, corresponding to the cortex of each vertebra, 0.28 mm

thickness for the cervical vertebrae and 0.24 mm for the thoracic

vertebrae (Ritzel et al., 1997) (Figure 3). Intervertebral discs

(IVDs) were reshaped based on the superior and inferior

surfaces of the adjacent vertebral bodies, in which the

anatomic structure including the inner nucleus pulposus and

outer anulus were reconstructed, shown in Figure 4. Nucleus

pulposus (NP) covers a total of 25 %–50 % of the area of the

superior and inferior surfaces and accounts for 40 %–50 % of the

intervertebral disc volume (Farfan et al., 1970; Pooni et al., 1986;

Oegema, 1993; Iatridis et al., 1996; Nachemson, 2014; Perey,

2014). Typical architectures of IVDs were reconstructed for
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simplification, although IVDs in the cervical spine lack a

concentric anulus fibrosus around their entire perimeter

(Mercer and Bogduk, 1999). Superior and inferior surfaces on

NP and anulus fibrosus (AF) were tied onto the inferior surface of

the superior vertebra and the superior surface of the inferior

vertebra, respectively, forcing all translational and rotational

degrees of freedom (DOFs) to be the same. Linear elastic

mechanical properties of NP and AF were defined to level

down the non-linearity of the FE model (Table 2) (Ng and

Teo, 2001).

The linear elastic material model was defined to describe

the biomechanical behavior of the trabecular bone and

cortical bone, which was evaluated through a phantom-less

bone mineral density (BMD) measurement (Liu et al., 2022);

then, BMD was converted to Young’s modulus as per Eq. 1

(Keyak et al., 1997), allowing a patient-specific and BMD-

dependent analysis. The mechanical properties of the cortical

bone were obtained from existing literature studies, since the

cortex layer in CT cannot be computed to obtain the BMD

given the thickness was about 0.3 mm. The curvature of the

cervical spine and the force transition path shaped a non-

uniform BMD distribution—BMD of the central vertebra

body and exterior vertebra body are significantly different

(Anderst et al., 2011; Feng et al., 2021). Therefore, BMD was

FIGURE 1
(A) Photo of the preoperative moment-balanced traction, (B) lateral view of preoperative cervical X-ray, C2–C5 Cobb angle was −53.2°, (C) X-
ray after the moment-balanced traction, (D) lateral view of cervical spine at three-month follow-up, Cobb angle of C2–C5 was −3.3°.

TABLE 1 Implant configuration in the ACDF surgery. Intervertebral disc (IVD).

Dimension (mm) Material Applied location Product catalog

Lordosis cervical spacer 8 mm (Height, standard, lordosis) PEEK C2-C3 IVD, C3-C4 IVD Depuy Synthesis Cervios

Lordosis cervical spacer 7 mm (Height, standard, lordosis) PEEK C4-C5 IVD Depuy Synthesis Cervios

Fixed-angle screws 4.0 × 15.0 (D × L) Titanium C2, C3, C4 and C5 Atlantis Vision Elite

Anterior cervical plate 55 mm (total length) Titanium C2, C3, C4 and C5 Atlantis Vision Elite
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measured separately in the central vertebra body and exterior

vertebra body.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

E � 0.001(BMD � 0.00)

E � 33900 × (BMD
1000

)2.2(0.00<BMD< 0.27mg/cc)
E � 5407 × BMD + 469(0.27mg/cc ≤BMD≤ 0.60mg/cc)
E � 10200 × (BMD

1000
)2.01(0.60mg/cc ≤BMD)

(1)

Modified quadratic tetrahedral elements (C3D10M) and

quadratic triangular prism elements (C3D15) were used to

map the vertebral bodies. Geometry-editing tools, including

edge toggling and edge combining, were employed to clean

the geometry and acquire an optimum mesh, though mild

topographical deviation might be introduced. A hexahedron

mesh mixed with prism mesh was created for screws, meshes

of cervical plates, and spacers were mapped through delicate

geometry partitions and symmetrical mesh generation. To

minimize the numerical deviation brought by the mesh

density, element aspect ratio, volume skewness, and

tetrahedral collapse indices were inspected following the mesh

mapping; Table 3 lists mesh quality indices for every vertebra.

Convergence studies were conducted for every vertebra and IVD

individually, and the final mesh size for vertebrae was set to

0.8–1.2 mm, and 0.8–1.5 mm for surgical instruments. Node

equivalence between the bones and instruments were

performed to avoid errors affected by the interpolation of

node–node variables in node–node constraints theoretically.

Several truss elements were incorporated to represent major

connective tissues. The posterior longitudinal ligament (PLL),

anterior longitudinal ligament (ALL), interspinal ligament (ISL),

supraspinal ligament (SSL), intertransverse ligament (ITL), and

ligamentum flavum (LF) were built to simulate the force

transition. Partial SSL was taken into consideration, as the

remaining SSL were attached on ISL; miss-representation

would import an extra system error to the numerical analysis.

Only one truss element (T3D2) was mapped for every unit in

each ligament, of which only the tension load would be effective

and no moment being transited. Figure 5 illustrates both the

attachment of ligaments and the graphical representation in the

FE model, the transverse area of each ligament and mechanical

properties are listed in Table 4 (Shirazi-Adl et al., 1984; Lu et al.,

1996).

Joint facets within C2–C5 were difficult to identify due to the

deformity of exterior vertebra bodies; cervical spacers and a

FIGURE 2
Schematics of the instrument configurations used in the
ACDF surgery.

FIGURE 3
Segmentation of the trabecular bone and cortical bone in the vertebra.
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FIGURE 4
Graphical representation of the intervertebral disc (IVD) consisting of nucleus pulposus (NP) and anulus fibrosus (AF).

TABLE 2 Mechanical properties of the bones, IVD components, and implants in the FE model.

BMD (mg/cc) Young’s modulus (MPa) Poisson’s ratio

C2 trabecular Central vertebra body 200.4 403.10 0.30

Exterior vertebra body 135.2 182.75

C3 trabecular Central vertebra body 242.1 589.43

Exterior vertebra body 99.7 99.08

C4 trabecular Central vertebra body 319.2 1,027.46

Exterior vertebra body 185.9 346.62

C5 trabecular Central vertebra body 301.3 914.93

Exterior vertebra body 251.5 636.33

C6 trabecular Central vertebra body 262.6 694.04

Exterior vertebra body 141.8 201.13

C7 trabecular Central vertebra body 229.1 527.53

Exterior vertebra body 124.7 155.34

T1 trabecular Central vertebra body 165.7 275.07

Exterior vertebra body 55.1 30.08

T2 trabecular Central vertebra body 187.4 352.26

Exterior vertebra body 140.4 197.16

Cortical bone 1,000 0.30

Nucleus pulposus 1.0 0.49

Anulus fibrosus 3.4 0.40

PEEK 4,000 0.35

Titanium 110,000 0.30
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cervical plate were placed and would carry most loads; besides,

the reconstructed gap between the cervical articular processes

was uneven in every joint. Therefore, the cartilage layers were

excluded in the proposed FE model. Surface-to-surface, small-

sliding contacts were set at the contacting area with a 0.07 friction

coefficient and no penetration behavior was allowed, covering

from the C5–C6 segment to T1–T2 segment. The finite-sliding

contacting method was excluded considering the huge

computational burden.

The head weight (HW) of the patient was 7.83% estimated by

the averaging head weight percentage of human body weight

(Ramachandran et al., 2016). Anatomically, HWwill be transited

through the occipital condyle to massa lateralis of C1, then

loaded onto C2. Thus, a 30.7 N gravity load was applied onto

both sides of the cartilage facets next to the odontoid process in

C2. The present model neglects all muscles surrounding the

cervical and cervical-thoracic segments, torque under different

motions were estimated according to an isometric-strength

experiment to simulate the daily cervical motion

postoperatively (Kauther et al., 2012). The motion of the

entire upper body was excluded (flexion, extension, and lateral

flexion) in the present investigation, only the motion in cervical

columns was considered, since the acceleration of the entire

TABLE 3 Mesh quality inspection criterion and the percentage of fair-quality element.

Jacobian
less than 0.7

Volume skew higher than
0.95

Tetra collapse higher
less 0.1

C2 0.00% (min 0.65) 0.00% (max 0.89) 0.00% (min 0.12)

C3 0.00% (min 0.71) 0.00% (max 0.89) 0.00% (min 0.10)

C4 0.00% (min 0.65) 0.00% (max 0.90) 0.00% (min 0.10)

C5 0.00% (min 0.67) 0.00% (max 0.89) 0.00% (min 0.10)

C6 0.10% (min 0.61) 0.00% (max 0.89) 0.00% (min 0.10)

C7 0.00% (min 0.69) 0.00% (max 0.89) 0.00% (min 0.10)

T1 0.00% (min 0.55) 0.00% (max 0.89) 0.00% (min 0.10)

T2 0.00% (min 0.65) 0.00% (max 0.89) 0.00% (min 0.11)

FIGURE 5
Anatomical schematics of ligaments and truss elements in the
FEA model.

TABLE 4 Cross-section area of every ligament and mechanical property.

Young’s modulus (MPa) Poisson’s ratio Cross-section area (mm2)

Anterior longitudinal ligament (ALL) 20 0.3 38

Posterior longitudinal ligament (PLL) 70 20

Interspinal ligament (ISL) 28 35.5

Supraspinal ligament (SSL) 28 35.5

Intertransverse ligament (ITL) 50 10

Ligamentum flavum (LF) 50 60
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upper body cannot be estimated. Applied torque values are listed

in Table 5, which were calculated by multiplying HW by the

isometric cervical strength. The torque was applied on the

spinous processus, and kinematic-based coupling was utilized

to minimize the undesired deformation caused by the applied

torque in C2.

The aforementioned FE configuration led to a computational

time of less than 150 mins with a workstation of an i7-10700K

(3.79 GHz) processor with 78 GB RAM in use.

2.2 Failure criterion

Principal strain was utilized to determine whether the bone

was unable to bear the shear force or compression force caused by

the fixation screws. If the tension principal strain (maximum

component) in one bone element reaches 1.5 %, or the

compression principal strain (minimum component)

meets −2.0 % (Soyka et al., 2016), then that element is

regarded as broken. The strain limit used here was taken from

the study toward lumbar vertebrae, since the BMD in the present

study is much higher than in the lumbar segments in Rene’s

research. The damage index of every bone element is defined as

the maximum of the ratio between the element principal strains

(ε1,i or ε3,i) and the corresponding principal strain threshold (εt,t
or εc,t), i.e.,

Di � max(ε1,i
εt,t

,
ε3,i
εc,t

) (2)

2.3 Validation

The proposed FE model was validated against the

retrospective medical data of the patient directly and

indirectly. The four-month postoperative CT images showed

that the purchase of the fixation screws was good; no screw

loosening or spacer subsidence was observed. After seventeen

months, the surgery outcomes were good till the numerical

investigation was performed. Inspecting the damage indices in

the central vertebra body of each vertebra, bone elements

surrounding the screw trajectories, and cage-contacting facet

were all below the threshold of one under all four loading

conditions, maintaining good fixation and forming a good fusion.

As small-sliding contacts were utilized to include joint

slipping, contact slipping was examined thoroughly to

determine the reasonability of small-sliding. The largest slip

motion in slave nodes was below 0.8 mm, only three slave

nodes (about 0.00%) displaced larger than the length of the

element and reached 1.2 mm. No contact chattering and large

node adjustments were found in the analysis according to the

analysis log.

Computed damage indices showed good consistency with the

surgical outcomes, calling for the acceptance of the proposed FE

model’s outputs and modeling strategy. Valuable insight to the

influence of the cervical implant is discussed, as well as the

biomechanical response toward various loadings in the following

sections.

3 Results

3.1 Postoperative cervical stability

Most studies of the lower cervical spine have addressed

flexion and extension movements, for these are the cardinal

movements exhibited by these segments (Anatomy, Head and

Neck, Neck Movements—StatPearls—NCBI Bookshelf). As

shown in Figure 6, the range of motions (ROMs) of the non-

surgical segments in the flexion, extension, and lateral flexion

show a declining trend, especially in the extension motion

(around 40% decrease), while an increasing trend is seen in

the axial rotation.

ROMs of the C5–C6 segment under flexion, extension, lateral

flexion, and axial rotation were 4.4°, 9.8°, 5.5°, and 0.7°,

respectively; ROMs of the C6–C7 segment, 3.5°, 6.2°, 4.6°, and

0.7°, respectively; ROMs of the C7–T1 segment, 2.6°, 3.4°, 3.4°,

and 2.0°, respectively; and ROMS of the T1–T2 segment, 1.6°, 1.2°,

1.5° and 2.7°, respectively.

Compared with the experimental results of asymptomatic

subjects, computed ROMs of the C5–C6 segment and the

C6–C7 segment in flexion–extension are below the mean

ROM obtained from the literature, despite that Yu et al.

(2019) recorded a 9.2 ± 4.3° in the C6–C7 joint (Figure 7A).

TABLE 5 Torque applied under different loading conditions.

Isometric cervical strength
(Kauther et al., 2012) (Nmm/kg)

Applied torque (Nmm)

Flexion 418 1,308

Extension 683 2,138

Lateral flexion 542 1,696

Rotation 208 651
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The ROM in the flexion–extension of the C7–T1 segment in the

present study falls into the mid of Zhou et al. (2020) and Anderst

et al. (2015), 6.0°, 4.1°, and 8.3°, respectively. The decreasing

percentage of the ROM in the present study is 32% and 38%,

while Zhou captured 28% and 67% decrease percentages, and

Anderst saw 20% and 47% decrease percentages. Figure 8

demonstrates a restricted lateral–flexion motion after the

ACDF. The computed ROMs acquired the same lateral flexion

at 1.4°, while the experimental results exhibited nearly the same

ROMs for C5–C6 and C6–C7 segments; the C5–C6 segment

flexed slightly smaller than the C6–C7 segment in experiments

(Figure 7B). When the neck was subjected to an axial-rotation

load, the computed ROMs of the C5–C6 segment moves little in

contrast to the largest rotation measured in experiments, as

shown in Figure 7C.

3.2 Mechanical response of bone

The absolute-maximum principal strain and deformation

around the screw trajectories in four types of motion are

exhibited below, where C2 always has the largest deformation

among the four motions. Notably, the largest deformation in

every trajectory concentrated to the segment on the anterior

section where the short length of the point to the screw tip

(Figure 8) screw-plowing is happening in cervical spine fixation.

3.2.1 C2
The largest compression and tension deformation were

observed in the upper half of the anterior section, where the

largest deformations of 1.4710 με (1.47%) and −1.6730 με
(−1.67%) were recorded under the extension. Figure 9 gives

the overall strain distribution in trajectories under every

motion, including the absolute-maximum principal strain on

nodes (figures outside box) and the principal strain in every bone

element (figures inside box).

3.2.2 C3 and C4
Deformation on the trajectories in C3 and C4 are at the same

level, slightly lower than in C5. In C3, maximum and minimum

values in each element for flexion, extension, lateral flexion, and

axial rotation are (689.2, −996 με), (1681, −4,114 με),
(1,742, −1,889 με), and (1,923, −1,325 με), respectively; in C4,

(675.6, −755.9 με), (1,421, −2,451 με), (1,211, −1,474 με), and
(1,586, −1,054 με), respectively.

3.2.3 C5
Like C2, the strain concentrates to the segment on the

anterior section of the trajectory due to the short length to

screw tip planar; (1,840, −2,737 με) in flexion,

(4,102, −2,925 με) in extension, (2,740, −3,545 με) in lateral

flexion, and (1,717, −1,768 με) in axial rotation, respectively.

Figure 10 shows such a strain pattern.

4 Discussion

4.1 Modeling method

Connective soft tissues in the human body are variables

that depend on biological parameters, it is impossible to

describe them accurately for individuals in

clinical–biomechanical research. In the present FE

investigation, the boundary conditions including the loads

simulating the physical flexors and extensors were created

based on existing well-designed biomechanical experiments

FIGURE 6
ROM of the intact joints under different loading scenarios.
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and anatomical inspections. When applying the moment that

forces the neck to do motion, the driving muscles are taken

seriously, even though muscles are replaced with a moment.

Anatomically speaking, the three main groups of cervical

muscles surrounding the vertebral columns control the

neck motion, which are the cervical flexors, the cervical

extensors, and the sub-occipital muscles. The sub-occipital

muscles dominate the motion in the cranio-cervical joint, thus

they are skipped in the discussion section.

The cervical flexors consist of sternocleidomastoid (SCM)

and anterior scalenes (AS); the SCM travels obliquely across the

side of the neck and inserts at the skull (Robinson and Anderson,

2005; Gray and Grimsby, 2012) and the AS origins from the

cervical vertebrae C3–C6. The AS functions as a contracting

FIGURE 7
Comparison of the range of motion (ROM) in between the present investigation and experiment results. C5–C6, C6–C7, and C7–T1 joints are
collected. (A) Flexion–extension; (B) lateral–flexion; and (C) axial rotation (Bogduk and Mercer, 2000; Puglisi et al., 2007).
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motor that allows the neck to bend forward, flexing laterally and

rotating; however, to the best of the author’s knowledge, motion

contribution of every vertebra (C3–C6) is unclear and makes the

model unable to replicate the contracting effect of the AS. The

deep flexor muscles mainly refer to the longus colli and longus

capitus. The longus colli is regarded as a weak flexor, the longus

capitus controls the cranio-cervical flexion and supports the

cervical lordosis anteriorly (Falla et al., 2004; Jull et al., 2008).

Consequently, the deep cervical flexors are excluded in the FE

model.

The extensor group is described as having four layers

(Schomacher and Falla, 2013): first layer, levator scapulae and

upper trapezius; second layer, splenius capitus and cervicis; third

layer, semispinalis capitus; and fourth layer, semispinalis cervicis

and multifidus. The extensor group controls the flexion,

extension, lateral flexion, and rotation of the neck (Cleland

et al., 2015).

Hence, the moment that forces the neck to move was applied

onto C2 and was coupled to a large sum of mesh nodes around

the spinous process, distributing the moment to partial C2. Such

a load-applying method is inherently flawed as only C2 was

subjected to the load yet no more direct load was applied onto the

lower cervical vertebrae. Various loading conditions are applied

to perform the FE analysis in the previous research. Ouyang et al.

(2020) applied a physiological compression of about 7.5 kg and

1,000 Nmmoment on the superior endplate of the C3 vertebra in

the intact model, then applied the movement angle acquired in

the intact model to the ACDF model (Ouyang et al., 2020). The

1,000 Nm moment in their research kept the same magnitude as

the load applied in the Panjabi et al. (2001), allowing the

comparison of ROMs between the in silico model and in vitro

model. Zhang et al. (2006) forced the skull to move along various

anatomical planes with a 1,000 Nm moment, while Li and Lewis

(Li and Lewis, 2010) applied 1,000 Nm onto the superior surface

of the C1 vertebra. In reported biomechanical experiments,

Panjabi et al. (1991) loaded a 1,000 Nm moment to cervical

spine segments, in which, the 1,000 Nm was able to cause

physiological motions without any damage; Wheeldon et al.

(2006) tested the cervical spine segments with 330, 500, 1,000,

and 1,500 Nm under the flexion–extension motion. Various

loading conditions resulted in motions in the direction of

loading under within the elastic range, exposing the primary

kinematics and biomechanical response (Moroney et al., 1988;

Oda et al., 1991; Panjabi et al., 1991, 1994; Crawford et al., 1998;

Wilke et al., 1998; Winkelstein and Myers, 2000, 2002). The

moment calculated based on the isometric strength is varied

under different motions, similar to the measurement in the

Rezasoltani’s experiment, the moment applied here is smaller

than in Rezasoltani’s measurement though (Rezasoltani et al.,

2008). The reduced moment covered the daily activities of the

neck and produced conservative FE outcomes. Furthermore, the

fixation of T1 in the present FE model was slightly offset from the

rotation axis defined in the isometric-strength measurement,

minimizing the influence of the location of thoracic support

(Rezasoltani et al., 2008). The proposed loading conditions

incorporated physical information into the FE model and

represented the capacity of muscles that maintain a constant

length.

4.2 Strain-based failure criterion

As far as authors’ knowledge reached, few studies implement the

principal-strain method onto the evaluation of the clinical outcomes

of deformity correction. The principal strain properly pictures the

structural response of the corresponding complex loads and

demonstrates the direction of the deformation. Strain, instead of

stress, was utilized to define the damage extent of the bone as

researchers demonstrated the strain and damage localization early

on in the progress were important to bones’ brittleness and the

matrix failure of human compact bones were dependent on the local

strain type (Boyce et al., 1998; Zioupos et al., 2008). On the other

hand, stress cannot be measured directly; if the stress-based

threshold was utilized, it may incorporate error of misestimation

of Young’s modulus. Typically, the FE method was based on the

displacement of the mesh nodes; then the strain field was obtained

via derivatives of the displacement field, resulting in a higher

accuracy of the strain field compared with stress, especially in

non-uniform material.

4.3 Range of motions and stability

The proposed FE model captured the ROM declines across

vertebra segments, especially rapid drops of 40 %–50 % in the

FIGURE 8
Schematics of screw plowing in the cervical screw fixation.
Lines in dash form are for the reference, points in orange are on the
trajectory, the line in red represents the shortest length from the
anterior section to the posterior section.
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extension motion, showing an agreement with the FE outcomes

obtained by Ouyang et al., 2019. The flexion and extension in

normal individuals are complex and counter-intuitive, as

described by Van Mameren (1988). Generally speaking,

flexion begins from the lower cervical spine (C4–C7), in

which the C6–C7 segment makes maximum contribution;

then the C0–C4 block is involved and finally involves the

lower cervical spine (C4–C7). Extension is initiated in the

lower cervical spine (C4–C7) as well, the C4–C7 block then

moves in the regular order of C4–C5, C5–C6, and C6–C7.

However, in the proposed FE model, the ventral plate is fixed

in the C2–C5 block, thus interrupting the order of contribution

of individual segments, impacting the contribution of vertebra

segments in flexion and extension motions.

The decreasing trending of the flexion–extension motion of

C5–C6 and C6–C7 were also reported in existing biomechanical

experiments (Aho et al., 1955; Lind et al., 1989; Puglisi et al., 2007;

Anderst et al., 2015; Yu et al., 2019; Zhou et al., 2020). The ROMs

in the present investigation were reduced by 40 %–50 % across

vertebra junctions, a similar decreasing extent to the results in the

feigned group in Puglisi’s research (Puglisi et al., 2007)

(Figure 7A). In their experiment, participants were asked to

feign a 50 % restricted neck motion, no extra facility was

utilized, and no pre-train was conducted though.

Postoperative ROMs in the present investigation suggested

that the placement of the ventral plate and intervertebral

spacer constrained the ROM of the upper cervical vertebrae

under flexion–extension. The ventral plate eliminated the relative

motion on the processes; meanwhile, the spacer replaced the

intervertebral disk, compromising the oblique between the

normal of the intervertebral disk and the long axes of the

vertebral bodies. Aforementioned restrictions in surgical

FIGURE 9
Principal-strain and deforming direction surrounding the trajectories in C2. (A) Flexion, (B) extension, (C) lateral flexion, and (D) axial rotation.
Left figure in each motion is the strain on nodes, figures within the box display the strain in each element.
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junctions reduced the moment arm of HW, thus limiting the

induced moment on non-surgical junctions.

The lateral-flexion and axial rotation were also restricted due

to the ACDF. Therefore, stability is held to improve the segment

fusion process and outcome. The restricting effect on

flexion–extension ROM in T1–T2 cannot be determined, since

the quantitative kinematics data of the cervical–thoracic

segments are scarce.

4.4 Bone-implant interaction

In C2–C5, large deformations were found in C2 and C5 that are

the superior and inferior fixed vertebrae. Furthermore, the

deformation around the screws concentrated to the lateral side

on the anterior section of the screw trajectory, where an uneven

distribution of the distance from the ventral plate to vertebra body

was observed. This gap between the ventral plate and bone will

induce a moment, resulting in the repeated compression and

extrusion on the anterior section of the screw trajectory. Daily

activities of the neck will generate a complex loading history and

may cause fatigue damage to the bone surrounding the screw

trajectory, then the trajectory will be expanded, and screw

loosening might happen after a long time. Researchers also

demonstrated the excessive strain between the screw and bone

interface and considered it as the primary cause for screw

loosening (Schizas et al., 2009; Villa et al., 2014). Aycan and

Demir (2020) reviewed the cyclic biomechanical experiments on

pedicle screws and concluded that the pull-out performance of the

screws generally decreased with the toggling effect, emphasizing the

strain concentration in the bone–implant interface leading to the

loss of the stabilization of fixation. The gap between plate and bones

needs to be taken care in the ACDF surgery, and fixation screws

should be fully inserted into vertebra bodies.

FIGURE 10
Principal-strain and deforming direction surrounding the trajectories in C5. (A) Flexion, (B) extension, (C) lateral flexion, and (D) axial rotation.
The left figure in each motion is the strain on the nodes, figures within the box display the strain in each element.
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There are several limitations in the present FE investigation. The

cartilage layer was neglected in the analysis, reducing the non-

linearity of the relative motion and influencing the contacts between

vertebra segments. This simplification introduced an error on the

relative motion between two vertebra bodies. Secondly, the truss

element was deployed to simulate the ligaments and mechanical

properties of normal ligaments that were acquired from the

literature; however, the subject in the FE model was diagnosed

with kyphosis, anterior soft tissues might be stronger than normal,

healthy people. Further workwill includemore clinical cases into the

investigation and validate the proposed principal-strain based on the

criterion against retrospective medical records (both successful

deformity corrections and failed ones).

5 Conclusion

The present in silico study proposed a patient-specific method

that can be used to inspect the safety of the fixation construct in the

cervical spine and explained themodeling strategy in the perspective

of mechanics, anatomy, and numerical computation, offering an

explanation on the hardware migration. A principal-strain-based

failure criterion was introduced to measure the bone failure in the

cervical vertebrae body, meanwhile the pre-condition on how to use

the criterion was elaborated. The proposed failure criterion of the

bone demonstrated satisfying surgical outcomes and was validated

against the retrospective inspection, though more clinical validation

was needed. Furthermore, the gap between the ventral plate and

bone (unsupported threads of the fixation screw) induced

moment on the anterior section of the screw trajectory and

might cause fatigue damage. Biomechanically, it is

recommended that the ventral plate is bent to a conformed

shape with the cervical vertebra to reduce the gap between the

ventral plate and bone, and the fixation screws are always fully

inserted into vertebrae.
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Background: Oblique-pulling manipulation has been widely applied in treating

sacroiliac joint (SIJ) dysfunction. However, little is known about the

biomechanical mechanism of the manipulation. This study aims to analyze

the SIJ motion under oblique-pulling manipulation, in comparison with

compression and traction loads.

Methods/Study Design: A total of six specimens of embalmed human pelvis

cadavers were dissected to expose the SIJ and surrounding ligaments. Through

a servo-hydraulic testing system, biomechanical tests were performed on the

stable pelvis and the unstable pelvis with pubic symphysis injury (PSI). A three-

dimensional (3D) photogrammetry system was employed to determine the

separation and nutation in three tests: axial compression (test A), axial traction

(test B), and oblique-pulling manipulation (test C).

Results: After applying the testing loads, the range of nutationwas nomore than

0.3° (without PSI) and 0.5°(with PSI), separately. Except for test B, a greater

nutation was found with PSI (p < 0.05). Under both conditions, nutation

following test A was significantly greater than that of other tests (p < 0.05).

SIJ narrowed in test A and separated in tests B and C, where the range ofmotion

did not exceed 0.1 mm (without PSI) or 0.3 mm (with PSI) separately. Under both

conditions, the separation of SIJ in test Cwas not as apparent as the narrowness

of SIJ in test A (p < 0.05). Compared to SIJ, a more significant increasing

displacement was found at the site of the iliolumbar ligament (p < 0.05).

Nevertheless, when the force was withdrawn in all tests, the range of

nutation and separation of SIJ nearly decreased to the origin.

Conclusion: Pubic symphysis is essential to restrict SIJmotion, and the oblique-

pulling manipulation could cause a weak nutation and separation of

SIJ. However, the resulting SIJ motion might be neutralized by regular

standing and weight-bearing load. Also, the effect on SIJ seems to disappear
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at the end of manipulation. Therefore, the stretching and loosening of

surrounding ligaments need to be paid more attention to.

KEYWORDS

oblique-pulling manipulation, sacroiliac joint, biomechanics, pubic symphysis injury,
iliolumbar ligament, 3D photogrammetry

Introduction

The sacroiliac joint (SIJ) consists of two parts: the anterior

synovial joint (intra-articular part) and the posterior

syndesmosis (extra-articular part) (Gartenberg et al., 2021)

(Standring, 2016). The SIJ follows a force closure model,

characterized by the bony extensions protruding from both

the sacral and iliac articular surfaces into the SIJ, forming a

blunted, tight, interlocking structure that provides a high surface

friction coefficient. This unique structure, combined with

extensive ligamental stability, enables the SIJ to maintain

vertical stability without additional forces from surrounding

musculature (Vleeming and Schuenke, 2019). The primary

stabilizers of the SIJ include the sacroiliac, sacrotuberous, and

sacrospinous ligaments (Bertoldo et al., 2021). The

thoracolumbar fascia connects the gluteus maximus muscle

with the latissimus dorsi muscle and then continues with the

deep fascia of the limbs (Vleeming et al., 2012; Stecco et al., 2013).

Vleeming demonstrated how this aponeurotic structure anchors

itself to other bone, muscular structures, and ligamentous in the

sacroiliac region and forms a continuum with the lower limb

fascia (Carvalho et al., 2013).

Sacroiliac joint dysfunction (SIJD) typically results from

abnormal motion and malalignment of the joint. Abnormal

motion includes hypo- or hyper-mobile SIJ. Increased

secretion of estrogen and relaxation during pregnancy, as well

as fetal growth pressure, may lead to hypermobility of the SIJ

(Capobianco et al., 2015). In contrast, a sedentary lifestyle and

pelvic fractures can cause joint fixation and hypo-mobility

(Gartenberg et al., 2021). Although SIJD has been found to be

the primary cause of lower back pain in 15%–40% of patients, it is

constantly under diagnosed or overlooked and later under

treated (Des Jarlais et al., 2004; Cusi, 2010; Grassi Dde et al.,

2011; Graup et al., 2014; Buchanan et al., 2021). Standard

physical therapy interventions can be employed to correct the

underlying pathology and alleviate the symptoms of SIJD. Such

interventions include manipulation, mobilization, sacroiliac

belts, repetitive exercises, massage, aerobic conditioning,

patient education, and electrotherapeutic modalities (Moyer

et al., 2004; Huijbregts, 2008). Manipulation is a highly

regarded treatment and is known to have a certain therapeutic

effect on various diseases, including the treatment of SIJD (Tang

et al., 2016). In particular, oblique-pulling manipulation is a

simple, effective, and practical method for treating SIJD (Shokri

et al., 2018). However, it is still controversial whether it can move

the SIJ. Studies have speculated that the mechanism is to stretch

and widen the joint space of the SIJ with the help of muscle

strength to rotate the SIJ for the purpose of repositioning

(Vleeming et al., 1990). Meanwhile, other studies support the

opposite idea that the manipulation cannot move the SIJ as the

joint is very stable. In addition, pubic symphysis plays an

important role in maintaining the stability of SIJ, and the

effects of oblique-pulling manipulation on SIJ with or without

pubic symphysis injury (PSI) remain unknown.

Therefore, this study aimed to explore the SIJ motion under

oblique-pulling manipulation compared to compression and

traction loads, via biomechanical tests on adult cadaveric

specimens.

Materials and methods

Ethics

All procedures performed in this study involving human

participants followed the Declaration of Helsinki (as revised in

2013). The procedures were approved by the Ethics Committee

of Guangdong Provincial Hospital of Chinese Medicine (BM

2022–059). The donors have dedicated their bodies for

educational and research purposes to the local Institute of

Anatomy prior to death, in compliance with local institutional

and legislative requirements.

Materials

A total of six formalin-embalmed adult cadaveric pelvises

were visually selected and examined by X-ray to rule out bone

abnormalities such as tumor, fracture, dislocation, deformity,

and severe osteoporosis. The three female and three male donors

had a mean age of 42 years (range, 35–56 years). The specimens

were approved and kept by the Department of Anatomy,

Southern Medical University.

Specimen processing

Dissection was performed to expose the sacroiliac joint with

intact ligaments, capsule, and pubic symphysis. The specimens

were labeled after surface treatment with the imaging agent.

Markers were placed on all of the pelvises as follows: twomarkers

were aligned on the medial side of the SIJ and spaced 2 cm apart
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at a distance of 1 cm from the joint line; twomarkers were aligned

on the lateral side of the SIJ and spaced 2 cm apart at a distance of

1 cm from the joint line. Another twomarkers were placed on the

attachment point of the iliolumbar ligament (IL) on the iliac crest

and the costal process of the fifth lumbar vertebra separately. The

aforementioned marking points were fixed by marking nails

(Figure 1). In addition, the unstable condition with PSI was

simulated by sectioning off the pubic symphysis.

Biomechanical protocol

All biomechanical tests were routinely conducted using the

servo-hydraulic material testing system (Bose Electro Force 3520-

AT; Bose, MN, United States). Also, the Win Test Digital software

was used to control the applied load. During the experimental

process, the room temperature was maintained at 20–25°C. To

minimize the viscoelastic effect of the specimens, a small-scale

loading/unloading pre-treatment of the specimens was performed

prior to the experiment, as the previous study described (Wang et al.,

2018). In turn, three kinds of biomechanical tests were performed on

specimens under stable (SIJ without PSI) and unstable conditions

(SIJ with PSI). Each test consisted of two sequential phases (loading

phase and unloading phase), as follows:

• Test A (compression): Once each pelvis was fixed to the

machine, a progressive compression load of 300 N was

applied at a rate of 20 mm/min to each specimen over

the lumbar spine (L5) and the sacrum in the axial direction

so as to simulate the equivalent of half of the weight of a 60-

kg person (standing posture). Then the compression load

was unloaded instantaneously.

• Test B (traction): A progressive tensile load of 300 N was

applied to each specimen at a rate of 20 mm/min in the

axial direction. Then the tensile load was unloaded

instantaneously.

• Test C (oblique-pulling) (rotate to the left): In terms of clinical

practice and related study, oblique-pulling manipulation was

simulated as rotation and traction loading. First, the angle

control mode was adopted with a pre-loading angle of 5° at a

speed of 1°/sec. Then the maximum loading angle was 10° at a

speed of 10°/sec. At the same time, 300 N was uploaded to

simulate traction load along with rotation during the

manipulation process. Finally, the rotation load was

unloaded at the speed of 1°/sec until 0.

To record the separation and nutation of SIJ during the tests,

a noncontact optical 3D strain measuring system (Aramis 3D

camera 6 M, GOM, Braunschweig, Germany) was used to

visualize the markers. For data acquisition, a frequency of

four images/second was used. Through digital

FIGURE 1
Prepared pelvic cadaveric specimen and the three pairs of markers. (A)Medial point in the left and upper sacroiliac joint; (B) later point in the left
and upper sacroiliac joint; (C)medial point in the left and lower sacroiliac joint; (D) lateral point in the left and lower sacroiliac joint; (E) left transverse
process of the fifth lumbar vertebrae; (F) attaching point of the left iliolumbar ligament above the iliac crest.

FIGURE 2
Process of biomechanical tests and the simultaneous
noncontact optical 3D strain measurement.
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photogrammetry, the positions of these markers were calculated

with a resolution of 2,448 × 2050 pixels and a precision error of

0.001 mm (Figure 2).

Mechanical data analysis

To reflect the separation of SIJ, the relative displacements during

the loading phase were represented by Lab, Lcd, and Lef, respectively.

Meanwhile, Lba, Ldc, and Lfe represented the relative displacements

during the unloading process, respectively. Detailed calculations were

as follows: Lab = a1b1−a0b0, Lcd = c1d1−c0d0, Lef = e1f1−e0f0, Lba =

a2b2−a0b0, Ldc = c2d2−c0d0, and Lfe = e2f2−e0f0, where a0b0, c0d0, and

e0f0 are the initial (no loading) distances between three pairs of

markers; a1b1, c1d1, and e1f1 are the distances at the end of loading

phase; and a2b2, c2d2, and e2f2 are the distances at the end of unloading

phase. In addition, SIJ nutation was determined as the iliac rotations

with respect to the sacrum.

Therefore, the angle between the line ac (from point a to

point c) and line bd (from point b to point d) was defined as θ

(Figure 3). The relative angular displacements during the loading

phase (Δθ1) and unloading phase (Δθ2) were calculated as

follows: Δθ1 = θ1−θ0, Δθ2 = θ2−θ0, where θ0 is the initial

angle, and θ1 and θ2 is the angle at the end of the loading

phase, unloading phase, respectively.

Statistical analysis

Variables of the displacement and angle were expressed as

mean ± standard deviation. ANOVA of random block design

data was used to compare the differences in SIJ relative

displacement and angular displacement under different

loading conditions. A LSD-t test was used for multiple

comparison between groups. An analysis was performed by

SPSS software (version 20, IBM Corp). All statistical tests

were two-sided, and the level of statistical significance was set

at two-sided p < 0.05.

Results

Overall strain

During the loading phase, the uneven strain of pelvic

specimens with stable SIJ became more and more evident

over time, under three tests. The strain mainly concentrated

upon the position of SIJ (Figure 4). In the contrast, during the

unloading phase, the strain recovered to the origin state gradually

(Figure 5). Despite the strain of pelvic specimen with unstable SIJ

showing the same trend, the overall strain around SIJ seemed to

be greater than the stable (Figures 6, 7).

Angular displacement of sacroiliac joint

During the loading phase, θ in three tests increased gradually, both

on the stable and unstable SIJ. For the stable SIJ, the average Δθ1
produced by tests A, B, and C was 0.275°, 0.250°, and 0.098°,

respectively. For the unstable SIJ, the Δθ1 produced by tests A and

C were significantly greater than the stable condition (p < 0.05), with

the average of 0.419° and 0.174°, respectively. However, the averageΔθ1
produced by test B on the unstable SIJ was 0.165°, which was

significantly lower than the stable condition. There was a significant

difference in Δθ1 among three tests either (p < 0.05). For both stable

and unstable SIJ conditions, Δθ1 produced by test A was significantly

greater than that of the other two tests (p < 0.05). Δθ1 produced by test

B was significantly greater than that of test C on stable SIJ (p < 0.05),

without a significant difference on unstable SIJ (p > 0.05) (Table 1;

Figure 8).

FIGURE 3
Sketch of θ angle between the line (A,C) and line (B,D). The angle would increase to θ1 along with the SIJ nutation (C).
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During the unloading phase, θ in three tests decreased to the

original angle gradually. The average Δθ2 produced by tests A, B,

and C was 0.002°, 0.002°, and 0.005° for the stable SIJ and 0.007°,

0.003°, and 0.005°, respectively. No significant difference was

found between stable and unstable SIJ (p > 0.05), or among three

tests (p > 0.05) (Table 2; Figure 8).

Displacements of sacroiliac joint

During the loading phase, the distances of ab, cd, and ef in test B

and test C increased gradually, both on the stable and unstable SIJ. In

the contrast, the aforementioned distances showed a general

decreasing trend. For the stable SIJ, Lab, Lcd, and Lef were

0.107mm 0.087 mm, and 0.186mm in test A; 0.036mm,

0.013mm, and 0.186mm in test B; and 0.062mm, 0.096mm, and

0.220mm in test C, respectively. No matter in which test, Lef was

significantly greater than Lab and Lcd (p < 0.05). In the comparison

among three tests, significant differences were found in Lab and Lcd
(p < 0.05), without Lef (p > 0.05). In test A, Lab and Lcd were

significantly greater than test B (p< 0.05). In test B, Lcd was lower than
test C (p < 0.05). For the unstable SIJ, Lab, Lcd, and Lef were 0.100 mm,

0.098 mm, and 0.216mm in test A; 0.033mm, 0.016mm, and

0.183mm in test B; 0.101 mm, 0.078 mm, and 0.259mm in test

C, respectively. In the three tests, Lef was significantly greater than Lab
and Lcd (p < 0.05). In the comparison among three tests, significant

differences were found in Lab, Lcd, and Lef (p< 0.05). In test A, Lab and

Lcd were significantly greater than test B (p < 0.05). In test B, Lab, Lcd,

and Lef were lower than test C (p < 0.05). Moreover, compared to the

stable SIJ, Lab in test C was greater (p < 0.05); however, no significant

difference was found in other displacements (p > 0.05) (Table 1;

Figure 9).

During the unloading phase, the variation in distances

showed the opposite trend. For the stable SIJ, Lba, Ldc, and Lfe

FIGURE 4
Strain trend of stable sacroiliac joint under three tests (loading phase). Time 0 showed the original condition without any load. Time 1 and 2
showed the process of loading. Time 3 showed the ending condition with loads.
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were 0.003 mm, 0.003 mm, and 0.002 mm in test A; 0.003 mm,

0.003 mm, and 0.002 mm in test B; 0.005 mm, 0.002 mm, and

0.002 mm in test C, respectively. For the unstable SIJ, Lba, Ldc,

and Lfe were 0.006 mm, 0.004 mm, and 0.005 mm in test A;

0.006 mm, 0.004 mm, and 0.002 mm in test B; 0.004 mm,

0.003 mm, and 0.003 mm in test C, respectively. No

significant difference was found among three tests, or between

the stable and the unstable SIJs (p > 0.05) (Table 2; Figure 9).

Discussion

The purpose of this study was to evaluate the current

evidence on the magnitude of SIJ motion followed by oblique-

pulling manipulation. In this study, the relative motion of the SIJ

was observed by simulating the compression, traction, and

oblique-pulling loads on human pelvic cadaveric specimens.

The results revealed that the oblique-pulling manipulation

could only cause a slight nutation of the stable SIJ. The

relative angular displacement was as small as less than 0.2°,

which was significantly less than the angular displacement

under axial compression and traction loads. In the meantime,

this study found that both the tensile and oblique-pulling loads

widened the joint space of the normal SIJ, whereas the

compression load narrowed the joint space of SIJ. The

phenomenon is consistent with the anatomical features of

SIJ. However, the widened joint space caused by the oblique-

pulling load was not more than 0.2 mm, indicating that the

oblique-pulling manipulation may separate SIJ to a very slight

degree. Also, the differences in displacements proved that the

oblique-pulling manipulation might have a better effect on SIJ in

separation compared to traction therapy. Despite this, no

FIGURE 5
Strain trend of stable sacroiliac joint under three tests (unloading phase). Time 0 showed the original condition with the maximum load, which
was the same as the ending condition during loading phase. Time 1 and 2 showed the process of unloading. Time 3 showed the ending condition
without any load.
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significant difference was found, compared to the physiological

compression load. That is, the separation of SIJ caused by

oblique-pulling manipulation may recover due to the weight-

bearing of the pelvis in the standing and sitting positions.

Previously, it has been reported that the particularity of SIJ is

that the range of motion (ROM) of the joint is minimal (Le Huec

et al., 2019). The SIJ motion has been evaluated using different

techniques, such as Doppler techniques, radio stereometric,

ultrasound, and Roentgen stereophotogrammetric (Sturesson

et al., 1989; Vlaanderen et al., 2005).

Studies have shown that ROM of the SIJ has a maximum

rotation of about 1.5° in the axial direction, with 1.2° in males and

2.8° in females (Brunner et al., 1991; Kiapour et al., 2020), and a

lateral bend of approximately 0.8° (Miller et al., 1987; Cardwell

et al., 2021), and the rotation in different planes can be as small as

0.01°, not more than 3°(Sturesson et al., 1989; Sturesson et al.,

2000; Foley and Buschbacher, 2006; Cho and Kwak, 2021). The

minimum rotation angle is similar to the minimum rotation

angle in this study (0.098°). Some cadaveric studies have shown

that the average rotation of the sacrum around the x-axis is 3.2°

(flexion + extension); fixation of only one iliac bone results in an

average rotation of 6.2° (Miller et al., 1987; Sturesson et al., 2000).

The angular motion of the SIJ has also been observed by sensors

and computer techniques and found to be 9.0 ± 6.5° in the sagittal

plane and 5.0 ± 3.9° in the transverse plane (Smidt et al., 1995).

The level of motion in patients with SIJ pain never exceeds

1.6 mm in healthy individuals flattened 0.7 mm (Sturesson et al.,

1989; H A C Jacob and Kissling, 1995), and the SIJ did not flatten

more than 2 mm along the axis (Zheng et al., 1997; Kiapour et al.,

2020). Therefore, most current studies conclude that the angular

motion of the SIJ generally does not exceed 3°, with a

displacement range of 0.3–7 mm (Walker, 1992). The angular

displacement of the stable SIJ in this study ranged from 0.098° to

0.275°, with a translation range of 0.013–0.220 mm. Only if the

FIGURE 6
Strain trend of the unstable sacroiliac joint with injured pubic symphysis under three tests (loading phase). Time 0 showed the original condition
without any load. Time 1 and 2 showed the process of loading. Time 3 showed the ending condition with loads.
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pubic symphysis diastasis occurred to simulate the unstable SIJ,

ROM would increase with an angular range of 0.174°–0.419°, as

well as a translation range of 0.016–0.259 mm. This finding

proved the vital importance of pubic symphysis on the

stability or mobility of SIJ again, as related studies have

highlighted (Hammer et al., 2019; Ricci et al., 2020). Under

this condition, it may become uneasy to realize the mobilization

of SIJ with intact pubic symphysis, through oblique-pulling

manipulation. Moreover, it has been reported that the

mobility of the SIJ depends on a position of the joint and the

load it is applied to. Increasing the load on the SIJ leads to a

ventral inclination of the sacrum with stretching of dorsal

ligaments, which shifts the bone position and interferes with

its mobility (Tullberg et al., 1998) (de Toledo et al., 2020).

Regarding the clinical procedure, oblique-pulling manipulation

resembles high-velocity and low-amplitude thrust manipulation.

As demonstrated in related studies, through the Roentgen

stereophotogrammetric analysis, high-velocity, and low-

amplitude thrust manipulation in the SIJ does not alter the

position relationship between the sacrum and the ilium bone

in healthy individuals (de Toledo et al., 2020). Although the

analyzing method is different, the aforementioned results are

consistent with our findings. Therefore, the mechanism of the

oblique-pulling manipulation in treating SIJ dysfunction needs to

be reconsidered.

Because of its importance in maintaining the joint

mobility, ligament around SIJ has aroused far more

concern, such as IL, sacrotuberous ligament (STL), and

long dorsal sacroiliac ligament (LDL) (Vleeming et al.,

1996) (van Wingerden et al., 1993) (de Toledo et al., 2020).

STL showed extensive connections with the gluteus maximus

muscle, long head of the biceps femoris muscle, and

FIGURE 7
Strain trend of the unstable sacroiliac joint with injured pubic symphysis under three tests (unloading phase). Time 0 showed the original
condition with themaximum load, whichwas the same as the ending condition during loading phase. Time 1 and 2 showed the process of unloading.
Time 3 showed the ending condition without any load.
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TABLE 1 SIJ nutation and separation during the loading phase.

N Angular displacement
Δθ1 (°)

Displacement

Lab (mm) Lcd (mm) Lef (mm) F value p value

Stable SIJ Test A 6 0.275 ± 0.117a,d − 0.107 ± 0.048,b,c − 0.087 ± 0.025b,c − 0.186 ± 0.049 9.192 0.002

Test B 6 0.250 ± 0.102d 0.036 ± 0.024b 0.013 ± 0.007b,d 0.186 ± 0.036a 82.791 0.000

Test C 6 0.098 ± 0.045a 0.062 ± 0.043ab 0.096 ± 0.027b 0.220 ± 0.035 33.039 0.000

F value 6.384 4.861 26.671 1.456 N/A N/A

p value 0.010* 0.024* 0.000* 0.264 N/A N/A

Unstable SIJ Test A 6 0.419 ± 0.118c,d − 0.100 ± 0.072b,c − 0.098 ± 0.066b,c − 0.216 ± 0.044 7.146 0.007

Test B 6 0.165 ± 0.064 0.033 ± 0.019b,d 0.016 ± 0.006b,d 0.183 ± 0.037d 86.926 0.000

Test C 6 0.174 ± 0.054 0.101 ± 0.041b 0.078 ± 0.025b 0.259 ± 0.044 41.525 0.000

F value 17.986 3.855 6.474 4.930 N/A N/A

p value 0.000* 0.045* 0.009* 0.023* N/A N/A

aP < 0.05 vs. unstable SIJ; bP<0.05 vs. Lef ; cP<0.05 vs. Test B; dP<0.05 vs. Test C; *p < 0.05.

FIGURE 8
Differences in angular displacement of SIJ (aP < 0.05 vs. unstable SIJ; *p < 0.05).

TABLE 2 SIJ nutation and separation recovery during the unloading phase.

N Angular displacement
Δθ2 (°)

Displacement

Lba (mm) Ldc (mm) Lfe (mm) F value p value

Stable SIJ Test A 6 0.002 ± 0.006 0.003 ± 0.005 0.003 ± 0.001 0.002 ± 0.002 0.309 0.819

Test B 6 0.002 ± 0.006 0.003 ± 0.005 0.003 ± 0.001 0.002 ± 0.002 0.436 0.729

Test C 6 0.005 ± 0.004 0.005 ± 0.002 0.002 ± 0.003 0.002 ± 0.003 1.991 0.148

F value 0.688 0.193 1.199 0.659 N/A N/A

p value 0.518 0.826 0.329 0.532 N/A N/A

Unstable SIJ Test A 6 0.007 ± 0.006 0.006 ± 0.002 0.004 ± 0.004 0.005 ± 0.003 0.522 0.604

Test B 6 0.003 ± 0.006 0.006 ± 0.002 0.004 ± 0.004 0.002 ± 0.003 2.149 0.151

Test C 6 0.005 ± 0.005 0.004 ± 0.005 0.003 ± 0.001 0.003 ± 0.001 0.209 0.814

F value 0.819 0.891 0.156 1.520 N/A N/A

p value 0.460 0.431 0.857 0.250 N/A N/A
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sacrospinous ligament but also has extensive connections to

the iliococcygeus muscle on the anterior. It was shown that the

incremental load of STL restricts the amount of nutation in

the SIJ. LDL is closely related to the aponeurosis of the erector

spinae muscle and the posterior layer of the thoracolumbar

fascia (vanWingerden et al., 1993). Counternutation in the SIJ

increases tension of the LDL, and the nutation slackens it.

Therefore, the tension applied to the dorsal sacroiliac

ligament, or the LDL appears to restrict the contrary

movements in the SIJ. Both ligaments are partially

connected (Vleeming et al., 1996) (van Wingerden et al.,

1993). In this study, during the oblique-pulling,

compression, and tensile tests, another important finding

was that Lef increased more obviously than the relative

displacements at sites above and below the SIJ both on the

stable and unstable joints. Taking the anatomical location into

consideration, we focused on the biomechanical response of

IL. IL, as an important primary source of low back pain (Sims

FIGURE 9
Differences in the displacement of SIJ (aP < 0.05 vs. unstable SIJ; bP<0.05 vs. Lef ; *p < 0.05).
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and Moorman, 1996), originates from the fourth and fifth

lumbar costal process to the iliac crest. Numerous studies have

descriptions sketched the shape of IL. For example, Pool-

Goudzwaard et al. characterized the ligament up to seven

portions, especially including the sacroiliac part. This part

originated on the sacrum and blended with the interosseous

sacroiliac ligaments, with the length of 30.5 in women or

31.0 mm in men, the width of 12.7 mm in women or 14.5 mm

in men, and the thickness of 1.6 mm in women or 1.5 mm in

men (Pool-Goudzwaard et al., 2001). In addition, Hammer

et al. described the minimal two parts of this ligament, mainly

composed of the anterior part and the posterior part, with the

length of 25–30 mm and the thickness of 4 mm (Hammer

et al., 2010). Owing to the aforementioned characteristics, it

has been described that IL restricts the movement of the SIJ,

and the effect may be associated with the thickness, the length,

and the angle between the insertion of the anterior and

posterior parts. In the sagittal plane, the movement of SIJ

performed as nutation. Previous biomechanical tests on

embalmed pelvic specimens have found that the slope of

the SIJ load-nutation curve would increase 28.1%, when the

IL was totally cut. That is, injury to the ligament could result in

increased up and down movement of the SIJ in sagittal plane,

and this should be considered in patients presenting with

symptoms related to this hypermobility (Pool-Goudzwaard

et al., 2001; Pool-Goudzwaard et al., 2003). Therefore, we

speculated that oblique-pulling manipulation might have a

better effect of releasing and stretching on IL, and the effect is

more apparent than the effects on SIJ itself. Studies have

shown that the friction and coupling of the SIJ articular

surfaces combined with the surrounding ligaments made

the SIJ more stable (Snijders et al., 1993) (Cardwell et al.,

2021).

To further explore the possible biomechanical effects of

oblique-pulling manipulation on SIJ, in this study, the strain

and relative motion of the SIJ were observed by simulating

the loading of human pelvic specimens. Positive effects of

manipulation may be promoting normal joint mobility,

which may release articular or related soft tissue

adhesions and synovial folds (Tullberg et al., 1998). There

is evidence that manual therapy may refine the SIJ function

by acting on nearby muscles (Behdad Hamidi-Ravari et al.,

2014). Muscles generate strength, guide movements, and

increase pelvic girdle stability (Vleeming et al., 2012).

Previous studies on manipulation have lacked in-depth

research on the immediate biomechanical effect on the

joint when the force was withdrawn. In order to solve this

problem, this study did not only observe nutation and

separation of SIJ during the loading process but also

measured them during the unloading process. The final

results showed that the effect disappeared on the normal

SIJ, when the force was withdrawn. The nutation and

separation recovered nearly after withdrawing the loads,

regardless of the stable or unstable joint. Since it was a

transient effect, the weak effect on the SIJ produced by the

oblique-pulling manipulation may not be sustainable. This is

another reason to suspect that promoting joint mobility is

not an essential mechanism of oblique-pulling manipulation

for the treatment of SIJ dysfunction.

However, it should be mentioned that there are some

limitations in the current study. First, formalin-embalmed

specimens rather than fresh-frozen specimens were tested,

because of financial constraints and considerations about the

less ROM of SIJ. The fixation methods may decrease the

biomechanical properties of soft tissue and bone may

decrease, further resulting in few elongations seen in the

tests. Second, no bone density scan was performed before

test; thus, the effects of osteoporosis on the biomechanical

response remain unknown. Third, the effects of loads on

sacroiliac nodal ligament and posterior long sacroiliac

ligament were not well investigated by 3D

photogrammetry, owing to the complex and irregular

posterior structure. Finally, as with other cadaver studies,

muscle forces were not simulated. All of the issues need to be

further investigated.

Conclusion

The oblique-pulling manipulation could cause the slight

nutation and separation of SIJ; however, the resulting SIJ

motion is not more than that of normal people standing and

bearing weight. At the same time, the effect of the

manipulation is transient, and the effect disappears after

the force is removed. Manipulation has a weak effect on the

motion of SIJ and thus triggering the SIJ may not be the

primary mechanism of the oblique-pulling manipulation.

The stretching and loosening of the ligaments around the

SIJ by the oblique-pulling manipulation to achieve the

therapeutic effect might be another mechanism of action

of the manipulation.
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The deer play in Wuqinxi and
four-point hand−knee kneeling
positions for training coremuscle
function and spinal mobility
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KuanWang1, Shang-JunHuang1,2, YanQi1,2* andWen-Xin Niu1,2

1Shanghai YangZhi Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center), School of
Medicine, Tongji University, Shanghai, China, 2Laboratory of Biomechanics and Rehabilitation
Engineering, School of Medicine, Tongji University, Shanghai, China

The four-point kneeling exercise is a core stabilization exercise that provides

the spine with dynamic stability and neuromuscular control. In the traditional

Chinese exercise Wuqinxi, deer play is performed in a hand−foot kneeling (HFK)

position, which is remarkably similar to the four-point hand−knee kneeling

(HKK) position. However, the differences in spinal function promotion between

these two positions are poorly understood. The aim of this study was to

investigate muscle activation patterns and spinal kinematics during specific

core stabilization training to provide evidence for selecting specific exercises. A

total of 19 healthy adults were recruited to perform HFK and HKK. The rotation

angle of the C7–T4 vertebra and the surface EMG signals of abdominal and

lumbarmuscles on both sides were collected. The paired t-test showed that the

vertebral rotation angles were significantly higher during HKK than HFK, and the

intra-group differences mainly occurred at the level of the thoracic vertebra.

The muscle activation of both sides of the rectus abdominis and external

oblique in HFK was significantly higher than in HKK when the upper limb

was lifted (p < 0.05). The activation of the ipsilateral lumbar multifidus and

erector spinae muscles was significantly higher during the HKK position than

during HFK when the lower limb was lifted (p < 0.05). HFK provided more

training for strengthening abdominal muscles, while HKK could be

recommended for strengthening lumbar muscles and increasing spine

mobility. These findings can be used to help physiotherapists, fitness

coaches, and others to select specific core exercises and develop

individualized training programs.

KEYWORDS

Wuqinxi exercise, core stabilization exercise, surface electromyography (EMG),
vertebral rotation, core muscle stability
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Introduction

Core stabilization exercise (CSE) is designed to promote the

muscular co-activation patterns and the stability of the spinal

structures (Essendrop et al., 2002; Brown and McGill, 2008;

Oliva-Lozano and Muyor, 2020). It has been widely used in

training programs to improve health and physical fitness as well

as in clinical rehabilitation for the elderly (Areeudomwong and

Buttagat, 2019; Ozsoy et al., 2019; Kim et al., 2020; Vera-Garcia

et al., 2020). A well-trained core is essential for optimal

performance and injury prevention (Cortell-Tormo et al., 2017).

Four-point kneeling exercise is regarded as a CSE that

provides dynamic stability and neuromuscular control to the

spine (O’Sullivan, 2000; Martuscello et al., 2013; Cortell-Tormo

et al., 2017). It is a quadruped position, with the hip and knee at

90° flexion while maintaining abdominal hollowing (Stevens

et al., 2007b; Pirouzi et al., 2013). To distinguish it from the

other positions in this article, we call it the four-point hand−knee

kneeling (HKK) position.Wuqinxi is a traditional Chinese fitness

exercise (Huang, 2020) that is a set of exercises based on the

typical movements of five animals: the tiger, deer, bear, ape, and

bird (Guo et al., 2018). The positions between the five movements

are quite different, and each movement is designed to promote a

particular body function (Li et al., 2020; Chang et al., 2022). The

deer play in Wuqinxi is played in a hand−foot kneeling (HFK)

position, which is remarkably similar to the conventional core

stabilization exercise, the four-point hand−knee kneeling (HKK)

position. These quadruped positions provide relatively low-

loaded and non-anti-gravity postures and could be

appropriate choices for people with low back pain or spinal

disorders starting a rehabilitation program.

Previous studies have shown that HKK and its variants could

activate the abdominal and lumbar muscles, thereby enhancing

lumbar spine stability (Sakulsriprasert et al., 2015). In the starting

position, the electromyography (EMG) amplitudes of abdominal

and lumbar muscles were generally lower than 20%

(Chanthapetch et al., 2009; Park and Lee, 2010). HKK with

the upper limb lifted had higher ipsilateral internal oblique

and transversus abdominis muscle activation (Pirouzi et al.,

2013). Another study found that the lower limb extension

task in four-point kneeling provides both low joint loading

and limited muscle activity, and this result suggested that

changes in the limb position could have an effect on the core

muscle activity pattern (Yu et al., 2022). Compared to HKK, the

most distinctive feature of HFK is that the knee does not touch

the ground. However, the differences in core muscle activity

caused by the positions are not clear until now.

Spinal intervertebral joints are complex structures allowing

motion in flexion−extension, lateral bending, and axial rotation.

Spinal rotation has been proposed as a necessary motion for our

everyday activities (Gombatto et al., 2015; Reitmaier and

Schmidt, 2020). A previous study showed that an artificial

restriction of spinal rotation resulted in significantly slower

walking velocity and higher energy consumption in walking

(Kumar, 2004). Moreover, both abdominal and dorsal muscles

are involved in the development of axial torque (McGill. 1991).

Kumar et al. (2002) also reported that the pre-rotated spine

decreased force production significantly and increased EMG

activity significantly. In the current study, we also measured

the two quadruped positions with different limb extensions,

which were unstable positions with asymmetrical body

postures. Measuring spinal rotation is important for the

evaluation of certain tasks involving asymmetrical body

posture, which could provide not only information related to

the rotation angles but also information about muscle activity

patterns (Kouwenhoven et al., 2006; Fan et al., 2014).

Therefore, the purpose of this research was to investigate

trunk muscle activation and spine kinematics to compare the

differences between these two quadruped positions in training

core muscle function and spinal mobility. It was hypothesized

that physical demands differ between these two quadruped

positions, which might be used in training for different spinal

disorders. In this way, a normative database can be created,

which is necessary to interpret the results of performing these

exercises.

Materials and methods

Participants

A total of 19 healthy university students (12 males and

7 females) were recruited in this study according to the paired

t-test, with a power of 0.80, an alpha level of 0.05, and an effect

size of 0.68 (Kim, 2015). The sample size was calculated using

G*Power software (v3.1.9.2) based on the pre-experiment in

which the activation of the rectus abdominis was compared

between these two different four-point kneeling exercises.

Their age was 21.8 ± 0.9 years, height was 169.9 ± 9.5 cm,

weight was 61.9 ± 10.2 kg, and body mass index (BMI) was 21.3 ±

2.0 kg/m2. All participants were free from musculoskeletal pain,

neuromuscular disorders, or any form of joint or bone disease.

Participants with BMI greater than 28 kg/m2 were also excluded,

aimed to decrease the EMG artifact due to adipose tissue lying

between surface electrodes and tested muscles. All participants

were informed about the purpose and content of the

investigation and signed informed consent. Written informed

consent was obtained from the individuals for the publication of

any potentially identifiable images or data included in this article.

Experimental design

All participants performed HKK and HFK and their variants

in random order. Each movement was performed 2 times and

held for 10 s. Rest periods of 60 s were allowed between
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repetitions of the movements, and a 2-min rest period was given

between movements minimizing the possibility of residual

fatigue (Bjerkefors et al., 2010a). Each participant was trained

to perform movements in two positions, and this assured that

they could correctly perform the movements. The two exercises

and their variants were briefly described in the following

paragraphs.

HKK in the starting position: participants were in the

quadruped position with hips and shoulders flexion at

approximately 90°. Their hips were directly above the

knees, and their shoulders were above the hands. The spine

was in a neutral position (Figure 1A). HKK with the right or

left upper limb lifted: from the starting position, participants

lifted their right or left upper limb parallel to the floor,

respectively (Figure 1B). HKK with the right or left lower

limb lifted: from the starting position, participants lifted their

right or left lower limb parallel to the floor, respectively

(Figure 1C).

HFK in the starting position: participants were in the

quadruped position with hips, knees, and shoulders flexion >
90°, the knee joints did not touch the ground, and the spine was

required to be in a neutral position as possible (Figure 1A). HFK

with the right or left upper limb lifted: from the starting position,

participants tried to lift the right or left upper limb parallel to the

floor, respectively (Figure 1B). HFK with the right or left lower

limb lifted: from the starting position, participants lifted their

right or left lower limb as parallel to the floor as possible,

respectively (Figure 1C).

Surface electromyography data
acquisition and processing

The surface electromyography (sEMG) signal acquisition was

performed using Noraxon TeleMyo DTS (Noraxon Inc., AZ,

United States). The sampling rate was at 1,500 Hz. The bipolar

self-adhesive Ag/AgCl surface electrodes, with a 20mm inter-

electrode distance, were placed in parallel to muscle fiber

orientation after alcohol was used to cleanse each participant’s

skin to decrease skin impedance. EMG signals were collected from

eight trunk muscles bilaterally: EO, ES, MF, and rectus abdominis

(RA) (Table 1).

FIGURE 1
Core stabilization exercises in two positions. (A) Exercises in the starting position. (B) Exercisers with a single upper limb lifted; participants lifted
their right or left upper limb parallel to the floor, respectively. (C) Exercisers with a single lower limb lifted; participants lifted their right or left lower
limb parallel to the floor as possible, respectively.
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To normalize the EMG data, the participants were instructed

to perform a maximal voluntary contraction (MVC) test

according to SENIAM recommendations (Hermens et al.,

2000), and more details are given in Table 1. A total of two

repetitions of the 5-s isometric MVC test were performed for

each target muscle against manual resistance, with a 2-min rest

between trials; the order of the test was randomly assigned. After

the measurement of MVC, all participants randomly performed

the HKK and HFK movements according to the procedure.

The raw EMG data were measured using automated

programs written in MATLAB version R2018a (MathWorks,

Inc., Natick, United States). During postprocessing, the first 3 s

and the last 2 s data were discarded. The discarded EMG signal

was quantified by digital full-wave rectifying and band-pass

filtering (at 20–500 Hz) and smoothed with a root-mean-

square (RMS) algorithm with a 100-millisecond moving

window. The average EMG signal amplitude of each muscle

during theMVC trials was regarded as representing 100%muscle

activity, and then the average EMG data of each exercise were

normalized to a percentage of the average of the MVC.

Kinematics data acquisition and
processing

The Formetric 4D analysis system (DIERS International

GmbH, Schlangenbad, Germany) was used to measure

vertebral rotation, which is a radiation-free and contact-free

method based on raster stereography (Drerup and Hierholzer,

1996). The process takes only seconds, unlike traditional spinal

TABLE 1 Placement of surface electromyography electrodes and measurement of the maximum voluntary contraction of trunk muscles.

Muscle Placement of electrodes Maximum voluntary contraction
test

Rectus abdominis 3 cm lateral to the umbilicus Participants were in the supine position with knees bent and feet flat and were asked to flex against manual
resistance at the shoulders

External oblique 15 cm lateral to the umbilicus Participants were in the supine position with knees bent and feet flat and were asked to laterally bend and axially
twist against manual resistance at the shoulders

Erector spinae 3 cm lateral to the L3 spinous
process

Participants were in the prone position. Then, trunk extension was performed against manual resistance at the
shoulders

Lumbar
multifidus

3 cm lateral to the L5 spinous
process

Test was the same as the test of the erector spinae muscle

FIGURE 2
Modified Formetric 4D device (left panel) and computerized surface topography map of the participant’s back (right panel). The distance
between the camera and the participant’s back is about 2 m.
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motion laboratory system measurement methods that require

multiple markers to describe the limited number of spine

segments’ motion and need complex post-data processing

(Papi et al., 2017; Ryan and Bruno, 2017).

Parallel light lines are projected onto the surface of the back

and detected using a digital camera. From the distortion of the

raster lines and with the help of a personal computer, the three-

dimensional model of the spine was reconstructed. By a

mathematical shape analysis, the frontal, the sagittal, and the

transversal profile can be determined (Drerup and Hierholzer,

1994). The reliability and validity of the Formetric raster

stereography device had been proved in previous studies

(Betsch et al., 2011; Schroeder et al., 2015).

All parameters were measured using the function tool four-

dimensional average (4D average). The duration of image

acquisition was set at 6 s, and the frequency was set at 2 Hz.

Moreover, the original design of equipment was to measure the

spine in the standing position; we modified the equipment to

fulfill the experiments. As shown in Figure 2, the distance

between the camera and the participant’s back was about 2 m,

and the height of the camera could be fine-tuned to suit different

participants. More details of the preparation are referred to

Gipsman et al. (2014).

The collected data were processed by software automatically.

The averages of the vertebral rotations were calculated, and the

negative value and the positive value meant that the vertebra

rotates to the left and right in the data set, respectively.

Statistical analysis

All the statistical analyses were performed using SPSS

statistical software (version 20.0; Inc., Chicago, IL,

United States), and statistical significance was accepted at p <

FIGURE 3
Comparison of sEMG values between the four-point hand−knee and hand−foot kneeling positions with the same limb lifted. RRA, right rectus
abdominis; LRA, left rectus abdominis; REO, right external oblique; LEO, left external oblique; RES, right erector spinae; LES, left erector spinae; RMF,
right lumbar multifidus; LMF, left lumbar multifidus. *: statistically significant, p < 0.05.
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0.05. The paired t-test was utilized to compare them between the

two positions with the same limb lifted. The one-way ANOVA

test with the Bonferroni correction was utilized to compare the

muscle activity and vertebral rotation between five positions in

both HKK and HFK, respectively.

Results

Muscle activity

The t-test showed the activation of the same muscle between

HKK and HFK with the same limb lifted was statistically different

(Figure 3). The activation of both sides of RA (p < 0.05), EO (p <
0.001), ES (p < 0.05), and left MF (p = 0.009) in HFK were higher

than that in HKK in the starting position. The activation of both

sides of RA and EO in HFK was higher than that in HKK when the

upper limb was lifted (p < 0.05), while the activation of contralateral

MF was higher in HKK than in HFKwhen the upper limb was lifted

(p < 0.05). The activation of ipsilateral MF and ES in HKK was

higher than that in HFK when the lower limb was lifted (p < 0.05),

while the activation of EOmuscles was higher in HFK than in HKK

when the contralateral lower limb was lifted (p < 0.05).

The one-way ANOVA test for comparing the five exercises in

the HKK position showed significant differences in the muscle

activation of most trunk muscles (p < 0.001), except the left RA

(p = 0.076) (Figure 4). During exercises in the HFK position,

statistically significant differences were found in the activation of

the muscles (p < 0.05), except for the left RA (p = 0.161) and right

MF (p = 0.263) (Figure 5).

Vertebral rotation

The vertebral rotation between two positions with the same

limb lift was compared (Figure 6). The results showed that the

difference was mainly at T8 and above (p < 0.05) when the lower

limb was lifted, while the difference existed at T7–T10 during

exercises with the upper limb lifted (p < 0.05). Moreover, the

exercises in the HKK position had a greater vertebral rotation

angle than those in the HFK position, unless the right upper limb

was lifted, although the rotation might be in a different direction.

The rotation angle of each vertebra from C7 to L4 for each

exercise in the HKK and HFK positions is displayed in Figure 7.

In HKK, the results showed that the thoracic vertebral rotation

(from T1 to T7) was significantly larger when the left lower limb

FIGURE 4
sEMG values and results of one-way ANOVA during the four-point hand−knee kneeling positions, respectively. The negative value meant the
vertebra rotates to the left, and the positive value meant the vertebra rotates to the right; RRA, right rectus abdominis; LRA, left rectus abdominis;
REO, right external oblique; LEO, left external oblique; RES, right erector spinae; LES, left erector spinae; RMF, right lumbar multifidus; LMF, left
lumbar multifidus. *: statistically significant, p < 0.05.
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FIGURE 5
sEMG values and results of one-way ANOVA during the four-point hand−foot kneeling positions, respectively. The negative value meant the
vertebra rotates to the left, and the positive value meant the vertebra rotates to the right. RRA, right rectus abdominis; LRA, left rectus abdominis;
REO, right external oblique; LEO, left external oblique; RES, right erector spinae; LES, left erector spinae; RMF, right lumbar multifidus; LMF, left
lumbar multifidus. *: statistically significant, p < 0.05.

FIGURE 6
Comparison of vertebral rotation (°) between the four-point hand−knee and hand−foot kneeling positions. The negative value meant the
vertebra rotates to the left; the positive value meant the vertebra rotates to the right. *: statistically significant, p < 0.05.
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was lifted than in the starting position (p < 0.05), and the thoracic

vertebra (from T1 to T8) showed the opposite rotation direction

when the left upper limb was lifted and the left lower limb was

lifted. However, there were no significant differences in the

lumbar spinal rotation (from L1 to L3) between positions with

different limbs lifted in both HKK and HFK.

Discussion

The purpose of this study was to quantify muscle activation

and spine kinematics during movements in HKK and HFK to

compare the differences between these two quadruped positions

in training core muscle function and spinal mobility. The muscle

activity data in HKK were consistent with some earlier results

(Beith et al., 2001; Stevens et al., 2007b; Pirouzi et al., 2013).

Furthermore, our study provided comprehensive comparisons of

bilateral muscle activation in two four-point kneeling positions

with specific limb lift.

According to the classification of muscle activation, the

relative EMG levels (%MVC) were classified into high (>20%
MVC), moderate (10%–20% MVC), and low (<10% MVC)

muscle activity (Stevens et al., 2007b). In the starting position,

all muscle activation was low (<10% MVC) during HKK. Only

one study showed that the activation of all muscles was less than

10% in the HKK position (Stevens et al., 2007a). This result was

in line with our study. The activation of the RA, EO, ES, and left

MF was higher during HFK than during HKK in the starting

position and with the upper limb lifted. Previous studies have

indicated that abdominal trunk muscle strength decreases with

chronic low back pain (Cho et al., 2014; Cruz-Díaz et al., 2017).

Moreover, Kato et al. (2019) found that abdominal muscle

training could effectively improve transversus abdominis

muscle activation in patients with chronic low back pain and

was associated with pain and function improvement. HFK in the

starting position and with the left limb lifted could provide more

training for strengthening abdominal muscles and might be used

for people with chronic low back pain caused by abdominal

muscle weakness.

The ES and MF had higher activity during HKK than during

HFK with the ipsilateral lower limb lifted. A previous study

showed that HKK with the right lower limb lifted had higher

activity of the right EO and MF muscles and lower activity of the

RA, which was consistent with our results (Stevens et al., 2007b).

The ES and MF were thought to play an important role in the

active stabilization and movement of the spine (Sadeghi et al.,

FIGURE 7
Vertebra rotation and results of one-way ANOVA during the four-point hand−knee kneeling positions and four-point hand−foot kneeling
positions, respectively. *: statistically significant, p < 0.05.
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2019; Kouwijzer et al., 2020). Previous studies showed that people

with low back pain were found to have smaller multifidus

muscles with a significant amount of intramuscular fat

infiltration (Seyedhoseinpoor et al., 2021). Considering the

high activation of ES and MF (>20% MVC) during HKK with

the lower limb lifted, it could be used to strengthen ES and MF in

particular.

The findings of the present study also revealed that the

muscle activation was closely related to the uplifted limb, and

the relationship was affected by whether the knee touched the

ground. Analyzing the moderate and high activated muscles

during exercises, we could conclude the following: the EO and

MF muscles had a higher muscle activity during HKK with the

contralateral upper limb or the ipsilateral lower limb lifted, and

the EO muscle activation was higher during HFK with the

contralateral upper limb lifted. HKK with the lower limb

lifted had a highly activated ipsilateral ES muscle. Based on

these results, we suggested the specific variant could strengthen

specific muscles.

The results showed that the rotation angle of the thoracic

spine in HKK with the lower limb lifted was significantly

larger than that in HFK, and the results also showed that the

rotation angles of T7–T10 in HKK with the upper limb lifted

were significantly larger than those in HFK. A previous study

focused on spine motion during axial rotation activities also

showed the greatest degree of axial rotation of the upper

thoracic spine in comparison with the other spinal segments

(Sung et al., 2012). Yang et al. (2015) pointed out that motion

reduction of the thoracic segments caused excessive

movements of the lumbar spine via compensatory

mechanisms. The abnormal movements of the lumbar

spine led to the instability that develops in the facet joints,

which eventually causes pain in the lower back (Panjabi,

1992). However, the results showed that little rotation

angles of the lumbar were observed in HKK and HFK

because the high activation of the trunk muscle led to

intervertebral joint stiffness, which restricted the axial

rotation (Lee et al., 2006; Graham and Brown, 2014; Inoue

et al., 2020).

The vertebral rotation was also closely related to the uplifted

limb in different positions. For example, in HKK and HFK, the

thoracic spine rotated oppositely to the side of the uplifted

upper limb. However, the direction of the thoracic rotation was

on the same side of the raised lower limb in HKK, while that in

HFK was on the opposite. Recently, some studies also showed

that thoracic mobilization exercises had positive outcomes in

relieving pain and functional disability in patients with chronic

low back pain (Divya et al., 2020; Kostadinović et al., 2020). In

our research, HKK with limbs lifted increased thoracic

mobilization and reduced lumbar hypermobility, which

might be used in low back pain management.

In the starting position, the rotation angles of T11–L2 during

HKK were significantly larger than those during HKF. However,

there were no significant differences in most thoracic rotation angles

between HKK and HFK, and relatively little rotation angles were

shown in bothHKK andHFK. Because the body weight is supported

by two knees (feet) and two hands in the starting position, which is a

stable posture, the neutral spine position could be easily achieved

(Pirouzi et al., 2013). Also, previous studies showed that trunk

muscles activated less when in the starting position than when

the limbs were lifted. (Stevens et al., 2007b; Chanthapetch et al.,

2009). This result was in line with our findings in muscle activation.

Thus, it was a suitable choice for people at the beginning of

rehabilitation programs for low back pain or spinal disorders due

to the little physical demands needed.

Limitations

There are some limitations to this study. First, all the

participants recruited were young healthy subjects. Further

studies need to take people with low back pain or the elderly

into consideration. Second, the beneficial effects need to be

identified by long-term intervention based on two kinds of

four-point kneeling positions.

Conclusion

The exercises in both four-point hand−knee kneeling

positions could train core muscle and spinal mobility and

could be suitable choices for people with low back pain or

spinal disorders. The exercises in the HFK (deer play)

position could provide more training for strengthening

abdominal muscles, while the exercises in the HKK position

with the lower limber lifted could be recommended for

strengthening lumbar muscles. HKK and its variants were

presumably suitable for increasing spine mobility. The

findings in this study can be used to help physiotherapists,

fitness coaches, and others to select specific exercises and

develop individualized training programs.
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Posterosuperior rotator cuff tear (PSRCT) is one of the most common shoulder

disorders in elderly people’s daily life; however, the biomechanical relationship

between PSRCT and shoulder abduction function is still controversial. In this

study, a total of twelve freshly frozen cadaveric shoulders were included and

tested in five conditions: intact rotator cuff, 1/3 PSRCT, 2/3 PSRCT, entire

PSRCT, and global RCT. In each condition, extra load (0%, 45%, and 90%

failure load) was sequentially added to the distal humerus, and the function

of the remaining rotator cuff was mainly evaluated via the middle deltoid force

(MDF) required for abduction. It is found that the peak MDF is required for

abduction did not differ among the three PSRCT conditions (1/3 PSRCT: 29.30 ±

5.03 N, p = 0.96; 2/3 PSRCT: 29.13 ± 9.09 N, p = 0.98; entire PSRCT: 28.85 ±

7.12 N, p = 0.90) and the intact condition (29.18 ± 4.99 N). However, the peak

MDF significantly differed between the global RCT (76.27 ± 4.94 N, p < 0.01) and

all PSRCT and intact conditions. Under 45% failure load, the MDF of the entire

PSRCT and global tear conditions were significantly increased compared with

another status. With the 90% failure load, only the 1/3 PSRCT condition

maintained the same shoulder function as the intact rotator cuff. These

biomechanical testing jointly suggested that the weight-bearing ability of the

shoulder significantly decreased as PSRCT progressed.
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shoulder stimulator, rotator cuff tear, abduction function, biomechanics, deltoid
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Introduction

Posterosuperior rotator cuff tear (PSRCT) complaints are

highly variable, with some patients exhibiting minimal

symptoms and discomfort, while others exhibit pseudoparalysis

or debilitating pain (Oh, et al., 2011; Rashid, et al., 2017). This

controversy may result from the rotator cuff tear (RCT) size and

the physical demand of individual patients (Keener, et al., 2017;

Rizvi, et al., 2021). Mild PSRCT patients with minimal physical

requirementsmight not notice any symptoms, while severe PSRCT

patients with more physical demands suffer greatly in daily life

(Kim, et al., 2019; Kwon, et al., 2019; Keener, et al., 2020). The

former may respond favorably to non-operative treatment, and

surgical intervention may be more suited for the latter. However,

no biomechanical studies have tested these hypotheses. Therefore,

it is unclear if a significant functional impediment would be

observed in an originally compensable PSRCT shoulder under

increased extra load; this information would be informative for

determining suitable clinical treatment options.

To investigate the biomechanical relationship between PSRCT

and shoulder function, a suitable biomechanical testing system is

indispensable. The most commonly used biomechanical testing

system is Instron. However, the machine only gets primary

testing results, such as stiffness, number of cycles to failure, and

maximum load rage at failure, which do not reflect the dynamic

process of shoulder abduction (van der Meijden, et al., 2013). In

addition, only uniaxial force could be applied to the muscle or

tendon unit in this kind of machine, which is an oversimplification

of the shoulder. Recently established biomechanical testing systems

havemademuch improvement. In order tomake the biomechanical

testing platform closer to the clinical environment, some researchers

have added a mechanical arm to the biomechanical testing system

(Wellmann, et al., 2011). Through the mechanical arm, the shoulder

can be put into a specific position to simulate the activities of the

human shoulder joint. Moreover, the researcher can control the

glenohumeral joint flexion and internal rotation activities by fixing

the scapula and humerus, so as to detect the relatively complex

biomechanical results including forward–backward translation and

maximum internal rotation. Baumgartner et al. (2014) made ametal

mechanical biomechanical testing system. They used an electric

linear driver to simulate the force exerted by the deltoid,

supraspinatus, infraspinatus/teres minor, and subscapularis, and

transmitted it to the metal humerus through a cable pulley

system, thus simulating the force exerted by the rotator cuff on

the humerus. By equipping the metal machinery with sensors, the

system can output accurate biomechanical results, including the

force of each rotator cuffmuscle and the glenohumeral contact force.

Mihata et al. (2016) established a static biomechanical testing

system, which would apply precise force on the deltoid,

supraspinatus, infraspinatus, teres minor, and subscapularis to

stimulate abduction motion when the glenohumeral joint angle

was fixed at a certain angle (Mihata, et al., 2016). In this testing

system, the shoulder index in each injured or repaired condition

could be compared by evaluating the acromial contact area or

glenohumeral contact force. Nevertheless, this is still a static

biomechanical testing system, not reflecting the dynamic change

of the shoulder. Thus, it is essential to establish a dynamic shoulder

abduction stimulator that is able to reflect the active process of

shoulder motion in order to precisely determine the biomechanical

difference in each shoulder condition.

In this study, we explored the relationship between functional

impediments of the shoulder and RCT size under extra load using a

previously established dynamic shoulder abduction simulator. Via

this machine, the tendinous insertions of the deltoid (anterior,

middle, and posterior), infraspinatus/teres minor, supraspinatus,

and subscapularis were dynamically loaded through a pneumatic

actuator, which allows dynamic shoulder abduction from 0° to 90°

(Video 1). We hypothesized that as the extra load increased,

shoulder abduction impediments would be observed in a

medium PSRCT, which was previously believed to be compensable.

Materials and methods

Specimen preparation and testing
measurements

This study was reviewed by the Science and Research

Development of the Shanghai Sixth People’s Hospital, which

concluded that no institutional review was necessary for this

research. Cadaver shoulders (donated for medical research from

the tissue bank of our university; six males and six females; aged

between 54–68 years) without the signs of abnormality or preexisting

pathological findings, including a full-thickness RCT, osteoarthritis,

or fatty infiltration, detected via computed tomography and gross

visual examination, were used. The cadaver shoulders were thawed

overnight before the experiment. Tendinous insertions of the rotator

cuff and deltoid on the humerus were reserved. Other tissue was

removed while the coracoacromial ligament and capsule were

carefully retained. After preparation, each specimen was mounted

on a previously validated biomechanical testing system (Figure 1)

(Wang L. et al., 2021). To perform active dynamic evaluation, the

tendinous insertion of the anterior deltoid, middle deltoid, posterior

deltoid, superior and inferior subscapularis, superior and inferior

supraspinatus, infraspinatus, as well as teres minor were attached to a

specific actuator, prior to load application, as reported previously.

Customized plates and nails were used to imitate physiologicalmuscle

force vectors without friction. Subsequently, we simulated active

dynamic abduction from 0° to 90°, using scapular rotation, and

adjusted to a 2:1 glenohumeral-to-scapulothoracic ratio.

Testing model setup

Each specimen received dynamic glenohumeral abduction from

0° to 90° during our investigation. Shoulder muscle load distribution
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was assessed via load on the middle deltoid (supporting

information). Peak middle deltoid force (MDF) referred to the

peak value of MDF during shoulder dynamic abduction. Stable

MDF referred to the value of MDF when the shoulder abduction

angle is stabilized at 90°. Peak subacromial contact pressure (SACP)

referred to the peak value of subacromial contact pressure during

shoulder dynamic abduction recorded by a pressure measurement

system (Fujifilm, Tokyo: measurement accuracy: 0.25 mPa).

Average SACP referred to the average value of subacromial

contact pressure during shoulder dynamic abduction recorded by

pressure measurement system (Fujifilm, Tokyo: measurement

accuracy: 0.25 mPa). Subacromial contact area (SACA) referred

to the subacromial contact area during shoulder dynamic

abduction recorded by a pressure measurement system (Fujifilm,

Tokyo). Subacromial contact force (SACF) referred to the

cumulative subacromial contact force during shoulder dynamic

abduction recorded by a pressure measurement system (Fujifilm,

Tokyo). Peak glenohumeral contact force (GHCF) referred to the

peak value of GHCF during shoulder dynamic abduction. Stable

GHCF referred to the value of GHCF when the shoulder abduction

angle is stabilized at 90°. The value of GHCF was previously used to

evaluate the shoulder stability on different rotator cuff injuries or

repairing conditions via a static shoulder biomechanical testing

system when the force applied to the shoulder is constant

(Mihata, et al., 2012; Mihata, et al., 2016). However, in this

dynamic biomechanical testing system, the force applied to the

shoulder has significant differences in different rotator cuff injury

conditions. To eliminate this difference, we used the GHCF/MDF

ratio to represent the shoulder stability on different rotator cuff

injuries or repairing conditions.

Simulation of abduction failure

In biomechanical studies, it is indeed possible to make the

shoulder complete 0–90° abduction with extra loading by increasing

FIGURE 1
(A) Schematic and (B) actual experimental setup of the dynamic experimental shoulder biomechanics system, which allows 0°–60°

glenohumeral abduction; (C) Dynamic mechanical detection of muscle force stimulation.
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the force of the middle deltoid. However, if the increased force

applied by the middle deltoid exceeds the threshold of normal

deltoid in the human body, the 0–90° abduction can only be

completed on the biomechanical machine, not in the human

body. Therefore, the threshold of middle deltoid force is very

important. In previous biomechanical studies, the failure load of

the middle deltoid was usually set to 80 N. (Cline et al., 2021;

Denard, et al., 2022; Tibone, et al., 2022). According to these

suggestions, when installing the electric actuators matching the

middle deltoid, we specially selected the electric actuators with a

maximum range of 100 N. Via this electric actuator, when the

biomechanical machine cannot complete 0–90° abduction, it means

that the normal shoulder joint may not be able to complete the

abduction of the shoulder joint in this certain situation, which is

FIGURE 2
Schematic graph of the testing conditions.
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determined as a failure state in this study. In this condition, the

maximal extra load was recorded as 100% failure load. In this study,

0, 45, and 90% failure loads were individually added to each shoulder

on the distal humerus to stimulate daily activities as an empty hand,

medium, and heavy upper extremity weight-bearing, respectively.

Experimental conditions

In total, 15 conditions (five PSRCT conditions with three

loads each) were tested (Figure 2). Intact rotator cuff shoulder

was recorded as condition 1. Then, PSRCT was created from the

anterior insertion of the supraspinatus with sequentially enlarged

sizes to establish three PSRCT models: the anterior one-third (1/

3 PSRCT, condition 2), anterior and middle one-third (2/

3 PSRCT, condition 3), and entire posterior–superior rotator

cuff (entire PSRCT, condition 4). The rotator cuff part of the teres

minor and the subscapularis lying above the rotation center of

the humeral head was torn as a global tear control (global tear,

condition 5). For each condition, 0, 45, and 90% failure loads

were individually added to the distal humerus to examine the

function of shoulder abduction.

Statistical analysis

The average of three measurements from each parameter was

used for data analyses. To test differences in the peakMDF, stable

MDF, average SACP, peak SACP, SACA, SACF, stable GHCF/

MDF ratio, and peak GHCF/MDF ratio, two-way ANOVA

analysis was performed. When a significant difference in

interaction was observed, a simple effect analysis was

performed. p-value of <0.05 was considered significant.

To reach 80% power based on the mean and standard

deviation of the first four specimens, three specimens were

required for stable MDF and the peak GHCF/MDF ratio, three

specimens were required for SACA and the GHCF/MDF ratio,

seven specimens were required for peak SACP, nine specimens

were required for average SACP, ten specimens were required for

peakMDF, and eleven specimens were required for SACF. Totally,

twelve cadaveric specimens were used.

Results

Stimulation of pseudoparalysis in the
biomechanical testing system

Clinically, pseudoparalysis patients suffer from a limited

abduction angle. However, in a biomechanical testing system, with

enough force and fulcrum, an arm can always abduct to a certain

angle.Nevertheless, the deltoid is increasingly required to complete the

abduction angle. Thus, instead of themaximum abduction degree, the

MDF required for the abduction was considered the most important

factor for evaluating pseudoparalysis in the current biomechanical

testing system. Figure 3 presents the dynamic change between MDF

abduction and the shoulder abduction angle. The minimum MDF

required for abduction with 100% failure load less than 90° was

87.58 ± 7.17 N (95% confidence interval [CI]: 83.03–92.14 N), which

was significantly increased compared with that for the 0% failure load

condition (29.18 ± 4.99 N, 95% CI: 26.01–32.36 N).

Effect of rotator cuff tear on middle
deltoid force during abduction

Figure 4 presents the MDF curve of the intact and other RCT

conditions under variable loading. For the 0% failure load condition

(Table 1), the peak and stable MDFs in the global tear condition

were significantly increased compared with those in the intact, 1/

3 PSRCT, 2/3 PSRCT, and entire PSRCT conditions. For the 45%

failure load condition (Table 1), the peak and stable MDFs in the

entire PSRCT and global tear conditions were significantly increased

compared with those in the intact, 1/3 PSRCT, and 2/3 PSRCT

conditions. For the 90% failure load (Table 1), the peak and stable

MDFs in the 2/3 PSRCT, entire PSRCT, and global tear conditions

were significantly increased comparedwith those in the intact and 1/

3 PSRCT conditions.

Effect of rotator cuff tear on the
subacromial contact pressure, area, and
force during abduction

As is shown in Figure 5, for the 0% failure load (Table 2),

peak and average SACPs, SACA, and SACF in the global tear

condition were significantly increased compared with those in

the intact, 1/3 PSRCT, 2/3 PSRCT, and entire PSRCT condition.

For the 45% failure load (Table 2), the peak and average SACPs,

SACA, and SACF in the entire PSRCT and global tear condition

FIGURE 3
Effect of extra loading on MDF during abduction.
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were significantly increased compared with those in the intact, 1/

3 PSRCT, and 2/3 PSRCT conditions. For the 90% failure load

(Table 2), the peak and average SACPs, SACA, and SACF in the

2/3 PSRCT, entire PSRCT, and global tear conditions were

significantly increased compared with those in the intact and

1/3 PSRCT conditions.

FIGURE 4
Effect of RCT onMDF during abduction. (A) TheMDF curves of the intact, 1/3, 2/3, entire, and global tear conditions under 0, 45, and 90% failure
loads. (B) The peak and stable MDFs during 60° glenohumeral abduction. MDF, middle deltoid force. **, a significant difference compared with the
intact condition, p < 0.01.

TABLE 1 Effect of RCT on MDF during abduction.

0% Failure load (N) 45% Failure load (N) 90% Failure load (N)

Peak Stable Peak Stable Peak Stable

Intact 29.18 ± 4.99 27.71 ± 4.93 43.35 ± 4.39a 34.91 ± 4.98a 51.66 ± 2.17a,b 45.84 ± 5.45a,b

1/3 PSRCT 29.30 ± 5.03 27.28 ± 5.33 43.09 ± 3.52a 33.77 ± 5.59a 53.52 ± 4.64a,b 46.62 ± 6.21a,b

2/3 PSRCT 29.13 ± 8.14 31.25 ± 5.38 44.68 ± 2.46a 37.20 ±4.02a 81.31 ± 5.57a,b,** 77.77 ± 6.04a,b,**

entire PSRCT 28.85 ± 7.12 29.88 ± 3.81 77.32 ± 5.81a,** 68.00 ± 7.84a,** 82.31 ± 6.74a,** 76.65 ± 3.86a,b,**

global tear 76.27 ± 4.94** 61.22 ± 6.88** 90.77 ± 4.23a,** 74.95 ± 7.65a,** 91.67 ± 5.85a,** 79.90 ± 6.14a,**

MDF: middle deltoid force; RCT: rotator cuff tear. asignificant difference compared with 0% failure load, p < 0.05; bsignificant difference compared with 45% failure load, p < 0.05;

**significant difference compared with the intact condition, p < 0.01.
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FIGURE 5
Effect of RCT on the peak and average SACPs, SACA, and SACF under (A) 0, (B) 45, and (C) 90% failure loads during abduction. SACP,
subacromial contact pressure; SACA, subacromial contact area; SACF, subacromial contact force. **, a significant difference compared with the
intact condition, p < 0.01.

TABLE 2 Effect of RCT on the subacromial contact pressure, area, and force during abduction.

0% Failure Load (N) 45% Failure Load (N) 90% Failure Load (N)

Peak
SACP
(MPa)

Average
SACP
(MPa)

SACA
(mm2)

SACF
(N)

Peak
SACP
(MPa)

Average
SACP
(MPa)

SACA
(mm2)

SACF
(N)

Peak
SACP
(MPa)

Average
SACP
(MPa)

SACA
(mm2)

SACF
(N)

Intact 0.38
± 0.05

0.22 ± 0.04 7.00 ±
5.73

1.62
± 1.60

0.52 ±
0.07
mPaa

0.42 ± 0.11a 20.92 ±
6.84a

8.91 ±
3.88a

0.59 ±
0.12a,b

0.68 ± 0.19a,b 46.33 ±
6.70a,b

31.59 ±
10.08a,b

1/3
PSRCT

0.40 ±
0.06

0.25 ± 0.06 13.08 ±
9.46

2.98
± 2.05

0.65 ±
0.09a

0.44 ± 0.09a 17.83
± 7.65

7.48 ±
3.41a

0.56 ±
0.15a,b

0.70 ± 0.15a,b 46.25 ±
7.90a,b

31.81 ±
7.56a,b

2/3
PSRCT

0.40 ±
0.06

0.26 ± 0.07 12.25 ±
9.37

3.43
± 3.22

0.59 ±
0.12a

0.44 ± 0.09a 30.83 ±
8.59a

13.79 ±
5.28a

5.84 ±
1.36a,b,**

1.27 ±
0.24a,b,**

63.92 ±
5.20a,b,**

80.76 ±
11.83a,b,**

entire
PSRCT

0.44 ±
0.08

0.27 ± 0.06 12.98 ±
7.03

3.22
± 1.51

4.84 ±
1.15a,**

1.77 ±
0.67a,**

55.58 ±
12.41a,**

95.42 ±
32.33a,**

7.05 ±
1.14a,b,**

1.88 ±
0.37a,**

69.50 ±
8.17a,b,**

129.24 ±
21.52a,b,**

global
tear

4.12 ±
1.50**

1.13 ±
0.43**

41.28 ±
11.56**

45.19 ±
18.49**

6.41 ±
1.17a,**

2.10 ±
0.43a,**

72.25 ±
13.14a,**

148.43 ±
23.54a,**

6.97 ±
1.11a,**

2.17 ±
0.28a,**

85.08 ±
7.15a,b,**

184.60 ±
31.44a,b,**

RCT: rotator cuff tear; SACA: subacromial contact area; SACF: subacromial contact force; SACP: subacromial contact pressure. asignificant difference compared with 0% Failure

Load, p < 0.05; bsignificant difference compared with 45% Failure Load, p < 0.05; **significant difference compared with the intact condition, p < 0.01.
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Effect of rotator cuff tear on the
glenohumeral contact force/middle
deltoid force ratio

The GHCF/MDF ratio is used to evaluate shoulder stability

based on a study (Figure 6) (Wang L. R. et al., 2021). For the 0%

failure load (Table 3), the peak and stable GHCF/MDF ratios in the

global tear condition were significantly decreased compared with

those in the intact, 1/3 PSRCT, 2/3 PSRCT, and entire PSRCT

conditions. For the 45% failure load, the peak and stable GHCF/

MDF ratios in the entire PSRCT and global tear conditions were

significantly decreased compared with those in the intact, 1/

3 PSRCT, and 2/3 PSRCT conditions. For the 90% failure load,

the peak and stable GHCF/MDF ratios in the 2/3 PSRCT, entire

PSRCT, and global tear conditions were significantly decreased

compared with those in the intact and 1/3 PSRCT conditions.

TABLE 3 Effect of RCT on the GHCF/MDF ratio.

0% Failure Load (N) 45% Failure Load (N) 90% Failure Load (N)

Peak Stable Peak Stable Peak Stable

Intact 2.19 ± 0.12 2.55 ± 0.29 2.11 ± 0.22 2.74 ± 0.41 1.80 ± 0.06a,b 2.09 ± 0.23a,b

1/3 PSRCT 2.14 ± 0.14 2.73 ± 0.19 2.11 ± 0.17 2.69 ± 0.25 1.80 ± 0.07a,b 1.99 ± 0.13a,b

2/3 PSRCT 2.14 ± 0.15 2.69 ± 0.38 2.13 ± 0.17 2.49 ± 0.19 1.46 ± 0.06a,** 1.41 ± 0.10a,**

entire PSRCT 2.17 ± 0.15 2.48 ± 0.32 1.32 ± 0.15a,** 1.41 ± 0.07a,** 1.37 ± 0.07a,** 1.34 ± 0.06a,**

global tear 1.43 ± 0.11** 1.60 ± 0.30** 1.22 ± 0.09a,** 1.39 ± 0.04a,** 1.35 ± 0.08a,** 1.22 ± 0.06a,b,**

GHCF: glenohumeral contact force; MDF: middle deltoid force; RCT: rotator cuff tear. asignificant difference compared with 0% Failure Load, p < 0.05; bsignificant difference compared

with 45% Failure Load, p < 0.05; **significant difference compared with the intact condition, p < 0.01.

FIGURE 6
Effect of RCT on the peak and stable GHCF/MDF ratios under 0, 45, and 90% failure loads during abduction. MDF, middle deltoid force. **, a
significant difference compared with the intact condition, p < 0.01.
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Discussion

Our biomechanical findings indicated that as PSRCT

progressed, the weight-bearing ability of the shoulder became

significantly impaired. There was a significant increase in the

peak and stable MDFs, peak and average SACPs, SACA, and

SACF with extra loading compared with the empty hand

condition. Furthermore, there was a significant decrease in

shoulder stability in high–weight-bearing conditions with

larger tears, indicated by decreased peak and stable GHCF/

MDF ratios. Taken together, these results suggested that when

there is some remaining rotator cuff attachment above the

equatorial line of the humeral head, active abduction is not

affected by the PSRCT without extra loading, regardless of the

tear size. However, with the extra load, the MDF significantly

increases, resulting in the dysfunction of the remnant rotator cuff

attachment above the equatorial line of the humeral head. Thus,

the humeral head inevitably shifts upwards, significantly

impairing the glenohumeral abduction function.

Recent studies have investigated whether a critical RCT stage

contributed to the functional impediments of shoulder abduction

function. Oh et al. (2011) suggested that the entire detachment of

supraspinatus was the critical RCT stage causing significantly

decreased abduction capability and increased anterior-posterior

humeral head shift. The impeded shoulder function deteriorated

when the infraspinatus was subsequently detached. However, Dyrna

F et al. (2018) investigated biomechanical differences in deltoid force

after posterior-superior and anterior-superior massive RCTs

(MRCTs) in a cadaveric model using a sub dynamic testing

system and found that the mean force generated by anterior,

middle, and posterior deltoids significantly increased in anterior-

superior MRCT but not in posterior-superior MRCT. Yoon TH

et al. (2019) enrolled 108MRCT patients and found that the patients

with subscapularis and teres minor integrity experienced

significantly decreased incidences of conventional treatment

failure compared with patients lacking integrity of one or both

muscles. Currently, the relationship between the abduction

limitation and global RCT is under review. Ernstbrunner et al.

(2021) reviewed 50 RCT patients and found that without extra

loading, the shoulder abduction function only deteriorated when the

degree of global tear extension reached 225 ± 14°. These contract

biomechanical findings might be because PSRCT might partly

impair the rotator cuff function compared with native uninjured

shoulder, which can be detected in intricate biomechanical testing.

However, the whole glenohumeral dynamic abduction remained

unchanged without bearing extra loading.

Clinically, MRCT patients always complain about heavy lifting

limitations in daily life. However, the abduction strength is also

FIGURE 7
Schematic graphs of the superior migration of the humeral head and fulcrum during abduction: (A) RCT with remnant rotator cuff tissue above
the equatorial line of the humeral head at 0° and 60° glenohumeral abduction, (B) 0° and 60° glenohumeral abduction of MRCT without remnant
rotator cuff tissue above the equatorial line of the humeral head, and (C)RCTwith remnant rotator cuff tissue above the equatorial line of the humeral
head with extra loading at 0° and 60° glenohumeral abduction. H: humerus; ISP: infraspinatus; RCT: rotator cuff tear; S: scapular; SSC:
subscapularis; TMi: teres minor.
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important in the Constant–Murley Score (Hirschmann, et al., 2010;

Roy, et al., 2010). Our biomechanical results suggested that the loss

of muscle tone resulted in a limited abduction ability for carrying

heavy things and increased the required MDF for abduction. This

biomechanical phenomenon might be explained by the fulcrum

theory. Burkhart et al. (1992) suggested that the glenohumeral

fulcrum is classified into stable and unstable fulcrums depending

on the severity of RCT. The unstable fulcrumwas commonly caused

by MRCT and clinically characterized as the decreased interface

between the humeral head position and acromion on magnetic

resonance images or radiographs (de Oliveira Franca et al., 2016;

Denard, et al., 2018) which was believed to play a critical role in

glenohumeral function (Kozono, et al., 2018a; Kozono, et al., 2018b).

The shift from a stable to an unstable fulcrum represented a

significant alternation of the normal biomechanical status and

was correlated with impaired abduction function. However,

because the decreased interface between the humeral head

position and the acromion is not easy to record in dynamic

biomechanical testing, the SACP, SACA, and SACF were used to

represent the fulcrum status. The increased SACP, SACA, and SACF

indicated increased contact between the humerus and acromion,

suggesting a shift to an unstable fulcrum. The present study

demonstrated that the glenohumeral fulcrum remained stable in

the 1/3 PSRCT, 2/3 PSRCT, and entire PSRCT conditions. However,

as the extra load added on the distal humerus increased, the remnant

rotator cuff above the equatorial line of the humeral head gradually

became inadequate for stabilizing the humeral head. Consequently,

the humeral head migrated proximally and hit the acromion,

increasing SACP, SACA, and SACF and forming a newly

unstable fulcrum (Figure 7). We hypothesized that unlike the

stable fulcrum, the newly formed unstable fulcrum would result

in significantly increased MDF during the abduction, as previously

suggested.

The present study indicated a negative relationship between

the PSRCT and shoulder function without extra loading and a

positive correlation between the tear size and shoulder abduction

limitations as the extra load increased. Thus, RCT treatment

should be matched with the physical demand of the patient

(Kweon, et al., 2015; Kim, et al., 2018; Ramme, et al., 2019;

Merlet, et al., 2021). For most young patients with sports needs, a

surgical repair to restore the rotator cuff integrity is inevitable to

guarantee the quality of life after injury (Klouche, et al., 2016;

Azzam, et al., 2018; Rossi, et al., 2019). However, for some elderly

patients with medium or entire PSRCT who only require daily

life movements, such as hair brushing, conservative treatment

with an analgesic might be adequate.

There were some limitations to our study. First, only deltoid,

supraspinatus, infraspinatus, subscapularis, and teres minor were

loaded during our humeral abduction experiments. Othermuscles,

including the pectoralis major, latissimus dorsi, and teres major,

should be included in future dynamic biomechanical studies.

Second, this biomechanical testing system was based on a

pneumatic loading machine. Third, in this study, the relative

force ratio of each group of muscles was consistent during the

0–90° shoulder abduction, in the state of rotator cuff intact, injury,

and repairing, which may not be identical to the clinical situation.

Forth, resulting from the limitation of feedback speed of the

biomechanical testing system, the profile of the MDF during

0–90° shoulder abduction is not smooth enough, which might

affect the reliability of the conclusion. Fifth, the dynamic muscle

loading protocol in this biomechanical testing systemwas based on

normal shoulder conditions, which are different compared with

RCT conditions and might influence the biomechanical results.
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Objective: The aim of the study is to explore the relationship between the

extrusion of the meniscus bearing and postoperative persistent pain of Oxford

unicompartmental knee arthroplasty.

Methods: Patients undertaking Oxford UKA from January 2019 to June

2020 were retrospectively analyzed. Intraoperatively, the displacement and

movement trajectory of the meniscus bearing was recorded by the specially

designed gridding mold of the tibial component. The k-means clustering

analysis was applied based on the incidence of postoperative persistent knee

pain and the bearing extrusion distance. The intraoperative meniscus bearing

movement trajectories were analyzed between the two groups and the patients’

clinical outcomes and radiographic assessments.

Results: The k-means clustering analysis indicated that the extrusion of the

bearing of 5 mm was the grouping standard. There were 27 patients with

30 knees in the extrusion group and 58 patients with 68 knees in the non-

extrusion group. The proportion of optimal bearing movement trajectories in

the extrusion groupwas significantly lower than that in the non-extrusion group

(p < 0.05). Postoperative persistent knee pain occurred in six cases (6.1%), with

four and two cases in the extrusion and non-extrusion groups, respectively. The

incidence of postoperative persistent knee pain in the extrusion group was

higher than that of the non-extrusion group (p < 0.05). Radiographic

assessment showed that the continuity of the femoral and tibial

components in the extrusion group was greater than that in the non-

extrusion group (p < 0.05). However, there were no differences in pre- and

postoperative HKAA, the varus/valgus degree of both femoral and tibial

components, and the flexion/extension angles of the femoral component,

and the tibial slope also showed no statistical difference (p > 0.05).

Conclusion: For Oxford mobile-bearing UKA, the extrusion of meniscus

bearing over 5 mm may increase the incidence of postoperative persistent
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knee pain, while the improvement of the bearing movement trajectory can

effectively reduce this complication.

KEYWORDS

unicompartmental knee arthroplasty (UKA), bearing extrusion, postoperative knee
pain, bearing movement trajectory, VAS

1 Introduction

Unicompartmental knee arthroplasty (UKA) is an effective

option for treating anteromedial knee osteoarthritis (KOA) (Ateş

et al., 2021). In recent years, due to faster postoperative recovery

and better functional outcomes (Bayoumi et al., 2022), UKA has

received increasing attention among orthopedic surgeons.

Although UKA has obvious mini-invasive advantage

compared to total knee arthroplasty (TKA), it has always been

criticized for its complication and revision rate, which are

reportedly higher than those of TKA (Kazarian et al., 2020; Di

Martino et al., 2021). In a recent study, it was found that the

lifetime revision risk of UKA was two times as that of TKA across

all age periods (Tay et al., 2022).

Among the reasons for UKA revision, unexplained knee pain

is one of the most common reasons and accounts for 14%–23% of

all the reasons (Baker et al., 2012; van der List et al., 2016;

Dyrhovden et al., 2017; Vasso et al., 2018). Different authors have

different opinions on the origin of unexplained knee pain after

UKA (Simpson et al., 2009; Lyu et al., 2021). Overhang of the

tibial component was reported as a reason for knee pain after

UKA (Chau et al., 2009; Gudena et al., 2013). During the physical

examination for patients with knee pain after UKA, with the knee

motion from flexion to extension, doctors can usually touch the

extrusion of the meniscus bearing at the medial joint space and

feel the tenderness at the same time. Therefore, the bearing

extrusion may also lead to pain due to soft tissue impingement.

This phenomenon has also been reported previously (Jung et al.,

2009). However, the relationship between bearing extrusion and

persistent pain after UKA is still unknown. The aim of this study

is to explore the relationship between bearing extrusion and

postoperative outcomes of Oxford UKA.

2 Materials and methods

We retrospectively reviewed all the cases of medial Oxford

UKA from January 2019 to June 2020 in our hospital. The

inclusion criteria included the following: 1) medial KOA; 2)

no pain or tenderness in the lateral compartment; 3) no sign of

infection in the surgical site and the whole body; 4) the varus

deformity and flexion contracture were less than 15°; and 5) the

function of the knee ligaments was good. Patients who fit either

of the following conditions were excluded from the study: 1)

KOA involved lateral compartment; 2) inflammation arthritis;

and 3) incomplete clinical and radiological record. The study was

approved by the ethics committee and was in accordance with the

Declaration of Helsinki. All the patients included in the studies

have signed the informed consent.

2.1 General information

In total, from January 2019 to June 2020, there were

162 UKAs of 137 patients being conducted in our hospital.

Due to the COVID-19 epidemic, 64 UKAs of 52 patients were

FIGURE 1
Gridding mold of the tibial component; the interval
was 2 mm.
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excluded for incomplete follow-up. Finally, the study enrolled

98 UKAs of 85 patients.

2.2 Surgical technique

All of the surgeries were performed by an experienced senior

surgeon. The surgical procedure followed the surgical techniques

of Oxford partial knee microplasty instrumentation (Zimmer). A

thigh tourniquet was installed, and the thigh was positioned on

the adjustable support, with about 30° hip flexion and knee

freedom. With 90° knee flexion, a medial parapatellar incision

was made from the medial edge of the patella to a 1.5 cm distal to

the tibial plateau. The subcutaneous tissue was dissected, and the

joint capsule was incised to expose the medial knee

compartment. The size of the medial femoral condyle was

measured with a femoral sizing spoon and connected with the

tibial extramedullary positioning rod through a G-clamp. The

tibial osteotomy direction was adjusted with a 7° posterior slope,

fixed with a tibial saw guide, and the tibial plateau resection was

performed. A hole was drilled in the intramedullary canal of the

femur and an intramedullary positioning rod was inserted and

then connected, and the femoral intramedullary rod was fixed

with the femoral drill guide by a tuning fork. Two positioning

holes on the distal medial femur condyle were drilled, the

osteotomy device was inserted, and the posterior femoral

condyle was resected. The flexion gap was measured and the

femoral milling column was installed. After milling, the single-

column prosthesis was installed. The gap tension at 20° and 90° of

flexion was estimated according to the feeling of difficulty in

inserting and pulling the inserts with bare hands. Depending on

the gap tension, the femoral condyle was milled until the flexion

and extension gaps are balanced. Osteophytes on the anterior and

posterior femoral condyle are removed, the groove on the tibial

plateau is cut with a toothbrush saw, and the trial implantation is

installed. Then, the knee motion is checked and the

FIGURE 2
In 90° knee flexion, recording the coordinate of the anterior
corner (A point) and anterolateral corner (B point) as the location
of the meniscus bearing. The location of the meniscus bearing in
other angles (90°, 60°, 45°, 30°, 20°, and 0°) was recorded in
the same way and finally formed the movement trajectory.

FIGURE 3
Diagram of the extrusion distance (d) and moving distance
(m) of the meniscus bearing.
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flexion–extension gap balance is evaluated by pulling and

inserting the insert again. Finally, the prosthesis is installed

and the incision is closed without placing drainage.

2.3 Outcome measures

2.3.1 Intraoperative measures
According to Kawaguchi’s method (Kawaguchi et al., 2019),

we used a specially designed gridding mold of the tibial

component (Figure 1) to record the displacement and the

movement trajectory of the meniscus bearing mold. Before

placing the real prosthesis, the location of the anterior corner

and anterolateral corner of the meniscus bearing from flexion to

full extension (90°, 60°, 45°, 30°, 20°, and 0°) was recorded

(Figure 2). After placing the real prosthesis product, the

distance of the bearing extrusion relative to the tibial

component was measured. The extrusion distance was defined

as the distance of the medial edge of meniscus bearing beyond the

medial edge of the tibial component. It was measured through the

line connecting the circle center of the anterior arc and the

anteromedial end of the meniscus bearing (Figure 3).

2.3.2 Clinical outcome assessment
The VAS score during walking was adopted for postoperative

knee pain assessment. The clinical outcome was assessed by

recording KSS clinical and functional scores of the preoperative

and final follow-up.

2.3.3 Radiological measures
Patients commonly received preoperative and postoperative

(within 5 days after UKA) X-ray examinations, including

anteroposterior view, lateral view, Merchant view, and full-

weight total length lower limb image. We measured the varus/

valgus angle of the tibial and femoral components (Figure 4A),

flexion/extension angle of the femoral component, and the slope

of the tibial component (Figure 4B). We also measured the

adjacent degree between the tibial and femoral components

(Figure 4C). The hip–knee–ankle angle (HKAA) was

measured on the full-weight bearing total length lower limb

FIGURE 4
Radiological measures of the prosthesis after UKA. (A) Valgus/varus angle of femoral and tibial components on the antero-posterior view; (B)
flexion/extension angle of the femoral component and slope of the tibial component; (C) adjacent degree between femoral and tibial components, a
line is drawn vertical to the ground from the lateral edge of the femoral component, and the adjacent degree is measured as the horizontal distance
between this line and the tibial vertical osteotomy line; (D) hip–knee–ankle angle (HKAA).

TABLE 1 Comparison of preoperative baseline characteristics of the two groups.

Extrusion group Non-extrusion group p-value

(n = 27) (n = 58)

Age (years) 66.85 ± 8.91 67.20 ± 9.63 0.721

Sex (M/F) 8/19 17/45 0.226

BMI(kg/m2) 26.26 ± 3.62 27.36 ± 4.05 0.186

Follow-up time (months) 27.35 ± 1.31 26.67 ± 3.24 0.443
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image (Figure 4D). Two authors independently measured these

outcomes, and the mean value was adopted as the result for

statistical analysis.

2.4 Statistics

SPSS 23.0 software was used for statistical analysis. K-means

rapid clustering analysis was adopted for grouping (Sun et al.,

2021a), and the final grouping was determined according to the

clustering results and data characteristics. Measurement data

were represented as (x�± s). When the data were presented as

normal distribution, the independent samples t-test was used to

compare the two groups. Otherwise, the rank sum test was

adopted. Fisher’s exact test was adopted for enumeration data.

The Mann–WhitneyU test was used for comparing the rank data

between the two groups. Statistical significance of the difference

was defined as p < 0.05.

3 Results

The k-means clustering was determined according to the

postoperative persistent knee pain and extrusion distance of

meniscus bearing, and the k value was set as 2. Finally, the

98 UKAs were divided into two groups; the sum of squared

Euclidean distances from each point to the centroid between

groups is equal. After grouping, we found the unique feature of

group 1 (n = 30) and group 2 (n = 68) was extrusion

distance ≥5 mm and extrusion distance <5 mm, respectively.

Therefore, we defined the extrusion distance of 5 mm as the

threshold value for meniscus bearing extrusion. As a result, the

extrusion group consisted of 30 knees of 28 patients, and the non-

extrusion group consisted of 68 knees of 58 patients. The baseline

characteristics included age, sex, BMI, and follow-up time, and

no statistical difference was found in these indexes (Table 1).

3.1 Intraoperative measures

The extrusion distance of the extrusion group was

significantly greater than that of the non-extrusion group (p <
0.05), whereas no statistical significance was found in the moving

distance between the two groups (p > 0.05). Furthermore, the

movement trajectories of meniscus bearing were divided into

three types. As shown in Figure 5, type a was defined as the

optimal trajectory and types b and type c were defined as the non-

optimal trajectory. The ratio of the optimal trajectory in the

extrusion group was significantly lower than that in the non-

extrusion group (p < 0.05) (Table 2).

3.2 Clinical outcomes

All the 98 UKAs of the two groups were carried out well, and

all the incisions healed smoothly, with no delayed healing or

infection event occurring. In total, six cases (6.1%) complained

postoperative persistent knee pain, four cases belonged to the

extrusion group, and two cases were in the non-extrusion

group. Conservative drug or local block treatment was applied

to these cases; the effect of pain release was acceptable but

sometimes relapsed. However, due to the satisfied knee

function, no patients required revision surgery. The rate of

postoperative persistent knee pain in the extrusion group was

significantly higher than that in the non-extrusion group (p <
0.05). No statistical difference was found in preoperative VAS

score and pre- and postoperative KSS clinical and functional

scores between the two groups (p > 0.05). But, statistical

difference was found in postoperative VAS score between the

two groups (p < 0.05) (Table 3).

3.3 Radiological outcomes

In all the cases of the two groups, the postoperative HKAA

significantly increased than that before UKA (p < 0.05), whereas

no statistical difference was observed in the pre- and

postoperative HKAA between the two groups (p > 0.05). For

postoperative varus/valgus angle in femoral and tibial

components, sagittal flexion/extension angle in the femoral

FIGURE 5
Diagram of themoving trajectory of themeniscus bearing. (A)
Distance between the meniscus bearing and lateral wall of the
tibial component is maintained stable within 2 mm during flexion/
extension; (B) meniscus bearing is maintained close to the
lateral wall of the tibial component during knee flexion and kept
away from the lateral wall of the tibial component during knee
extension, and the horizontal distance between the meniscus
bearing and the lateral wall of the tibial component is over 2 mm in
full extension; (C)meniscus bearing is consistently kept away from
the lateral wall of the tibial component during knee flexion and
knee extension. Type c was rarely seen in over study with only
three cases.
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TABLE 2 Comparison of the intraoperative measures on the movement trajectory of the meniscus bearing between the two groups.

Extrusion
group (n = 30)

Non-extrusion
group (n = 68)

p-value

Extrusion distance (mm) 6.70 ± 1.02 2.97 ± 0.77 <0.001

Optimal trajectory (knees, %) 7 (23.33%) 66 (97.06%) <0.001

Moving distance 8.57 ± 3.80 8.31 ± 4.14 0.571

TABLE 3 Comparison of the clinical outcomes between the two groups.

Extrusion
group (n = 30)

Non-extrusion
group (n = 68)

p-value

Postoperative persist pain (knees, %) 5 (16.67%) 2 (2.94%) 0.027

KSS clinical score

Preoperative 55.24 ± 6.31 57.49 ± 7.97 0.191

Last follow-up 89.93 ± 6.63 91.83 ± 5.22 0.138

p-value <0.001 <0.001

KSS function score

Preoperative 55.37 ± 6.02 52.93 ± 9.44 0.215

Last follow-up 87.26 ± 11.08 90.00 ± 5.61 0.109

p-value <0.001 <0.001

VAS score

Preoperative 7.81 ± 1.14 8.07 ± 1.10 0.312

Last follow-up 0.90 ± 1.52 0.35 ± 1.02 0.039

p-value <0.001 <0.001

TABLE 4 Comparison of the radiological measures between the two groups.

Extrusion
group (n = 30)

Non-extrusion
group (n = 68)

p-value

HKAA (°)

Preoperative 171.89 ± 4.31 172.51 ± 3.69 0.347

Last follow-up 177.38 ± 3.11 177.86 ± 2.35 0.772

p-value <0.001 <0.001

Postoperative varus/valgus degree of the femoral component (°) 1.21 ± 4.53 0.48 ± 2.51 0.630

Postoperative flexion/extension degree of the femoral component (°) 9.65 ± 2.75 9.58 ± 3.11 0.758

Postoperative varus/valgus degree of the tibial component (°) −2.02 ± 2.51 −1.06 ± 2.26 0.142

Postoperative tibial component slope (°) 8.39 ± 2.61 7.54 ± 1.37 0.197

Postoperative adjacent degree between tibial and femoral components 7.56 ± 3.21 4.82 ± 1.83 <0.001
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component, and the slope in the tibial component, no significant

difference was presented between the two groups (p > 0.05).

However, the adjacent degree between the tibial and femoral

component was found to be significantly greater in the extrusion

group than in the non-extrusion group (p < 0.05) (Table 4).

4 Discussion

Persistent knee pain after UKA is a confusing complication

for joint arthroplasty surgeons and a common reason for

revision (Baker et al., 2012; Grosu et al., 2014; van der List

et al., 2016). In recent years, many authors from different

countries have reported this complication during the

postoperative follow-up. Although the rate is quite different

in different articles, the unhappy function and increasing

revision rate resulting from this complication can lead to the

declined satisfactory rates of UKA (van der List et al., 2016;

Dyrhovden et al., 2017; Vasso et al., 2018). However, the reason

for persistent knee pain after UKA has not yet reached a

consensus, and some authors even directly named it as

unexplained knee pain (Baker et al., 2012; Hama et al., 2015).

Previous studies have reported some potential reasons for

persistent knee pain after UKA, such as tibial component

overhang (Simpson et al., 2009), overstuff of the medial knee

compartment (Crawford et al., 2021), bursitis (Jung et al., 2009),

and medial abrasion syndrome (Lyu et al., 2021). Meanwhile,

according to the result in our study, the rate of postoperative

persistent knee pain was 16.7% in the extrusion group and

significantly higher than 2.94% in the extrusion group.

From the perspective of the prosthesis design of the Oxford

UKA, slight meniscus bearing extrusion is common and

unavoidable because the shape of the meniscus bearing is

rectangle, whereas the tibial component has a distinct curving

margin in the anterior edge. But in most situations, the meniscus

bearing extrusion may not cause irritation to soft tissue around,

which is quite different from tibial component overhang. Many

studies have indicated that excessive coverage of the tibial

component over 2 mm can cause impingement and stretching

to medial collateral ligament (MCL) and may even further lead to

serious complications like MCL loosening (Kim et al., 2014). The

position of meniscus bearing extrusion is usually located in the

anteromedial edge of the tibial plateau, and the local surrounding

soft tissue is joint capsule and pes anserinus bursae. As they are

not the main stabilization structures of the knee, slight meniscus

bearing extrusion and soft tissue impingement may not lead to

unhappy events. However, in previous literature, there were no

criteria for the edge of meniscus bearing extrusion. Our study

found meniscus bearing extrusion over 5 mm can lead to an

increasing rate of persistent knee pain after UKA. Therefore, in

medial Oxford UKA, the meniscus bearing extrusion should be

controlled under 5 mm as possible.

So, what caused meniscus bearing over-extrusion in

medial Oxford UKA? Previous studies have found that the

meniscus bearing was maintained parallel to the lateral wall of

the tibial component during the knee flexion from 60° to 90°

and kept away from the lateral wall of the tibial component

during the knee flexion from 0° to 60° (Kamenaga et al., 2019;

Kawaguchi et al., 2019). If the meniscus bearing separates a

certain distance from the lateral wall of the tibial component,

the possibility of bearing rotation is increasing, especially with

the stimulation of external force. Under this condition, the

limitation to the meniscus bearing from the femoral

component is loosening, which is regarded as the

mechanism for bearing dislocation (Clarius et al., 2010; Bae

et al., 2020; Sun et al., 2021). The bearing dislocation can be

regarded as an extreme condition of over-extrusion.

Therefore, we hold that the mal-tracking of the meniscus

bearing is the primary cause for meniscus bearing over-

extrusion. As is shown in Figure 6, with the center of the

meniscus bearing in same anteroposterior displacement, the

non-optimal movement trajectory can lead to increasing

extrusion distance and area. According to Kawaguchi’s

classification to the movement trajectory of meniscus

bearing, we analyzed and compared the trajectory between

the two groups. The result showed that most trajectories in the

extrusion group were non-optimal, and optimal trajectories

occupied only 23.33%. By contrast, the rate of the optimal

trajectory was up to 97.06% in the non-extrusion group, with

statistical significance compared with the extrusion group (p <
0.05). Conversely, we further conducted a subgroup analysis

for the 98 UKA cases, according to the optimal or non-optimal

trajectory. The result showed the rate of postoperative

persistent knee pain was only 2.74% in the optimal

trajectory group, whereas it was up to 25% in the non-

FIGURE 6
Compared to the optimal moving trajectory (A), the non-
optimal moving trajectory (B) may increase the extrusion distance
and area of the meniscus bearing.
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optimal trajectory group (p < 0.05). Moreover, the improper

movement trajectory can also lead to rotation and dislocation

of the meniscus bearing (Bae et al., 2020; Sun et al., 2021b).

Therefore, we should pay sufficient attention to the movement

trajectory of the meniscus bearing in Oxford UKA.

As the meniscus bearing is put between the femoral and tibial

components to achieve the optimal bearing trajectory, the

relative position between the femoral and tibial components is

important. In detail, the key is the central aligning factor between

the femoral and tibial components in the coronal plane. Previous

studies also found over separation between the femoral and tibial

components can increase the risk for bearing dislocation (Koh

et al., 2016; Bae et al., 2020). In our study, we measured the

adjacent degree to describe this meaning. The adjacent degree

between the tibial and femoral components was found

significantly greater in the extrusion group than in the non-

extrusion group (p < 0.05). This indicated the central aligning

between the femoral and tibial components in the extrusion

group was superior to that of the non-extrusion group, which was

in accordance to our theory. According to this concept,

techniques for improving the movement trajectory of

meniscus bearing in Oxford UKA have also been reported in

recent years. Techniques like the kinematic alignment method

with the extramedullary position technique of Zhang et al. (2020)

and the modified tibial osteotomy technique introduced by

Hiranaka et al. (2021) have all been proven to improve the

movement trajectory of meniscus bearing.

There are also some limitations in our study. Due to the low

rate of persistent knee pain after UKA, studies with larger

samples or multi-center prospective studies are still required

to get more accurate results and more convinced conclusions. In

addition, the extrusion distance of meniscus bearing was

measured manually using a disinfected ruler. The limited

surgery time also cannot allow repeated measures by different

observers. As a result, the system error is unavoidable.

5 Conclusion

In medial Oxford UKA, meniscus bearing extrusion over

5 mm may lead to an increasing rate of postoperative persistent

knee pain. The over-extrusion may be due to the mal-tracking of

the meniscus bearing. To reduce the rate of postoperative

persistent knee pain, surgeons should pay sufficient attention

to improve the movement trajectory of the meniscus bearing in

Oxford UKA.
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The biomechanical variation in the knee during walking that accompanies

medial meniscal radial tears stemming from knee osteoarthritis (OA) has not

been explored. This study introduced a finite element musculoskeletal model

using concurrent lower limb musculoskeletal dynamics and knee joint finite

element analysis in a single framework and expanded the models to include

knees with medial meniscal radial tears and total medial meniscectomy. The

radial tears involved three locations: anterior horn, midbody, and posterior horn

with grades of 33%, 50%, and 83% of the meniscus width. The shear and hoop

stresses of the tear meniscus and tibial cartilage contact load, accompanying

tears, and postmeniscectomy were evaluated during the stance phase of the

gait cycle using the models. In the 83% width midbody tear group, shear stress

at the end of the tear was significantly greater than in the intact meniscus and

other tear groups, and the maximum shear stress was increased by 310%

compared to the intact meniscus. A medial meniscus radial tear has a much

smaller effect on the tibial cartilage load (even though in the 83%width tear, the

cartilage/total load ratio increased by only 9%). However, the contact force on

the tibial cartilage with total postmeniscectomy was increased by 178.93%

compared with a healthy intact meniscus, and the peak contact pressure

after meniscectomy increased from 11.94 to 12.45 MPa to 17.64 and

13.76 MPa, at the maximum weight acceptance and push-off, respectively.

Our study shows that radial tears with larger medial meniscus widths are

prone to high stress concentrations at the end of the tears, leading to the

potential risk of completemeniscal rupture. Furthermore, although the tears did

not change the cartilage load distribution, they disrupted the circumferential

stress-transmitting function of the meniscus, thus greatly increasing the

likelihood of the onset of knee OA. The significant increase in the tibial

cartilage load with total postmeniscectomy indicates a potential risk of OA

flare-ups. This study contributes to a better understanding of meniscal tear-
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induced OA biomechanical changes during human activities and offers some

potential directions for surgical guidance of meniscectomies and the

prophylaxis and treatment of OA.

KEYWORDS

meniscus tear, finite element, musculoskeletal model, gait, knee, osteoarthritis

Introduction

Ameniscus tear is the most common damage associated with

the meniscus, and it more commonly occurs on the medial

compartment than on the lateral compartment (Fox et al.,

2012). Moreover, radial tears are not uncommon in young

patients (<50 years), often caused from trauma or

degenerative processes (Terzidis et al., 2006; Howell et al.,

2014), and can occur anywhere on either meniscus, anterior

horn, posterior horn, or midbody (Fox et al., 2012). A meniscus

tear can significantly affect the functions of the meniscus, such as

shock absorption and load transmission, resulting in abnormal

kinematics and redistribution of load on the knee (Kurosawa

et al., 1980; Fox et al., 2015). The occurrence of these abnormal

kinematics and mechanics often leads to increased cartilage wear

or knee osteoarthritis (OA) changes (Felson, 2013). A large

proportion of radial tears of the meniscus are considered

irreparable, because they occur mostly in the white zone that

lacks a blood supply (Scotti et al., 2013), so meniscectomy is often

used to relieve pain and instability in the knee (Rao et al., 2015).

However, meniscectomies have been reported to induce an

increased risk of the progress of knee OA (Roemer et al.,

2016). Hence, the biomechanical impact of meniscus radial

tears and resultant meniscectomies on the knee joint needs to

be investigated. Because activity-related radial tears are the most

common (Terzidis et al., 2006), it is crucial to study the effects of

radial tears on the kinematics and mechanics of the knee during

human activities such as walking.

Previously, some researchers have used implantable

pressure-sensitive film to study the contact mechanics between

the torn menisci and articular cartilages in cadaveric knees in a

knee machine that simulates walking (Bedi et al., 2010; Bedi et al.,

2012; Gilbert et al., 2014). These works aimed to analyze the

mechanical effect of the meniscus tears on the knee joint during

human activities using an in vitro knee simulating apparatus.

However, the in vivo knee physiological motion and loading

pattern during activities were hard to replicate, and the

contraction activity of muscles that act as “motors” for joint

motion cannot be reproduced in cadavers. Moreover, the use of

these sensors can severely alter meniscus translation and

deformation, resulting in errors in predictions of the joint

kinematics and contact mechanics (Hu et al., 2019). Thus, the

kinematics and mechanics effects of meniscus tears on the knee

during human activity are difficult to study using an in vitro

approach.

Currently, a computational approach, the finite element (FE)

method, has been proven to provide detailed geometric

representations of torn menisci and can explain the stress

alterations of menisci and load redistribution on the knee that

accompanies meniscus tears (Kedgley et al., 2019; Li et al., 2019;

Zhang et al., 2019). However, these studies cannot investigate the

effect of meniscus tears on the knee during natural human

activities, such as walking, because knee biomechanics were

predicted based on simplified assumed loads and boundary

conditions, such as fixed compressive load and flexion angles

(Kedgley et al., 2019; Li et al., 2019; Zhang et al., 2019). In

addition, muscles that produce the force that causes joint

movement were not considered in biomechanical analysis of

the knee (Mononen et al., 2013). Therefore, the biomechanical

effect of the meniscus tears in the actual physiological conditions

on the knee during human activities is still unclear.

This study aimed to elucidate 1) the stress alterations on the

meniscus resulting from radial tears of the medial meniscus and

2) the effect of the tears and total medial meniscectomy on the

knee biomechanics during the stance phase of the gait cycle. In

the above discussion, we pointed out the problems of previous

gait analyses using FE models: the inability to maintain a realistic

representation of the knee joint tissue deformation and motion

under natural physiological conditions. Therefore, we applied

our previously developed finite element musculoskeletal (FEMS)

model using a single concurrent framework combining the entire

lower limb musculoskeletal dynamics and knee joint FE analysis,

which has been proven to describe natural knee biomechanics

during the gait (Wang et al., 2021; Wang et al., 2022), to clarify

the biomechanical effect of tears on the knee during gait.

Methods

Subject experiments

A healthy male participant (age 29 years, height 175 cm,

weight 80 kg) participated in the gait measurement. The

participant was thoroughly informed about the purpose,

methods, and caveats of the experiment. The experiment was

approved by the research ethics committee of the Tokyo

Metropolitan University. A straight, approximately 10-m-long

walkway was prepared for the gait experiment. The participant

was verbally instructed to “walk at a comfortable pace” with his

preferred gait during the experiment. The marker-based motion
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trajectories (100-Hz sampling frequency, Vicon Nexus, Oxford

Metrics Ltd., Oxford, United Kingdom) and ground reaction

force (1000-Hz sampling frequency, TF-4060-D force plate, Tec

Gihan Co., Ltd., Kyoto, Japan) were synchronously collected

during a single stance phase.

Finite element musculoskeletal model

A FEMS model of the right lower limb, including a healthy

knee with FE analysis previously developed in ABAQUS/

Explicit (SIMULIA, Providence, RI, United States)

(Figure 1), was used in the study. The modeling approach of

the FEMS framework (Figure 2) of the lower limb has been

discussed and validated previously (Wang et al., 2021; Wang

et al., 2022) but is summarized below. The FEMS model

included the geometry of all right lower limb bones and the

articular cartilages and meniscus of the knee, which were

segmented manually and reconstructed from computed

tomography and magnetic resonance imaging scans

(Figure 1). The femoral, tibial, and patellar bones were

meshed using rigid triangular shell elements, and the

cartilage and meniscus were defined using elastic eight-node

hexahedral elements. A spherical joint with three degrees of

freedom (DOF) was used to represent the hip, joints with six

DOFs represented the tibiofemoral and patellofemoral joints,

and a hinge joint at the ankle with one DOF were included in

the FEMS model of the right lower limb, as shown in Figure 1.

The anterior cruciate ligament, posterior cruciate ligament,

medial collateral ligament, posteromedial capsule, lateral

collateral ligament, anterolateral structure, and oblique

popliteal ligament cross tibiofemoral joint were modeled as

nonlinear spring bundles with a force-strain relationship

(Abdel-Rahman and Hefzy, 1998):

fi �
⎧⎪⎨⎪⎩

0 εi ≤ 0
1ki(li − 0li)2 0< εi ≤ 2lε

2ki[li − (1 + lε)0li] 2lε < εi

(1)

wherefi is the force sustained by the ith ligament, li is the current

length of the ith ligament, 0li is the slack length of the ith

ligament, lε is the strain assumed to be constant at 0.03, and
1ki and 2ki are the stiffness coefficients of the spring elements

representing the ith ligament for the nonlinear and the linear

regions, respectively. The values of the material properties of the

FIGURE 1
Right lower limb finite element musculoskeletal models containing knees with an intact healthy meniscus (A); a medial meniscus with radial
tears in the anterior horn involving three grades with widths of (B) 33%, (C) 50%, and (D) 83%; midbody with widths of (E) 33%, (F) 50%, and (G) 83%;
and posterior horns with widths of (H) 33%, (I) 50%, and (J) 83%. A model without medial meniscus, equivalent to total meniscectomy, was also
prepared (not shown). The lower limb finite element musculoskeletal model includes a 12-DOF knee joint, along with 20 muscles, ligaments
(ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; MCL, medial collateral ligament; PMC, posteromedial capsule; LCL, lateral
collateral ligament; ALS, anterolateral structure; OPL, oblique popliteal ligament; transverse ligament), cartilage, the meniscus, and meniscus horn
attachments.
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nonlinear spring elements are listed in Table 1 (Abdel-Rahman

and Hefzy, 1998; Yu et al., 2001).

The FEMS model included 20 representative one-

dimensional linear element muscles on the lower limb: the

gluteus maximus (3 units), iliopsoas, pectineus, rectus femoris,

vastus medialis, vastus intermedius, vastus lateralis,

semimembranosus, semitendinosus, biceps femoris (short and

long heads), gastrocnemius (medial and lateral heads), soleus,

tibialis (anterior and posterior), extensor halluces longus, and

extensor digitorum longus. The wrapping between the muscles

and femoral and tibial bone was considered in the model to

represent the muscle paths (Ali et al., 2016). The mechanical

properties of the muscles were represented using a Hill-type

dynamic model containing a contractile element (active fiber

force-length property) in parallel with a passive elastic element

(passive fiber force-length property) (Zajac, 1989).

FIGURE 2
Overview of the dynamic gait simulation. Marker positions were input into the inverse kinematics to predict the joint primary angles (lumbar
flexion–extension, hip joint 3-DOF rotations, knee joint flexion–extension, and ankle dorsiflexion–plantarflexion). The joint primary angles on each
joint and ground reaction force measured from the force plate were input into the inverse dynamics to predict the muscle lengths, muscle moment
arms, and right lower limb joint moments. The static optimization of the muscle force was performed with the joint moments, the muscle
lengths, and the muscle moment arms as inputs to predict the muscle force. The knee contact mechanics were computed from the muscle forces
and the ground reaction force to predict the knee joint secondary kinematics and contact mechanics. The predicted knee secondary kinematics
were fed back to a new inverse dynamics analysis, and the muscle force optimization and knee contact mechanics were again computed.

TABLE 1 Stiffness parameters of ligaments.

Ligament Ligament bundle Number of bundles 1k(Nmm−2) 2k(Nmm−1)

ACL anterior 2 22.48 83.15

posterior 2 26.27 83.15

PCL anterior 2 31.26 125.00

posterior 2 19.29 60.00

MCL anterior 1 10.00 91.25

oblique 1 5.00 27.86

deep 1 5.00 21.07

PMC 3 12.00 52.59

LCL 3 10.00 72.22

ALS 3 5.00 19.00

OPL 3 3.00 21.42
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Modeling of the meniscus with radial tears
and meniscectomy

Modeling with FEMS, including knees with radial tears of the

medial meniscus in the anterior horn, posterior horn, and

midbody segment and without the medial meniscus

(describing total meniscectomy), was an extension of the

previously developed FEMS model with intact menisci. The

medial meniscal model had radial tears in the anterior horn,

midbody, and posterior horn involving three grades: 1) one-third

width (33%), 2) one-half width (50%), and 3) five-sixths width

(83%). These were created by partially removing the mesh from

an intact medial meniscus (Figure 1). The intact and torn menisci

were defined to be transversely isotropic with radial and axial

moduli of 20 MPa and a circumferential modulus of 140 MPa

(Donahue et al., 2002). The in-plane and out-of-plane Poisson’s

ratios were 0.2 and 0.3, respectively (Donahue et al., 2002; Yao

et al., 2006). The articular cartilage was considered as a linear

elastic isotropic material with an elastic modulus of 5 MPa and a

Poisson’s ratio of 0.46 (Li et al., 2001). It should be noted that to

exclude the biomechanical effect of biological changes of tissue

properties in the knee, only changes in the geometry of the

meniscus tears were considered; in other words, the material

property changes of tissues after tearing were not considered. The

contact behaviors were defined with a coefficient of friction of

0.04 (McCann et al., 2009) for all contact pairs in the intact knee

and knees with meniscus tear models: the femoral

cartilage–medial and lateral meniscus, femoral

cartilage–medial and lateral tibial cartilages, femoral

cartilage–patellar cartilage, and between the meniscus and

tibial cartilages on the medial and lateral sides. In the total

meniscectomy model, the medial meniscus was resected, and

the contact behavior of cartilage and themedial meniscus was not

included.

The anterior transverse ligament connecting the anterior

convex margin of the lateral meniscus to the anterior end of

the medial meniscus was modeled as multiple linear spring

elements with a stiffness of 12.5 N/mm (Donahue et al.,

2003). The four meniscal horn attachments were assumed

as multiple linear spring elements firmly connecting

the meniscal horn faces and the tibial bone (Figure 1).

The spring constants were calculated from Young’s

modulus reported for the horn attachments (Hauch et al.,

2009):

khp � E

nhlhp
ah (2)

where h indicates the meniscal horn; p indicates the linear spring,

where khp is the pth spring stiffness for the hth meniscal horn; lhp
is the pth spring length of the hth meniscal horn; E is Young’s

modulus of the meniscal horn; ah is the hth horn face area; and nh
is the number of spring elements for the hth meniscal horn. The

spring length of each spring element was calculated from the

insertions of the spring at the node of the horn face and the node

of the tibial attachments.

Concurrent finite element
musculoskeletal framework for gait
analysis

The gait analysis considering lower limb motion achieved

through inverse kinematics, inverse dynamics, muscle force

optimization, and FE analysis on the knee, using inertial

measurement unit sensors or motion capture system has been

described previously (Wang et al., 2021; Wang et al., 2021; Wang

et al., 2022) but is briefly presented below. In the study,

considering that measurement accuracy was more important

than measurement convenience, the gait analysis was

performed using a motion capture system and force plate,

generally regarded as the gold standard for motion analysis,

instead of inertial measurement sensor units. An inverse

kinematics analysis was used to derive the primary angles (hip

joint flexion–extension, internal–external rotation, and

abduction–adduction angles; knee joint flexion-extension

angle; and ankle joint dorsiflexion–plantarflexion angle) of

joints from marker trajectories measured in a human gait

experiment. These primary joint angles and the measured

ground reaction force were input to the inverse dynamics

analysis to determine the joint moments, muscle lengths, and

muscle moment arms. The muscle lengths and muscle moment

arms were input to a static optimization algorithm to estimate the

muscle forces by satisfying an equilibrium equation of the joint

moment, and the muscle forces were optimized by minimizing

the sum of the cube of the muscular activation sm as follows

(Hase and Yamazaki, 2002):

Mj(θj, es) � ∑
m

[rjm(θj, es) × fjm(sm)] (3)

C � min∑
m

s3m (4)

where j indicates the joint,m indicates the muscle, s indicates the

knee secondary kinematics, Mj(θj, es) is the moment of the jth

joint, θj is the primary angle of the jth joint, es is the secondary

kinematics of the knee joint (note that the hip and ankle joints

only include primary angles) for the sth degree of freedom, and

rjm(θj, es) is the moment arm vector for the jth joint. With each

muscular activation considered as a variable, the force of themth

muscle can be expressed as a function fjm(sm) of the activation
about the jth joint. In addition, the muscular activations were

constrained to be in the range of zero to one (inclusive).

The static optimization method was performed by

implementing subroutines written in MATLAB (R2018b,

MathWorks, MA, United States) using the interior-point

method, which combines concurrent FE contact analysis on the

knee joint in ABAQUS/Explicit at 16 evenly distributed time
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points (0%, 6.67%, 13.33%, 20%, 26.67%, 33.33%, 40%, 46.67%,

53.33%, 60%, 66.67%, 73.33%, 80%, 86.67%, 93.33%, and 100% of

the stance phase) during one stance phase. The secondary

kinematics of the knee, which were determined entirely from

the interaction of the joint contact mechanics, muscle forces,

and ligament restraint, were fed back to a new inverse

dynamics analysis updating muscle lengths and muscle moment

arms until the stability of optimization was ensured with the

convergence criteria for equilibrium in the joint moment. The

FEMSmodels containing an intact knee joint, damaged knee joints

with meniscal tears, and a joint without a meniscus were used to

perform the optimization procedures, separately, under the same

input condition (marker position and ground reaction force).

Results

The peak shear stress, occurred on the white zone of the

medial meniscus in the intact meniscus during the maximum

weight acceptance of the stance phase (1st peak of the vertical

ground reaction force) (Figure 3). The shear stress distribution of

the meniscus changed as the anterior horn tear widened, shear

stress in the anterior horn tear increased significantly, and the

peak shear stress occurred at the end (deepest portion of tear near

the side of the red zone) of the 83% tear. The changes in shear

stress distribution that occurred on the medial meniscus with the

midbody tear were not observed at widths of 33% and 50%. Tears

of the posterior horn did not alter the shear stress distribution on

the meniscus during the maximum weight acceptance. During

the push-off at the stance phase (2nd peak of the vertical ground

reaction force), changes in the shear stress on the medial

meniscus were barely observed at three locations with tears.

High shear stress was observed at the ends of meniscal

anterior horn tears, including all three grades compared to the

intact meniscus, except during the terminal stance (50%–70%

stance phase) (Figure 4A). In the 83% midbody tear group, the

shear stress located at the end of the tear was significantly more

prominent than that in the intact meniscus and other tear groups,

and the maximum shear stress at the 90% stance phase was

increased by 310% compared to the intact meniscus (Figure 4B).

Alterations in the ends of the meniscal posterior horn tear groups

were not detected during the stance phase (Figure 4C).

FIGURE 3
Results of shear stress distribution on the medial meniscus involving a healthy knee and a knee with radial tears in the medial meniscus during
the maximum weight acceptance and push-off.
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The tibial cartilage contact forces were hardly affected by

radial tears in the medial meniscus (Figures 5A–C). The ratio

of the medial meniscus contact force to the whole medial

contact force was 0.61 on average in the intact meniscus; that

is, the tibial cartilage shared 39% of the total medial load,

which illustrates the essential function of the medial meniscus

in load sharing. An insignificant increase in the load shared by

the tibial cartilage to the total medial side was observed with

tears (Figures 5E,F), consistent with previous experimental

in vitro results (Walker et al., 2015). However, after

meniscectomy, the maximum contact force on the medial

tibial cartilage was 3.6 times the bodyweight, compared to

2.17 times in the intact healthy knee. The contact pressure

distributions on the medial tibial cartilages in the intact, torn,

and meniscectomy knees are shown in Figure 6 at the

maximum weight acceptance and push-off. The peak

contact pressure on the tibial cartilage increased after

meniscectomy to 17.64 MPa and 13.76 MPa, compared with

the healthy knee (11.94 MPa and 12.45 MPa) at the maximum

weight acceptance and push-off, respectively.

FIGURE 4
Shear stress differences on an intact meniscus and a meniscus with a medial radial tear at the ends of the tears. The left subfigures show the
magnitude of stress at the (A) anterior horn, (B) midbody, and (C) posterior horn, involving an intact meniscus and 33%, 50%, and 83% width tears
during the stance phase of the gait cycle. The right subfigures indicated the tear locations (orange box) at the anterior horn, midbody, and posterior
horn and enlarged views of the tear locations.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Wang et al. 10.3389/fbioe.2022.957435

229

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957435


Discussion

In this study, models of the lower limb with a medial

meniscus having radial tears and without a medial meniscus

were developed based on a previously developed FEMS model

(Wang et al., 2021; Wang et al., 2022), which has been proven to

describe realistic knee biomechanics during the gait cycle. The

predicted knee biomechanics results of the model containing an

intact knee were compared with experimental in vivo and in vitro

results (Kozanek et al., 2009; Bergmann et al., 2014; Gilbert et al.,

2014; Clément et al., 2018) and proven to be reliable. We

evaluated the knee biomechanical changes after meniscus tears

and total meniscectomy using the models.

The anterior horn with intact meniscus bore stable shear

stress with an average value of 12.27 MPa (Figure 4A) from the

knee during the stance phase of the gait, compared with 6.72 MPa

(Zhang et al., 2019) and 15.34 MPa (Zhang et al., 2019) predicted

by other finite element simulation during slight flexion. However,

some investigators also reported smaller results of less than

4 MPa (Li et al., 2019; Li et al., 2020); these differences might

be due to the definition of the geometry, material properties, and

contact behavior of the knee joint. In the medial meniscus, the

mobility of the anterior horn was most prominent (Thompson

et al., 1991; Vedi et al., 1999), and there was basically no obvious

fluctuation in the shear stress of the anterior horn in the intact

knee during the stance phase (Figure 4A), whichmay suggest that

the anterior horn plays a role in stabilizing load transmission, but

only during knee extension. As shown in Figure 7A,

circumferential tensile stress occurred in the anterior horn of

the intact meniscus, which showed a uniform decreasing trend

from the inner circumference to the outer circumference. The

shear stresses that accompanied the tear increased significantly at

the ends of the anterior horn tears (Figure 4A); this was due to the

destruction of the circumferential collagen fibers on the inner

circumference, which results in the transfer of the load to the tear

and produces more significant circumferential stress (Figure 7A).

When the 83% width tear occurs, the changing trend of the

circumferential tensile stress from the inner to the outer

circumference changes from a uniform decrease to a gradual

increase. Especially, the stress at the end of the tear increases

extremely, and all the tear areas were stretched, which may lead

to further tearing or complete rupture. On the intact meniscus,

the average shear stress experienced by the midbody was

8.77 MPa, which is less than 12.27 MPa for the anterior horn

and 11.54 MPa for the posterior horn. The anterior and posterior

horns carry the anteroposterior shear forces applied to the femur,

while the midbody primarily provides stability against medial

subluxation by the midbody of the meniscus through hoop stress

transmission (Hwang et al., 2012). The midbody of the intact

meniscus exhibited a uniform hoop tensile stress trend that

increases from the inner circumference to the outer

circumference, as shown in Figure 7B. Therefore, the higher

FIGURE 5
Contact forces on medial tibial cartilages of the intact knee (black solid curves) compared with total meniscectomy (black dashed curves) and
(A) anterior horn, (B) midbody, and (C) posterior horn tears with widths of 33% (blue dashed curve), 50% (green dotted curve), and 83% (red dashed
curve) during the stance phase of the gait cycle. The lower panels show the ratios of the medial meniscal contact forces to total knee joint contact
forces on the medial side with tears in the (D) anterior horn, (E) midbody, and (F) posterior horn.
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hoop stress from the outer circumference can make the meniscus

firmly lock onto the medial femoral condyle (Figure 7A). The

tears with widths of 33% and 50% hardly affected changes in the

midbody shear stress distribution (Figures 3, 4B). However,

substantial stress concentrations were detected at the end of

the 83% midbody tear (Figure 4B), which may mean that longer

tears at the midbody severely disrupt more circumferential fibers

and hoop stress transmission, causing an increase in stress.

Stresses reached the experimentally measured failure stress

range of 20–170 MPa (Kohn et al., 1992). We observed that

the hoop tensile stress in the tear region was replaced by

compressive stress as the tear increased, resulting in the need

for extremely high tensile stress at the tear to maintain

circumferential stress transmission, as shown in Figure 7B.

The observed compressive stress was favorable for

compressing the tear surfaces together, resulting in a stable

tear and possibly more favorable healing conditions. However,

a study reported that five of the six radial tears had no evidence of

healing and one had become longer (Weiss et al., 1989). Henning

et al. (1988) suggested that only shallow radial tears do not

require treatment because they heal spontaneously or remain

asymptomatic. Our observations contradict these conclusions

from clinical reports. This may be because the defined isotropic

material models cannot accurately calculate the stresses within a

fibrillar tissue such as the meniscus, and a fibril-reinforced

material model, which can represent fluid pressure and site-

FIGURE 6
Results of the contact pressure distribution and resultant peak values (white words) occurring on themedial tibial cartilage obtained by a healthy
intact knee, total meniscectomy knee, and radial tears during the maximum weight acceptance and push-off.
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specific collagen fiber orientation, should be used for accurate

simulations (Klets et al., 2016). Even so, this finding could

indicate that alongside vascularity, biomechanics may play an

essential role in healing for nonoperative treatment or

postoperative meniscal repair. The translation is significant in

the anterior horn and small in the posterior horn of the medial

meniscus. Therefore, stress readily accumulated at the junction of

the middle and the posterior portions of the medial meniscus

(Figure 3), consistent with the results reported in other studies

(Bin et al., 2004). The posterior horn of the intact meniscus

carried a high percentage of the load overall, with shear stress

reaching a peak of 25.16 MPa at higher flexion angles during

preswing, compared with 17.08 MPa for the anterior horn and

10.98 for the midbody during the same gait phase. The low

translation of the posterior horn of the medial meniscus is a

potential mechanism for meniscal tears, with a resultant

“trapping” of the fibrocartilage between the femoral condyle

and the tibial plateau during high flexion (Fox et al., 2012),

possibly contributing to the high circumferential compressive

stress distribution. As shown in Figure 7C, the tears did not

change the hoop compressive stress distribution, and the stress

that occurred at the tear surfaces caused them to be compressed

together. Apart from vascularity, this may explain why radial

tears in this region are most amenable to healing (Belzer and

Cannon, 1993). In the addition, the slackness of the meniscus

horn attachment also affects the loading of the meniscus horn.

Guess et al. (2016) showed that increased meniscal extrusion

occurs with laxity of the attachment, and increased laxity results

in loss of meniscal function. In contrast, simulating an overly stiff

meniscus horn attachment might lead to an overloading of the

meniscal horns, and the study provides important guidance for

related research on meniscus modeling.

Bergmann group has conducted measurements of the in vivo

tibiofemoral joint contact loads, which are 2.61 body weight

(Kutzner et al., 2010) and 3.98 body weight (Dreyer et al., 2022),

respectively, using instrumented implants. These studies directly

measured the knee joint load of multiple patients and performed

statistical analysis. Although these measurement results are not

natural knee data, and due to the material properties of the total

knee arthroplasty prosthesis, prosthesis geometry, and

interprosthesis contact, the represented behavior varies widely

from natural or removed meniscal knees. However, they can be

used as a quantitative reference to properly verify the accuracy of

our prediction results. The peak contact forces of 4.42 BW

(Navacchia et al., 2019) and 4.02 BW (Hume et al., 2019)

during the gait cycle were predicted by the Shelburne group

using a finite element knee model without a meniscus. As far as

we know, the joint contact force is generally accepted as being

between two and 4.5 BW (Kumar et al., 2013; Bergmann et al.,

2014; Richards et al., 2018; Hume et al., 2019; Shu et al., 2022). In

general, the results predicted by computational models are

usually greater than those predicted by in vivo experiments

(Kutzner et al., 2010; Esrafilian et al., 2020; Wang et al.,

2022). The role of the meniscus in sharing knee joint loading

on the medial side was most significant during the loading

response (0%–20% stance phase) and preswing (80%–100%

stance phase) (Figure 5E,F). The ratio of the medial meniscus

contact force to the whole medial contact force was 0.57 and

FIGURE 7
Tensor plots of circumferential stress for the (A) anterior horn, (B)midbody, and (C) posterior hornwith 83%width tears. The color changes from
blue to red represent the stress variation from small (negative, compressive stress) to large (positive, tensile stress) on the tensor plot. Dashed arrows
indicated circumferential stress in tensile or compressive directions. Thicker longer arrows represent higher magnitudes.
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0.78 on average on the intact meniscus during the loading

response and preswing, respectively. The trends of increased

cartilage load caused by tearing were not apparent, compared

with the ratio of meniscus–medial total contact force on the

intact meniscus, which increased by 2.6%, 5.1%, and 7.7% on

average in the anterior horn, midbody, and posterior horn tear

groups, respectively, during the stance phase. Of these, even

though the presence of an 83% width tear of the posterior horn

during the preswing resulted in the most significant increase in

cartilage load, the cartilage/total load ratio increased by only 9%.

The findings suggested that medial meniscus radial tears have

lesser influence on the tibial cartilage loading (Figure 5),

consistent with previous experimental results (Bedi et al.,

2010; Bedi et al., 2012), however, some studies have also

concluded that meniscal tears lead to increased cartilage

loading (Zhang et al., 2015; Sukopp et al., 2021). Previously,

investigators have pointed out that meniscal tears in a healthy

knee may ultimately lead to the occurrence of knee OA due to the

loss of much of the meniscal functionality, such as

circumferential stress transmission (Englund et al., 2009).

According to results from previous case-control studies, OA is

more likely to occur in the knee with meniscus tears without

arthropathy than in knees with intact menisci, suggesting that

meniscal tears occur before any visible cartilage changes

(Englund et al., 2009). The cartilage loads were not

significantly increased by the meniscal tears, but OA may

begin to occur as tears result in loss of most of the meniscus

function, which requires extreme vigilance. Therefore, the

evaluation of meniscal function in addition to mechanical

evaluation of cartilage is critical.

The peak contact pressure was 12.45 MPa on a healthy knee

in our model. The results might be acceptable, compared with

other computational studies, which reported results of 7.9 (Park

et al., 2019), 13.0 (Halonen et al., 2017), and 15 MPa (Kłodowski

et al., 2016). Bedi et al. (2010) reported maximum contact

pressures of 7.4 ± 0.6 MPa and 6.4 ± 1.1 MPa (Bedi et al.,

2012) in vitro studies on a cadaver knee joint with film

contact pressure sensors to simulate gait conditions. Our

calculated maximum contact pressures were high compared to

these in vitro experiment results. However, with in vitro

experiments, the contraction activity of muscles cannot be

reproduced in cadavers, which may have resulted in the

measurement of relatively small contact loads. Moreover, the

use of these sensors can severely alter meniscus translation and

deformation, possibly resulting in prediction errors of the contact

mechanics. The maximum peak contact pressure on the tibial

cartilage increased to 17.64 MPa after meniscectomy, which

indicated a risk of cartilage damage (Kempson et al., 1971).

The contact force on the tibial cartilage after total meniscectomy

was increased by 178.93% compared with the intact meniscus

knee (Figure 5). The magnitude of the peak contact pressure on

the tibial cartilage with total meniscectomy greatly increased, and

the contact distribution was significantly altered compared to the

intact and tear meniscus groups. Previous research reported that

radial tears extending to the periphery result in a loss of hoop

tension, which has been described as functionally equivalent to a

total meniscectomy (Allaire et al., 2008). Therefore, total

meniscectomy is the mainstream treatment for long radial

tears. However, despite the benefits of short-term pain relief,

meniscectomy resulted in a substantial cartilage load that may

increase the risk of OA progression; in other words, the effect on

the knee biomechanics can be much worse than themeniscus tear

itself. Our finding demonstrated that although tears can disrupt

the meniscal circumferential stress transfer function, even wider

meniscal radial tears have little effect on cartilage loading,

whereas meniscectomy has a significant effect on the cartilage

load. Therefore, we emphasize the importance of meniscal

preservation whenever feasible, including consideration of

meniscus repair or the implantation of an artificial meniscus.

This study had some limitations. First, the FEMS lower limb

model and gait data were not from the same subject. The most

accurate computational analysis of knee mechanics requires

subject-specific model geometry and human motion data.

Second, only one subject participated in the gait measurement

experiment. Due to individual differences, the generalizability of

our findings may be affected by random individual traits.

However, using the same walking pattern of the same subject

as input data while only changing the meniscus tear model

eliminates the influence of the walking pattern itself on

changes in joint load; the effects of meniscal tears can be

directly evaluated. Therefore, we decided to perform the

analysis using the data of one trial with one subject without

considering the walking pattern and the subject’s own gait

variation. In addition, analysis using the same gait

measurement data was also beneficial for eliminating the

influence of different gait patterns themselves in meniscal tear

patients on changes in joint load. Third, the ligaments were

simplified as one-dimensional elastic elements to reduce the

computational expense. However, because wrapping and

realistic soft tissue contact are not included in the model, the

effect of the medial collateral ligament and oblique popliteal

ligament contacting the medial meniscus could not be

represented, which may have implications for meniscal

mechanical prediction. Fourth, to exclude the influence of

mesh conditions, we did not reconstruct and remesh the

geometries of the menisci with tears; instead, these were

created by partially removing the mesh from an intact medial

meniscus. However, this modelling was unable to replicate a

more realistic meniscus with tears geometry and may lead in

errors in predictions of the joint contact mechanics. In addition,

the division of the mesh was based on experience in the study;

however, to identify the optimummesh size, a mesh convergence

analysis should be conducted. A final limitation was that the

articular cartilages were defined as linear elastic isotropic

material, whereas a biphasic fibril-reinforced material might

better approximate the representation of cartilage’s dynamic

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Wang et al. 10.3389/fbioe.2022.957435

233

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957435


response (Brindle et al., 2001). However, studies have also shown

that the properties of linear elastic materials can accurately

mimic the overall behavior of cartilage (Bell et al., 2009).

Conclusion

In this study, FEMS models of the lower limb, including

knees with radial tears of the medial meniscus and total medial

meniscectomy, were developed and used to investigate the

effects of radial meniscal tears and total meniscectomy on the

meniscal stress changes and biomechanical redistribution on

the knee. Our research demonstrated that wider radial tears of

the medial meniscus are prone to high-stress concentrations

at the end of the tears, leading to the potential risk of

developing complete meniscal ruptures. In addition,

although the tears did not cause changes in cartilage load

distribution, they disrupted the circumferential stress

transmitting function of the meniscus; thus, knee OA may

begin to develop. Significantly increased load on the tibial

cartilage with the postmeniscectomy model indicated

potential risks for the onset of OA. Therefore, surgical

procedures such as meniscectomy should be applied

conservatively; that is, excessive removal of meniscal tissue

should be avoided. The modeling may provide a potential

clinical tool for surgical decisions for patients with meniscus

and other soft tissue injures, including more accurate

pathology analysis and treatment of OA. Overall, the FEMS

is expected to provide doctors with a reference for diagnosis.
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This study replicated the behavior of intraorbital tissue in patients with thyroid eye
disease (TED) based on finite element analysis for general orbital decompression risk
evaluation in thyroid eye disease patients. The orbit and intraorbital tissues of thyroid
eye disease patients who underwent orbital decompression were modeled as finite
element models. The stress was examined at specific locations of the removed
orbital wall of a thyroid eye disease patient with undergone orbital decompression,
and its variation was analyzed as a function of the shape and dimension (to be
removed). As a result, in orbital decompression surgery which removes the orbital
wall in a rectangular shape, the stress at the orbital wall decreased as the width and
depth of the removed orbital wall increased. In addition, in the case of orbital
decompression, it can be seen that the chamfered model compared to the non-
chamfered model (a form of general orbital decompression) have the stress
reduction rate from 11.08% to 97.88%. It is inferred that if orbital decompression
surgery considering the chamfered model is performed on an actual thyroid eye
disease patient, it is expected that the damage to the extraocular muscle caused by
the removed orbital wall will be reduced.

KEYWORDS

thyroid eye disease, orbital decompression, hypertrophy, inferior rectusmuscle, recurrence,
finite element analysis

1 Introduction

Thyroid eye disease (TED) is an autoimmune disease characterized by lymphocyte
infiltration in the orbit, including the extraocular muscle (EOM) and fat. In TED, the
thyrotropin receptor antibodies (TRAbs) activate the immunological cascade in
combination with the thyroid stimulating hormone receptor (TSH-R) on orbital fibroblasts,
and they result in infiltration of activated B and T lymphocytes as well as fibrocytes that develop
into myofibroblasts or adipocytes. The hydrophilic hyaluronic acid accumulation in the
connective tissue and EOM can cause edema. Furthermore, the activation of periocular
fibroblasts, which are known to be progenitor fat cells, can lead to the enlargement of
orbital fat tissue (Gontarz-Nowak et al., 2020).
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The TED has a worldwide prevalence rate of .1%–.3%, and has
been reported to occur in approximately 40% of patients with Graves’
disease (Noth et al., 2001; Bartalena and Tanda, 2009; Mohyi and
Smith, 2018). As the orbital inflammation progresses, swelling of the
EOM and fat, increasing intraorbital pressure (IOP), proptosis,
compressive optic neuropathy, and visual loss may occur (Fichter
et al., 2012; Jefferis et al., 2018). Several treatment strategies are
available, including highdose glucocorticoid therapy, orbital
radiation therapy, and teprotumumab treatment, which is a novel
insulin-like growth factor-1 receptor (IGF-1R) antibody (Bartalena
et al., 1991; Mohyi and Smith, 2018). Surgical treatments are a
multistage approach, and 20%–30% of TED patients are offered
this option after the disease stabilizes. Orbital decompression is the
first stage in sequential surgical treatment and is performed in inactive
TED patients with severe proptosis, exposure keratopathy, facial
disfigurement, persistent prolonged congestion, and high IOP
(Ismailova et al., 2018). When vision is threatened by compressive
optic neuropathy, emergent orbital decompression may be needed,
even in the active TED phase (Wang et al., 2019). Despite these
treatments, there is a possibility of disease recurrence owing to various
reasons such as thyroid hormone instability, continuous smoking
(Genere and Stan, 2019), and in some cases, orbital surgery itself,
which can reactivate inflammation, exacerbate ophthalmopathy,
postoperative motility disturbances, and cause EOM regrowth
(Wenz et al., 1994; Alsuhaibani et al., 2011; Fichter et al., 2012;
Wang et al., 2019).

Hu et al. (2010) observed a significant increase in medial rectus
(MR) muscle volume and inferior rectus (IR) muscle mean volume
postoperatively in TED patients who underwent orbital
decompression surgery. Some hypotheses were suggested to explain
the observed outcomes, such as the mild inflammatory reaction or the
hydrostatic pressure changes due to the expanded orbital volume
during surgery. However, the etiologies of these postoperative
volumetric changes, motility disturbances, and disease reactivation
are unclear (Wenz et al., 1994). Animal experiments or finite element
analysis (FEA) can be used to identify and solve these problems
indirectly. In particular, in silico methods using FEA have been
extensively used for years to investigate disease mechanisms in
other organs and in eye-related research. Baillargeon et al. (2014)
mimicked a computer biomechanism-based cardiac model to extract
pressure-volume relationships and conducted comparative studies
with clinical observations. Schutte et al. (2016) simulated the
rotation of the eyeball and EOM displacement due to torsion using
the FEA technique and then analyzed the intraorbital eye behavior.
Norman et al. (2011) proved the correlation between the sclera on the
optic nerve head side and glaucoma. In addition, Fisher et al. (2021)
conducted a gaze-evoked deformation study of optic nerve head
deformities in TED patients. Although these studies on the eyeball
and optic nerve behavior have been conducted using FEA, research on
surgical orbital decompression has been limited. In addition, absolute
standards for the location and method of orbital wall removal and the
size or shape of the bone to be removed have not been quantitatively
established in clinical studies. Thus, surgeries are based on the
practicing clinicians’ experience.

Therefore, in this study, the behavior of EOM hypertrophy, which
is one of the key contributors to elevated IOP, was simulated using the
finite element method. An FEA technique was proposed to analyze the
removed orbital wall’s location, size, and shape. Particular, this study
focused on the IR muscle, which is one of the most common muscles

affected in TED (Yoo et al., 2009), and examined the stress value of the
orbital wall according to the hypertrophy of this muscle. TED can be
classically divided into three types: type I (lipogenic), type II
(myogenic), and type III (lipogenic + myogenic) (Hiromatsu et al.,
2000). Among these types, type II is characterized by a hypertrophy of
the EOM, which may result in restrictive myopathy. According to
studies on the differential involvement of orbital fat and EOM, there
were high cases of increased muscle volume while having a normal fat
volume in patients with TED-related diseases (Forbes et al., 1986;
Wiersinga et al., 2013). Therefore, this study hypothesized that the
recurring EOM hypertrophy after surgery could cause reinflammation
between the orbital wall and EOM. A series of computational
simulations for pre- and post-operative EOM hypertrophy were
performed to examine the stress variation from EOM hypertrophy.
Theses stress results are overestimated to consider the safety in clinical
applications. Furthermore, the location of the removed orbital wall
was identified considering themaximum stress value, and the effects of
the type and dimension of the removed orbital wall were examined.

2 Materials and methods

2.1 Analysis of major orbital dimensions based
on magnetic resonance imaging

This study considered only TED patients having EOM variations.
The major dimensions were measured based on the patient’s right
orbit to examine the EOM variations in the TED-affected left orbit.
The finite element model used in the series simulation was derived
from medical images of a female patient in her 70s with moderate-to-
severe, active TED at the initial diagnosis. The patient was treated with
intravenous methylprednisolone, recommended by Bartalena et al.
(2016). The patient was controlled for thyroid dysfunction in the
Department of Endocrinology. The magnetic resonance image was
acquired when TED was inactive, and no further progression of the
disease for a year was confirmed. T1-weighted spin-echo images with a
field of view (FOV) = 180 mm× 220 mm, matrix = 320 × 203, and slice
thickness = 2.0 mm were acquired for magnetic resonance imaging
(MRI). In addition, FOV/matrix was employed to establish pixel size.
Coronal pictures were taken in 1 mm consecutive segments covering
the entire orbit for the volume analysis. MRI were performed with the
patient supine, and a stable head posture was achieved with adjustable
head support. The patient underwent anMRI scan for 25–30 min with
eyes closed and in a comfortable position. In addition, the numerical
values of the intraorbital tissue were measured on the coronal, sagittal,
and axial planes of the image. The study was conducted in accordance
with the Declaration of Helsinki, and approved by the Institutional
Review Board of Pusan National University Hospital (IRB No. 2104-
018-102). All the patients voluntarily signed the informed written
consent. Written consent to publish data containing personally
identifiable information was also obtained.

As shown in Figure 1A, a straight line is drawn in the cross-
sectional MRI image of the patient by connecting the end points of the
zygomatic and maxillary bones. Another straight line is drawn
perpendicular to this straight line, passing through the central
point of the eyeball to measure proptosis. Comparing the proptosis
dimensions of the two orbits confirmed that the proptosis in the TED
orbit is 2.32 mm. Straight lines are drawn in the four azimuthal
directions based on the center point of the eyeball in the sagittal
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plane of the patient’s MRI image, and a blue line is formed by
connecting both ends of the eyeball lens, as in Figure 1B. After
drawing a straight line in which the generated blue line is
perpendicular to the eyeball center, the angle is measured. A
comparison of the eye rotation dimensions of both orbits
confirmed 6.84° eyeball rotation in the TED-affected orbit.
Figure 1C shows straight lines perpendicular to the endpoint of the
eyeball and lower skin in the patient’s sagittal plane. The measured
distance between the two straight lines confirmed that the skin
protruded by .29 mm in the TED-affected orbit. In addition, the
distance in the TED orbit decreased by more than 27.36%
compared to that in the normal orbit. Moreover, in Figures 1B, C,
the measurements are in the sagittal plane corresponding to the lateral

side of the zygomatic arch. Figure 1D shows the thickness and width
measurements of the midpoints of each EOM in the coronal plane of
the patient. In the TED orbit, the thickness and width loss rates are
7.58% and 5.58% in the MR muscle, −3.61% and .86% in the lateral
rectus muscle, and −1.59% and 1.25% in the superior rectus muscle,
respectively, compared with the normal orbit. Overall, the thickness of
all EOMs increased, and the width decreased in the TED orbit
compared with the normal orbit. In addition, all measurements in
Figure 1 were repeated five times. The average values derived are listed
in Table 1. These dimensions were used to select the load condition in
the computerized IR hypertrophy and elevated IOP analyses.

2.2 Modeling and material properties

This study modeled the eyeball, orbit, EOM, optic nerve, skin, and
fat as a finite element model using Mimics (version 19.0, Materialize,
Leuven, Belgium), as shown in Figure 2A. The finite element model
simulation, based on the patient’s medical image and the method
proposed by Yiyi et al. (2005), offered a more precise simulation than
the existing modeling method using MRI and computed tomography
(CT) images. As shown in Figure 2B, the length and angle of the orbital
medial wall (axial, coronal, and sagittal planes) and hypertrophied
muscle dimensions obtained using the finite element model and
medical image is compared to verify the model reliability. In the
case of EOM, four rectus muscles are expressed, but in the case of the

FIGURE 1
Analysis of major dimensions in the thyroid eye disease (TED) orbit and normal orbit based on magnetic resonance imaging (MRI). (A) Proptosis
measurement. (B) Eye rotation measurement. (C) Distance measurement between the ocular and skin end point. (D) Thickness and width measurements in
the extraocular muscle (EOM) except for the inferior rectus (IR) muscle.

TABLE 1 Dimensions measured in Figure 1.

Variables A B C D E F

Dimension 14.91 mm 17.23 mm 25.97° 32.81° 1.06 mm .77 mm

LR MR SR

Normal TED Normal TED Normal TED

Thickness
(mm)

3.60 3.73 3.43 3.69 3.78 3.84

Width (mm) 8.18 8.11 9.50 8.97 7.97 7.87
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two oblique muscles, there is a model limitation in the expression, and
they are excluded. In addition, a model resembling the IR shape is
placed inside the IR, as shown in Figure 2A, for simulating the
enlarged IR. When a load condition is applied only to the inner or
outer parts of the IR, the actual hypertrophied IR shape could not be
derived; thus, load conditions were applied to both parts
simultaneously for analysis. Finally, ABAQUS (version 6.14,
Dassault Systèmes, SIMULIA, United States) was used to perform

three-dimensional FEA, and the finite element model consisted of
901,542 solid elements (C3D8R).

Table 2 lists the material properties for the elastic modulus (Ε),
Poisson’s ratio (ν), and density (ρ) of each tissue applied in the FEA of
TED patients. The fat surrounding the eye was assumed as nearly
incompressible “soft” human tissue with ν = .49 (Power et al., 2002). In
the literature on EOM, information on human material properties is
lacking, and the material property values were estimated based on the

FIGURE 2
(A) Finite element model of orbit and intraorbital tissue. (B) Validation between the medical image and finite element model.

TABLE 2 Material properties of finite element models.

Variables Fat EOMs Optic nerve Orbital wall Eye ball Skin

Ε (MPa) .047 .09 5.5 14,500 14,500 1

ν .49 0.4 .47 .35 0.3 .45

ρ (kg/m3) 999 1,600 1,012 1,610 — —
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tensile test results of the bovine EOM (Power et al., 2002; Schutte et al.,
2006). The material properties that changed owing to IR hypertrophy
were also based on literature (Barin et al., 2019). In FEA, the eyeball
was set as a rigid body because only the proptosis and eye rotation
measurements were significant, with no stress requirement. In
addition, the material properties of the orbital wall, optic nerve,
and skin investigated are listed in Table 2, based on existing
studies (Cirovic et al., 2006; Geng et al., 2018).

2.3 Boundary and loading conditions

Figure 3 shows the boundary and load conditions of the finite
element model. The orbital movement is restricted by securing the
orbital outer wall (Figure 3A), and the degrees of freedom from the
axial direction and rotation are restricted to the surface behind the
orbital inner wall and that where the ocular and optic nerves begin
(Figure 3B). The load condition is applied at two positions
perpendicular to the IR surface (Figure 3C). Hypertrophy is
simulated by generating internal and external muscle pressure
(IMP and EMP) on the internal and external IR surfaces,
respectively. In addition, fat pressure toward the skin (FPS), eyeball
(FPE), and tissue (FPT) are generated to simulate IOP (Figure 3D). On
average, the IOP of an adult is 3–6 mmHg (Kratky et al., 1990). In this
study, the maximum value was set at 6 mmHg (equivalent to 800 Pa).

In addition, simulations were conducted under various loading
conditions to simulate IR muscle hypertrophy and elevated IOP in
TED patient’s. The results were validated based on the patient’s EOM
hypertrophy, eye rotation, and proptosis values, as shown in Figure 4.
First, IR hypertrophy was simulated by applying 45 and 300 MPa loads
to the IMP and EMP. In FPE, which is most influenced by elevated

IOP, simulations were conducted under a single loading condition,
increasing from 100 to 500 kPa (interval: 50 kPa). The results under
the loading condition of 100–400 kPa (interval: 50 kPa) were validated
within the error range, set to +20% of the eye rotation and proptosis
values measured by MRI. However, for more accurate simulation
results, other complex loads such as FPS and FPT were considered.
Second, 35 series simulations were conducted under FPE and FPS
loading conditions ranging from 100 to 400 kPa (interval: 50 kPa) and
5–15 kPa (interval: 2.5 kPa), respectively. It was determined that the
simulation results for the simultaneous FPE 300 kPa and FPS
5–15 kPa loading conditions were within the ±20% error range.
Finally, 25 series simulations with loading conditions ranging from
5 to 15 kPa (interval: 2.5 kPa) of FPT to intraorbital tissues were
performed, and cases within the ±5% error range were obtained.

2.4 FEA scenarios of orbital wall removal

The maximum stress point was identified at the optimal load
conditions for the IRmuscle hypertrophy and elevated IOP.Moreover,
the orbital wall was removed (in rectangular or circular shapes), and a
series FEA was performed. The results are given in Table 3. When the
removed orbital wall is rectangular, a distance of 5 mm from the
posterior surface of the orbital wall is assumed to be a risk area
associated with the removal. Therefore, the posterior edge of the inner
orbital wall is fixed at 8 mm to facilitate the removal of the rectangular
orbital wall. Subsequently, the length of the orbital wall front edge and
the depth of the rectangle to be removed were changed, and FEA was
performed according to the presence or absence of chamfering. When
the removed orbital wall was circular, the maximal stress point in the
IR muscle hypertrophy and elevated IOP FEA was set as the circle’s

FIGURE 3
Boundary and load conditions of finite element model. (A)Orbital outer wall boundary conditions for movement restriction. (B) Boundary conditions of
intraorbital. (C) Loading conditions of IR hypertrophy. (D) Loading conditions of elevated intraorbital pressure (IOP).
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center point. Subsequently, FEA was performed according to the circle
diameter and the presence or absence of a chamfer.

In addition, CT scans of four TED patients who had orbital
decompression were evaluated to identify the volumetric changes
and possible damage to EOM to assess the TED recurrence risk.

The four male patients (aged 46–65) had their orbital floor and medial
wall removed. The inclusion criteria were evidence of disease inactivity
for at least 1 year, normal thyroid function, and normal thyroid-
stimulating hormone receptor antibodies, including thyroid-
stimulating antibodies. Modified NOSPECS classification scores

FIGURE 4
Results from finite element analysis of IR muscle hypertrophy and elevated IOP. (A) Thickness and width of IR in MRI image and finite element analysis of
IR muscle hypertrophy. (B) Eye rotation and proptosis according to the load conditions of FPE. (C) Eye rotation responses according to the load conditions of
fat pressure toward the skin eyeball (FPE), skin (FPS), and tissue (FPT). (D) Proptosis according to the load conditions of FPE, FPS, and FPT. (E) Distances
between the ocular and skin endpoints according to the load conditions of FPE, FPS, and FPT. (F) Maximum stress point in FEA of IR hypertrophy and
elevated IOP.
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determined clinical severity, and the Clinical Activity Score (CAS) was
used to assess the TED activity (Bartalena et al., 2016).

3 Results

3.1 Selection of orbit loading conditions based
on IR muscle hypertrophy

Simulations were performed based on the above-mentioned
scenarios to simulate the IR hypertrophy and elevated IOP in TED
patients. Figure 4A shows the outcomes of the IR muscle hypertrophy

as measured by the FEA and the IR muscle dimensions of the TED
patient as measured using the CT. In addition, the aforementioned
loading conditions were used to simulate IOP and IR muscle
hypertrophy, and Figures 4B–E display the results as eye rotation,
proptosis, and skin protrusion. Especially, Figure 4B shows the
procedure for obtaining outcomes within a +20% error range
during the initial selection phase for FPE loading conditions.
Figures 4C–E also demonstrate the established results based on the
medical information of TED patients and computational simulations;
69 scenarios were simulated with FPE, FPS, and FPT loading
conditions. In Tables 4, 5, six scenarios had an error rate of less
than 5% compared to the MRI-measured dimensions. In these six

TABLE 3 Scenarios associated with orbital wall removal.

Rectangular

No. Chamfering Width (mm) Depth (mm)

1 X 10 15–25 (Interval: 2)

2 X 12 15–25 (Interval: 2)

3 X 14 15–25 (Interval: 2)

4 O 10 15–25 (Interval: 2)

5 O 12 15–25 (Interval: 2)

6 O 14 15–25 (Interval: 2)

Circular

Chamfering Diameter (mm)

7 X 10–15 (Interval: 1)

8 O 10–15 (Interval: 1)

TABLE 4 Muscle loss rate in finite element analysis of inferior rectus (IR) muscle hypertrophy and the elevated IOP (based on FPE of 300 kPa).

FPS-12.5 kPa FPS-15 kPa

Base dimension before
analysis

FPT
7.5 kPa

FPT
10 kPa

FPT
12.5 kPa

FPT
10 kPa

FPT
12.5 kPa

FPT
15 kPa

Thickness
(mm)

LR 3.80 3.87 3.85 3.83 3.85 3.83 3.81

MR 4.12 4.47 4.44 4.41 4.44 4.42 4.39

SR 3.47 3.60 3.58 3.56 3.58 3.56 3.54

Width (mm) LR 7.71 7.39 7.36 7.32 7.36 7.33 7.29

MR 7.71 7.47 7.43 7.39 7.43 7.40 7.36

SR 7.15 7.14 7.11 7.08 7.11 7.08 7.05

Loss rate measured
using MRI

Thickness (%) LR −3.61 −1.79 −1.29 −.78 −1.37 −.87 −.37

MR −7.58 −8.39 −7.68 −6.97 −7.87 −7.16 −6.45

SR −1.59 −4.01 −3.38 −2.74 −3.43 −2.79 −2.16

Width (%) LR .86 4.09 4.57 5.04 4.47 4.95 5.42

MR 5.58 3.14 3.64 4.14 3.54 4.04 4.55

SR 1.25 .21 .65 1.09 .56 1.00 1.45
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TABLE 5 Main dimensions of IR hypertrophy and the elevated IOP simulation.

Case no. FPE
(kPa)

FPS
(kPa)

FPT
(kPa)

Distance
difference

between the
eye and skin
endpoint

IR
thickness
(mm)

IR
width
(mm)

Eye
rotation (°)

Proptosis
(mm)

Orbital wall
stress (kPa)

(mm) (%)

1 300 12.5 7.5 1.0319 −26.19 7.84 11.41 7.07 (Down) 2.22 (Protend) 117.44

2 300 12.5 10 1.0324 −26.15 7.84 11.41 7.03 (Down) 2.21 (Protend) 117.47

3 300 12.5 12.5 1.0330 −26.11 7.84 11.41 6.98 (Down) 2.20 (Protend) 117.50

4 300 15 10 .9709 −30.55 7.84 11.41 7.16 (Down) 2.25 (Protend) 117.09

5 300 15 12.5 .9714 −30.52 7.84 11.41 7.12 (Down) 2.24 (Protend) 117.12

6 300 15 15 .9721 −30.46 7.84 11.41 7.08 (Down) 2.23 (Protend) 117.15

FIGURE 5
Stress measurement position and stress graph in the vertex following the rectangular removal of the orbital wall. (A) Left vertex. (B) Right vertex.
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scenarios, the same ranges of concentrated stresses were obtained from
the inferomedial orbital strut to the rear one-third point (Figure 4F).
In addition, in the six scenarios, the maximum stress in the region of
concentrated stress was measured at the same point.

3.2 Stress distribution and trends in
rectangular orbital wall removal

The optimal loading conditions were identified in the FEA of
IR hypertrophy and elevated IOP in TED patients. Subject to the
optimal load conditions, the range was set in a rectangular shape
based on the maximum stress point in the orbit wall, the orbital
wall was removed, and the surrounding stress was measured.
Stress was measured at the left and right vertices of the inner
corner of the orbit, which are common in rectangular orbital wall
removal scenarios. Figure 5A shows that the stress before and after
chamfering at the left vertex has no significant effect, depending
on the removal depth and width. However, the FEA results before
and after chamfering at the right vertex indicate a slight difference
in stress.

In the right vertex, in Figure 5B, the stress decreased as the width
and depth of the removed orbital wall increased, and the stress
difference before and after chamfering was identified. In addition,
the chamfered model analysis confirmed low-stress levels, regardless
of the depth and width, in most cases. Therefore, in the right vertex, a

large stress difference exists depending on chamfering rather than the
depth or width removed, as shown in Table 6.

3.3 Stress distribution and trends following
the circular orbital wall with removal

The maximum stress point in the FEA of IR hypertrophy and
elevated IOP was at the circle center in circular orbital wall removal.
Moreover, a circular orbital wall was removed owing to the increase in
diameter before and after chamfering, and the surrounding stress was
measured. The stress measurement position was divided along four
directions, as shown in Figure 6A, and stress measurement was
performed at three points by selecting the direction with a high-
stress distribution rate. FEA of the orbital wall removal model before
chamfering, as shown in Figures 6B–D, confirmed that point α had
lower stress than the other points owing to the distance from the
maximum hypertrophy point of the IR. In addition, at β and γ points,
the stress decreases as the diameter increases. Accordingly, the high
stress is measured when the removed orbital wall diameter is 11 mm.

As shown in Figure 7, when IR is hypertrophic, the positions of the
β and γ points coincide with the point of maximum hypertrophy when
the removed orbital wall is 11 mm in diameter, and the highest stress
load is received. Compared to the model with 11 mm diameter, the
load applied to the β and γ points was reduced as the diameter
decreased or increased in models with diameters in the range of

TABLE 6 Induced stress at left and right measurement positions following the removal of the orbital wall with a rectangular shape.

Depth (mm) Width (mm) Stress of left point (MPa) Stress of right point (MPa)

Before chamfering After chamfering Before chamfering After chamfering

15 10 .035326 .03062 6.24453 .813527

12 .054737 .032 4.13248 .302808

14 .04535 .03740 1.28819 .259452

17 10 .038368 .03053 4.92509 .764399

12 .057419 .03179 3.02016 .307206

14 .038398 .03199 .95818 .284504

19 10 .040739 .03198 3.57721 .538666

12 .04911 .03143 2.79114 .276484

14 .041005 .0308 1.01248 .241615

21 10 .038983 .03153 2.48868 .400518

12 .043538 .0316 2.16375 .282113

14 .044043 .03151 .90297 .238358

23 10 .038903 .03126 2.03128 .33216

12 .035255 .03135 1.89548 .26846

14 .090272 .03116 1.011 .20817

25 10 .042763 .03394 1.621 .300002

12 .041728 .0321 1.31453 .2928

14 .042743 .03444 .92155 .169208
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10–15 mm. Therefore, it was confirmed that the IR stress was highest
near the maximum hypertrophy point of the IR at β and γ points. In
addition, in the chamfered orbital wall removal model analysis, the
stress was lower than that before chamfering at α, β, and γ points, as
shown in Table 7.

3.4 Computed tomographic analysis of
patient datasets with removed orbital wall

The risk of damaging EOMs and recurrence of TED at the
surgery site was evaluated using image analysis, as shown in
Figure 8. Based on sagittal and axial CT images, Figure 8 shows
the orbital tissues of the four patients whose orbital floor and the
medial wall had been previously removed. As depicted in Figure 8,
the EOM and surgical site’s margin with a sharply sloping surface
were observed. In other words, the space between the hypertrophied
EOM and the margin of the surgical site is extremely narrow.
Particularly, as a large quantity of EOM moves toward the

decompression site, the EOM surface at the surgical site edge
becomes compressed and sharper. After orbital decompression,
the EOM and bone margin became contiguous, and the EOM
underwent considerable morphological alteration.

4 Discussion

TED is an autoimmune inflammatory disease characterized by
proptosis attributed to EOM. Accordingly, orbital decompression is
required to remove the orbital wall and lower IOP. We simulated the
IR hypertrophy and elevated IOP of TED patients and identified the
maximum stress point of the orbital wall. Subsequently, FEA was
performed based on the maximum stress point of the removed orbital
wall according to the shape and size, and stress changes were
confirmed.

First, we analyzed the MRI images of TED patients and
constructed a three-dimensional finite element model; the IR
model before hypertrophy was implemented by analyzing the IR

FIGURE 6
Stress measurement position and graphs associated with the circular removal of the orbital wall. (A) Stress measurement position. Stresses at positions
(B) γ, (C) α, and (D) β.
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dimension in the patient’s normal orbit. In addition, a model
similar to the IR shape was created inside IR to show the
hypertrophic response of the IR muscle. When the load value
was defined only inside or outside the IR muscle, the shape of
the actual hypertrophic IR muscle could not be reproduced; thus,
both loads were applied simultaneously. With only hypertrophic IR
muscle, the eye rotation and proptosis could not be measured;
therefore, the load condition was applied vertically to the surfaces
associated with the intraorbital tissue, and IOP variations were
simulated. The results confirmed that the thickness and width of
the IR muscle, proptosis, eye rotation, distance from the skin and
the eyeball endpoint, and the muscle’s loss rate were associated with
an error rate of ±5% according to the dimension measured on MRI
image. In addition, the maximum stress point on the orbital wall
owing to IR hypertrophy and elevated IOP was determined to be the
location where clinical surgery was performed. The results confirm

that the FEA of IR hypertrophy and elevated IOP performed in this
study are reliable.

In the FEA of the IR hypertrophy and elevated IOP, orbital
decompression was simulated by the rectangular orbital wall
removal based on the maximum stress point. A distance of 5 mm
anterior from the posterior orbital inner wall surface was assumed as a
risk area for orbital wall removal. This is because when removal was
attempted at the back of the orbital wall, it increased the damage risk to
critical structures at the orbital apex, and it is difficult to access to the
end of the orbital wall clinically. In addition, the stress at the inner
vertex of the non-chamfered model, and that in the middle of the edge
connected to the inner vertex in the chamfered model were measured
to evaluate the stress trend according to the removed depth and width.
This was set as the stress measurement location because it is the only
location that remains the same even if the depth and width of the
orbital wall to be removed in the rectangular orbital decompression

FIGURE 7
Behavior associated with IR hypertrophy in FEA following circular orbital wall removal of diameter 11 mm.

TABLE 7 Stress at α, β, and γ positions when removing the orbital wall in a circular shape.

Diameter (mm) Stress at α point (MPa) Stress at β point (MPa) Stress at γ point (MPa)

Before
chamfering

After
chamfering

Before
chamfering

After
chamfering

Before
chamfering

After
chamfering

10 .528024 .1746 6.536398 .516669 6.935254 .207131

11 .459065 .159243 9.551042 .287233 8.859715 .187805

12 .567837 .035651 3.12807 .134126 7.912384 .370978

13 .58731 .114341 .41591 .2646 6.40473 .649128

14 .554781 .150457 .945533 .277382 4.206018 .507885

15 .71653 .064393 .37459 .23486 1.42209 .761282
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FEA changed. It was observed that the load decreased on the right
vertex as the values of the removed depth and width increased, and
large load stress was applied to the right vertex before chamfering
compared with the post-chamfering state. However, in the left vertex,
there was no significant difference in stress with depth and width, and
similar stress was applied before and after chamfering. This is probably
because the load transmission was weakened as the position of the
hypertrophic IR was farther away.

Additionally, in the FEA of the IR hypertrophy and elevated IOP,
orbital decompressionwas simulated inwhich themaximumstress point
was set to the distal center, and the orbital medial wall was removed in a
circular shape. Four orientations were set in the circle for circular orbital
decompression, and threepointswere selected in the areawith thehighest
generated stress tomeasure the stress.This isbecausemeasuring the stress
at thesamelocationas intherectangularorbitaldecompressionprocedure
with increasing diameter becomes challenging. As the distance from the
hypertrophic IR increased, the load applied to the α position decreased,
and a low-stress level was measured. The difference in stress before and
afterchamferingwas insignificant.Atβandγpoints, the loaddecreasedas
the diameter increased. This was because it coincided with the point of
maximal IR hypertrophy. Consequently, it was proved that when the

removed circle diameter decreased or increased by more than 11 mm, it
moved away from the point ofmaximum IRhypertrophy and resulted in
low-load stress values.However, therewas nodecrease in the stress of the
orbitalwallwith the increasingdiameter after chamfering. Thesefindings
confirmed that the stressbandswere similar.Hence, itwasconfirmedthat
the non-chamferedmodel was significantly affected by the hypertrophic
IRmuscle compared to the chamferedmodel, regardless of the removed
orbital wall shape.

In addition, we analyzed the CT images of TED patients who
underwent orbital decompression to understand TED recurrence risk.
The removed margin of the orbital medial wall and margin of the
orbital floor had a steep slope and were confirmed to be in close
contact with the EOMs. Hu et al. (2010) reported that the volume of IR
and MR increased after orbital decompression surgery. Therefore, it
was concluded that inflammation was generated in IR and MR owing
to the close contact between the bone edge and muscle, which is one of
the causes of TED recurrence. There is a need for a method to
minimize EOM damage to prevent TED recurrence, considering
the significant level of damage caused.

In the non-chamfered orbit model, the shape of the bone margin
removed during orbital decompression in actual surgery was similar.

FIGURE 8
CT analysis of TED patients who underwent orbital decompression surgeries. (A) Sagittal plane. (B) Axial plane.
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Large stress was confirmed in the non-chamfered orbital wall based on
the simulation of the orbital decompression through FEA. Therefore,
we reaffirmed the concern that sharp edges severely damage the EOM.
The chamfered orbital decompression is proposed as the first method
to minimize EOM damage. The proposed method significantly
reduces the stress applied to the orbital wall compared with that in
non-chamfered orbital decompression. Therefore, when
implementing orbital decompression and chamfering by drilling,
the stress applied to the EOM is reduced, and the damage is
minimized. However, there are cases wherein it is difficult to
implement chamfering because the orbital wall is thin. Hence,
another method is required to protect the sharp edges of the margin.

Therefore, we provide a method of incising the periorbita
between the orbital wall and fat in a specific form to protect the
sharp edges. Periorbita exists between the orbital wall and fat; as the
periorbita provides suspension for the orbital contents not to
prolapse even after orbital wall removal, the periorbital incision
is the key procedure during orbital decompression surgery. Some
methods are reported on periorbita incisions like complete removal
of the periorbita after removing the orbital wall (Cubuk et al., 2018;
Jefferis et al., 2018), the orbital sling procedure method that
preserves the median part of the periorbita to keep the MR
muscle intact (Metson and Samaha, 2002), and the method of
making a parallel incision of the periorbita from the posterior to the
anterior (Jimenez-Chobillon and Lopez-Oliver, 2010; Hernandez-
Garcia et al., 2017). The exposure of bare bone without periorbital
covering through the complete removal of periorbita does not
protect the edge of the removed orbital wall and can damage
the EOM. The orbital sling procedure might have some
protective function but diminishes the extent of decompression.
We propose a method in which the periorbita is incised in the II-
shape in parallel from the posterior to the anterior direction, and
incisions are made in the direction perpendicular to the incised line
to perform H-shaped incision. Therefore, we conclude that the “H”

shaped periorbita will cover both sides of the sharp edge of the
removed orbital wall and minimize the EOM damage.

However, this study had several limitations. First, the inferior
oblique muscle and superior oblique tendon exist in addition to the
four rectus muscles inside the orbit, and various biological tissues,
such as ligaments, septum, and lacrimal gland, are complexly located
inside the orbit. Biological tissues, such as oblique muscles and tissues,
were excluded from this analysis because the location and exact
dimensions could not be determined from the MRI and CT data. It
is believed that more accurate results can be obtained by simulating the
oblique muscle and tendon. However, behavior inside the orbit of a
TED patient can be efficiently simulated with the four rectus EOMs.
Second, the material properties of the finite element model of the orbit
and intraorbital tissues were assumed based on animal experiments
because of the lack of experimental literature and information on
human properties. Therefore, the accuracy of the FEA results can be
further improved by obtaining the human material properties.
However, there are ethical issues associated with the conduct of in
vivo experiments. Therefore, in this study, the physical properties of
the orbit and intraorbital tissues were applied using the results of
published animal experimental studies. Third, the eyeball may be
deformed by IR hypertrophy, considering that it has various structures
and its inside is filled with vitreous and aqueous humor. However, this
study focused on examining the contact stress of the orbital inner wall,
excluding the eyeball, caused by EOM hypertrophy. If the deformation

of other tissues, such as the eye, is considered, further results can be
achieved besides the contact stress in the inner orbital wall. Finally, if
image data is available prior to the patient’s onset of thyroid eye
disease, more accurate results for muscle growth variation can be
obtained. However, because medical images were difficult to obtain
prior to the onset of thyroid eye disease in this study, the main
dimensions were measured based on the patient’s contralateral orbit.

5 Conclusion

We simulated the orbit and intraorbital tissue of TED patients
with enlarged IR muscle with a finite element model. In addition, an
FEA was performed to assess the tissue responses in the orbit of TED
patients based on the application of load conditions to the IR muscle
and IOP. Thereafter, FEA of the tissue behavior in the orbit of a TED
patient was performed after the orbital wall removal around the point
of maximum stress on the orbital lining under the same conditions.
The orbital wall stress at a specific point was measured according to
the shape and location of the removed orbital wall. The main
conclusions of this study are as follows.

• The hypertrophic load conditions of the IR muscle alone could
not simulate the rotation and extrusion of the eye; the addition
of IOP load conditions could simulate the intraocular tissue
behavior of TED patients.

• The maximum stress point of the orbital wall was identified by
the FEA of the IR hypertrophy and elevated IOP, and this point
was applied for surgery.

• When the removed orbital wall has a rectangular shape, the
difference in stress before and after chamfering was small at
locations farther than the IR hypertrophy position. However,
non-chamfered model analysis at a point close to the IR
hypertrophy position confirmed that the applied stress
decreased as the depth and width of the removed orbital wall
increased.

• In chamfered model analysis with rectangular orbital wall
removal, the stress decreased as the overall removal depth
and width increased, but the stress width was not large. In
addition, the orbital wall stress of the non-chamfered model
with general orbital decompression formed a higher load than
the orbital wall stress of the chamfered model.

• In the non-chamfered model with circular orbital wall removal, the
stress of the orbital wall decreased as the diameter increased.However,
the highest stress was measured at a specific diameter close to the
maximum IR hypertrophy point. In the chamfered model, there was
no difference in stress with the diameter of the removed circle.

• When the removed orbital wall had a circular shape, the stress of
the non-chamfered model, with general orbital decompression,
was significantly greater than that of the chamfered model.

• Therefore, we confirmed that the edge of the removed orbital
wall, regardless of the removal type, generated significantly
higher stress on the orbital wall in the case of the non-
chamfered model (a form of general orbital decompression)
than that in the chamfered model.

• Finally, if the edge of the orbital wall removed during orbital
decompression was removed in a chamfering form, the EOM
damage was expected to be minimal, preventing recurrence. If
the orbital wall was thin and could not be removed in a
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chamfering form, the periorbita between the orbital wall and fat
could be sectioned in an “H” shape. Moreover, the orbital wall of
the sharp edge would be wrapped with the periorbita to prevent
EOM damage.

Thus, if orbital decompression surgery is performed on a TED

patient, the damage to the EOM caused by the removed orbital wall

could be reduced. In addition, even if TED recurs, EOM damage can

be minimized. Overall, the findings and inferences of this study can

help treat TED in patients. Furthermore, only the hypertrophied IR in

TED patients was considered, but in future studies, complex

environmental conditions, including hypertrophied cases of other

EOMs, will be included.
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Biomechanical performance of
the novel assembled
uncovertebral joint fusion cage in
single-level anterior cervical
discectomy and fusion: A finite
element analysis

Xiang Zhang†, Yi Yang†, Yi-Wei Shen, Ke-Rui Zhang, Li-Tai Ma,
Chen Ding, Bei-Yu Wang, Yang Meng and Hao Liu*

Department of Orthopedics, Orthopedic Research Institute, West China Hospital, Sichuan University,
Chengdu, China

Introduction: Anterior cervical discectomy and fusion (ACDF) is widely accepted
as the gold standard surgical procedure for treating cervical radiculopathy and
myelopathy. However, there is concern about the low fusion rate in the early
period after ACDF surgery using the Zero-P fusion cage.We creatively designed an
assembled uncoupled joint fusion device to improve the fusion rate and solve the
implantation difficulties. This study aimed to assess the biomechanical
performance of the assembled uncovertebral joint fusion cage in single-level
ACDF and compare it with the Zero-P device.

Methods: A three-dimensional finite element (FE) of a healthy cervical spine
(C2−C7) was constructed and validated. In the one-level surgery model, either
an assembled uncovertebral joint fusion cage or a zero-profile device was
implanted at the C5–C6 segment of the model. A pure moment of 1.0 Nm
combined with a follower load of 75 N was imposed at C2 to determine
flexion, extension, lateral bending, and axial rotation. The segmental range of
motion (ROM), facet contact force (FCF), maximum intradiscal pressure (IDP), and
screw−bone stress were determined and compared with those of the zero-profile
device.

Results: The results showed that the ROMs of the fused levels in bothmodels were
nearly zero, while the motions of the unfused segments were unevenly increased.
The FCF at adjacent segments in the assembled uncovertebral joint fusion cage
group was less than that that of the Zero-P group. The IDP at the adjacent
segments and screw–bone stress were slightly higher in the assembled
uncovertebral joint fusion cage group than in those of the Zero-P
group. Stress on the cage was mainly concentrated on both sides of the wings,
reaching 13.4–20.4 Mpa in the assembled uncovertebral joint fusion cage group.

OPEN ACCESS

EDITED BY

Damien Lacroix,
The University of Sheffield,
United Kingdom

REVIEWED BY

Maohua Lin,
Florida Atlantic University, United States
Ming Yang,
Army Medical University, China
Zhende Jiang,
Jilin University, China

*CORRESPONDENCE

Hao Liu,
liuhao6304@126.com

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to
Biomechanics,
a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 28 April 2022
ACCEPTED 22 February 2023
PUBLISHED 08 March 2023

CITATION

Zhang X, Yang Y, Shen Y-W, Zhang K-R,
Ma L-T, Ding C, Wang B-Y, Meng Y and
Liu H (2023), Biomechanical performance
of the novel assembled uncovertebral
joint fusion cage in single-level anterior
cervical discectomy and fusion: A finite
element analysis.
Front. Bioeng. Biotechnol. 11:931202.
doi: 10.3389/fbioe.2023.931202

COPYRIGHT

© 2023 Zhang, Yang, Shen, Zhang, Ma,
Ding, Wang, Meng and Liu. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Abbreviations: ACDF, anterior cervical discectomy and fusion; ALL, anterior longitudinal ligament; FCF,
facet contact force; FE, finite element; IDP, intradiscal pressure; PLL, posterior longitudinal ligament;
ROM, range of motion.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 08 March 2023
DOI 10.3389/fbioe.2023.931202

252

https://www.frontiersin.org/articles/10.3389/fbioe.2023.931202/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.931202/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.931202/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.931202/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.931202/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.931202/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.931202&domain=pdf&date_stamp=2023-03-08
mailto:liuhao6304@126.com
mailto:liuhao6304@126.com
https://doi.org/10.3389/fbioe.2023.931202
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.931202


Conclusion: The assembled uncovertebral joint fusion cage provided strong
immobilization, similar to the Zero-P device. When compared with the Zero-P
group, the assembled uncovertebral joint fusion cage achieved similar resultant
values regarding FCF, IDP, and screw–bone stress. Moreover, the assembled
uncovertebral joint fusion cage effectively achieved early bone formation and
fusion, probably due to proper stress distributions in the wings of both sides.

KEYWORDS

finite element analysis, anterior cervical discectomy and fusion, assembled uncovertebral
joint fusion cage, zero-P interbody fusion, bone fusion

Introduction

Anterior cervical discectomy and fusion (ACDF) is considered
the gold standard surgical treatment for patients with cervical disc
disease who have failed conservative treatments (Bohlman et al.,
1993; Emery et al., 1998). Since its introduction by Cloward(1958)
and Smith and Robinson (1958), the surgical technique has been
continuously modified to improve fusion rates and clinical outcomes
by optimizing the implant design and changing its materials
(Hacker, 2000). Solid bone fusion after ACDF is one of the key
indicators of achieving the expected clinical outcomes. As one of the
most recommended fusion devices for ACDF, Zero-P devices use an
integrated and low-profile plate design to reduce dysphagia rates and
other plate-associated complications while maintaining satisfactory
clinical outcomes (Barbagallo et al., 2013; Vanek et al., 2013; Chen
et al., 2015). Previous studies have suggested that the fusion rates at
3 and 6 months after ACDF with Zero-P implant were 19.1% and
74.5%, respectively (He et al., 2020; Abudouaini et al., 2021a), but it
did not achieve clinicians’ desired results of a 90% fusion rate as early
as possible (Vanek et al., 2013).

The uncovertebral joint, known as the Luschka joint, is a
unique anatomical structure of the cervical spine. It is located on
either side of the C3–C7 vertebral body, is formed by the
anastomosis of the uncinate process on the posterolateral side
of the lower vertebral body with the lower slope of the upper
vertebral body, and has been shown to play an important role in
limiting cervical lateral orientation and movement and
maintaining cervical stability (Hartman, 2014). In our clinical
practice, obvious bony fusion was often detected in the
uncovertebral joint area during anterior intervertebral space
release surgery on patients with old cervical fractures and
dislocations. Additionally, heterotopic ossification was most
significantly distributed at the uncovertebral joint during long-
term follow-up after artificial cervical disc replacement (Tian
et al., 2016). Furthermore, our previous clinical studies showed
that the application of Zero-profile anchoring spacers (Zero-P,
Johnson & Johnson) in ACDF with bone grafting in the
uncovertebral joint area is safe and effective, with fusion rates
of 16.7%, 63%, and 98.1% at 3, 6, and 12 months after the surgery
when compared to control fusion rates of 2.5%, 33.3%, and
88.9%, respectively, indicating the great potential of
accelerating fusion and improving fusion capacity (Liu. et al.,
2020). In our prospective, randomized, controlled trial study, the
fusion rate in the uncovertebral joint fusion group was found to
be significantly higher than in the traditional interbody fusion
group at 3 and 6 months after operation (3 months: 70% vs 10%,

p < 0.0001; 6 months: 95% vs 65%, p = 0.0177, respectively) (Hao
et al., 2022).

Therefore, we postulated that uncovertebral joint fusion might
have potential advantages in cervical spine interbody fusion and
designed a novel uncovertebral joint fusion cage. In our previous
goat model research (Shen et al., 2021), 75.0% (9/12) of the goats in
the uncovertebral joint fusion cage group were evaluated as
achieving fusion at 12 weeks when compared to 41.7% (5/12) in
the non-profile cage group. Additionally, the fusion grading scores
of the uncovertebral joint fusion cage group were significantly higher
than those of the non-profile cage group, both at 12 and 24 weeks
(p < 0.05), without increasing serious complications during the
6 months of follow-up. Furthermore, in the goat experiment, initial
stability biomechanical tests showed that the uncovertebral joint
fusion cage had slightly better stability than the Zero-P device in the
right and left lateral flexion and axial rotation and comparable
stability to the Zero-P device in anterior flexion and posterior
extension (Yang. et al., 2019). However, the existing
uncovertebral joint fusion cage cannot be used to perform both
inter–end plate bone grafting and uncinate joint bone grafting.

Due to the differences in the physiological state and osteogenesis
ability of different patients, a single bone grafting area limits the
improvement of fusion efficiency to a certain extent. Also,
implantation difficulties hinder further development of the
uncovertebral joint fusion cage. Therefore, we designed the
assembled uncovertebral joint fusion cage to make the surgery
easier. A double bone grafting path combining inter–end plate
bone grafting and uncovertebral joint bone grafting was designed,
which not only ensures a good biomechanical environment for
osteogenesis but also combines the advantages of the two fusion
ideas to make bone grafting safer and more effective. Specifically, we
designed an assembled uncovertebral joint fusion cage comprising
an intervertebral body support and uncovertebral joint fusion
components on either side. The uncovertebral joint fusion
components had upper and lower penetrating bone graft cavities,
and the intervertebral support body or uncovertebral joint fusion
components had an anatomical surface pattern.We printed the bone
graft material or artificially filled and compacted it into the bone
graft area before surgery, eliminating the need to implant
decompressed bone or artificial bone particles into the
uncovertebral joint fusion area through surgical forceps, thus
reducing the risk of complications caused by dislodged bone graft
particles, shortening surgery time, and making the operation easier.
In addition, because of the split design, we could use 3D printing
technology to individually print the intervertebral support body and
the uncovertebral joint fusion components in reference to previous
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studies which focused on 3D-printed discs or fusion devices (Serra
et al., 2016; Basgul et al., 2020; Li et al., 2021; Zhu et al., 2021) to
achieve a good fit between the intervertebral support body, the
uncovertebral joint fusion components, and the patient’s vertebral
space, thereby reducing the difficulty of surgical operation and
improving the prosthesis–end plate fit.

However, a comprehensive finite element model has not yet
been established to analyze its mechanical state. To the best of our
knowledge, this is the first study to assess the biomechanical
performance of the assembled uncovertebral joint fusion cage in
single-level ACDF and compare it with the Zero-P device.

Materials and methods

Development of FE intact cervical spine
model

A non-linear three-dimensional finite element (FE) model of the
cervical spine segments (C2−C7) was developed and validated in our
previous study (Rong et al., 2017). Themodel was constructed on the
basis of computed tomography (CT) images from a young male
volunteer without cervical degeneration (28 years, 165 cm, 65 kg),
with a resolution of 0.75 mm and an interval of 0.69 mm from a CT
scanner (SOMATOM Definition AS+, Siemens, Germany).

Generation of cervical spine model and
instrument

The CT scans were imported into the Mimics 19.0 (Materialize
Inc., Leuven, Belgium) software to reconstruct the geometric
structure of the C2−C7 cervical vertebrae. The corresponding
tissues were distinguished according to CT grayscale and
exported to STL or Cloud point cloud format. The intervertebral
disc geometries were constructed by filling the intervertebral space
and connecting the adjacent vertebral bodies. Next, a preliminary
geometric model was established, followed by denoising, paving, and
smoothing to optimize the geometric structure of the model with the
CATIA V5 R21 (Dassault Systèmes Corporation, Velizy-
Villacoublay Cedex, France) and importing it into HyperMesh
12.0 (Altair, Troy, MI, United States) to prepare mesh division,
such as the cervical spine, intervertebral disc, ligament, and other
structural mesh. Last, the boundary conditions of the prepared
model were set using ABAQUS 6.9.1 (Dassault Systèmes
Corporation).

The cancellous bone regions of the vertebrae were set as solid
elements. A 0.4-mm-thick shell consisting of the cortical bone and
end plates covered the cancellous bone. The intervertebral disc was
divided into the annulus fibrosus and nucleus pulposus with a
volume ratio of 6:4. Annulus fibers surrounded the ground
substance with an inclination to the transverse plane between 15°

and 30,° accounting for approximately 19% of the entire annulus
fibrosus volume (Denozière and Ku, 2006; Panzer and Cronin,
2009). The facet joint space was 0.5 mm and was covered by a
cartilage layer with non-linear surface-to-surface contact. The
ligamentous complex, which includes the anterior longitudinal
ligament (ALL), posterior longitudinal ligament (PLL),

ligamentum flavum, interspinous ligament, and capsular
ligament, was developed using tension-only rod elements and
was attached to the corresponding vertebrae. The Zero-P system
(Synthes, Oberdorf, Switzerland), composed of the zero-profile
titanium plate, polyetheretherketone (PEEK) cage, and two self-
tapping screws in opposite directions, was adopted in this study. The
primary dimensions (width, length, and height) were 13.6, 17.5, and
5 mm, respectively. The self-tapping screws were 16 mm long.
Additionally, convergence analysis was performed to ensure that
the maximum changes in the strain energy were <3% and showed
that when the element size was between 0.1 and 1, the error
stabilized at a minimum value, i.e., less than 3%, which is
concordant with previous studies (Jones and Wilcox, 2008;
Ayturk and Puttlitz, 2011; Zhang et al., 2022b). The material
properties of the bone graft and newly formed bone were set as
the cortical bone (Figure 1). The material properties and mesh types
are listed in Table 1 (Denozière and Ku, 2006; Lee et al., 2011; Mo
et al., 2017; Rong et al., 2017). The number of nodes and elements of
the cervical spine model are shown in Table 2.

Boundary conditions

A tie connection was assigned between the intervertebral discs
and adjacent vertebral bodies and between the insertion of ligaments
to the bone. The facet joint was built as a non-linear three-
dimensional contact problem using surface-to-surface elements.
Frictionless contact was defined between the articular surfaces of
the facet joints (Panzer and Cronin, 2009; Rong et al., 2017). The
cancellous bone that filled the central cavity of the cage was defined
as frictionless (Completo et al., 2015). A non-bonded contact was
applied between the cage’s supra- and infra-adjacent surfaces and
the relevant vertebral surfaces with a contact friction coefficient of
0.3 (Galbusera et al., 2008). The graft–vertebrae and screw–vertebrae
interfaces were defined as tie constraints to simulate rigid fusion and
sufficient osseointegration. To simplify the model, shared nodes at
the screw–plate interfaces were used, thus preventing relative
motion between the components. The implant interfaces of the
artificial cervical disc were defined as surface-to-surface sliding
contact with a fraction coefficient of 0.07 (Li et al., 2018).

Biomechanical testing

The FE model of intact C2−C7 segments was fixed at the
inferior end plate of C7. Follower loads of 75 N were used to
simulate muscle force and head weight. A 1.0-N/m moment and
75-N follower load were applied to the odontoid of the
C2 vertebrae to produce flexion, extension, lateral bending,
and axial rotation (Rong et al., 2017; Wu et al., 2019; Wo
et al., 2021; Lu et al., 2022). The ALL, PLL, nucleus pulposus,
and annulus fibrosus were resected at C5/6, while the bilateral
structures, such as uncinate processes, were preserved according
to real surgical procedures. The range of motion (ROM) was
defined as the rotation from the neutral position to the end
position with a 1.0-N/m load. The ROM for each level was
calculated on the basis of the relative motions of the markers
of each vertebra in each motion mode (Panjabi et al., 2001).

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Zhang et al. 10.3389/fbioe.2023.931202

254

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.931202


FIGURE 1
Finite elementmodel of the C2–C7 cervical spine: (A) front view and sagittal view of the implanted Zero-Pmodel, and (B) front view and sagittal view
of the implanted assembled uncovertebral joint fusion cage model. (C) The Zero-P device (screws are not shown). (D) Intact intervertebral disk and the
Zero-P device of the implanted Zero-P model. (E) The assembled uncovertebral joint fusion cage was composed of a body part, two wings, and screws
(screws are not shown). (F) Intact intervertebral disk and the assembled uncovertebral joint fusion cage of the implanted assembled uncovertebral
joint fusion cage model.

TABLE 1 Material properties and mesh types of the cervical finite element model.

Component Young’s modulus (MPa) Poisson’s ratio Element type Cross sections (mm2)

Cortical bone 12,000 0.29 C3D4 —

Cancellous bone 450 0.29 C3D4 —

Nucleus pulpous 1.0 0.49 C3D4 —

Facet joint cartilage 10.4 0.4 C3D4 —

Annulus fibers 110 0.3 T3D2 —

Anterior longitudinal ligament 10 0.3 T3D2 6.0

Posterior longitudinal ligament 10 0.3 T3D2 5.0

Capsular ligament 10 0.3 T3D2 46.0

Interspinous ligament 1.5 0.3 T3D2 10.0

Supraspinous ligament 1.5 0.3 T3D2 5.0

Ligamentum flavum 1.5 0.3 T3D2 5.0

Cage (titanium) 1,10,000 0.3 C3D4 —

Screws 1,10,000 0.3 C3D4 —

Cage (PEEK) 3,600 0.3 C3D4 —

Note: C3D4, tetrahedron; T3D2, truss, tension-only.
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According to the hybrid control proposed by Panjabi et al. (2001),
the corresponding movement angles of all directions in the intact
cervical model were applied to the ACDF surgical constructs. The
ROM of each segment of the intact cervical spine model under all
moments was compared with previously published data to validate the
model. Based on our previous study and literature data, we chose the
C5/6 level as the implanted level because it is the most frequently
involved level in clinical practice (Bisson et al., 2011; Wang et al., 2013;
Qizhi et al., 2016; Shi et al., 2016; Wu et al., 2017).

Results

Validation of the intact cervical spine model

As shown in Figure 2, the predicted segmental ROM of the present
intact cervical spine model was within the standard deviation of the
previous experimental data (Panjabi et al., 2001; Lee et al., 2016; Liu et al.,
2016). The maximal intradiscal pressure of adjacent levels was consistent
with in vitro experiments and previousfinite element results (Welke et al.,
2016; Zhou et al., 2021), and the facet contact force (FCF) of the model
was also in agreement with the literature (Wu et al., 2019; Shen et al.,
2022). All indicated that the present model was reliable in representing a
healthy individual and could be used for further experiments.

Range of motion

The ROMs of each segment during flexion, extension, lateral
bending, and axial rotation are shown in Figure 3. For all motions,
the ROMs of the fused levels in the assembled uncovertebral joint

fusion cage and Zero-P device models were nearly zero, and the
ROMs of the unfused levels in all models were increased by 10.4%–
73.2% for all motions when compared with the intact model. The
unfused levels that exhibited increased motions fulfilled a
compensatory function to maintain normal movement.

Facet contact force

Under the extensionmoment, FCF tended to decrease by 52.6% and
47.4% at the fused levels in the assembled uncovertebral joint fusion cage
and Zero-P device group, respectively. When compared to the intact
model, the maximum increase in the facet joint force in the superior
adjacent and inferior adjacent segments of the assembled uncovertebral
joint fusion cage group was 9.0% and 12.7% under the extension
moment, respectively. Additionally, under the extension moment, the
facet joint force in the Zero-P device group increased by 26.0% and
19.3% in the superior adjacent and inferior adjacent segments,
respectively, when compared with the intact model (Figure 4).

Intradiscal pressure

Intradiscal pressure (IDP) measures at C2/3, C3/4, superior
adjacent (C4/5), and inferior adjacent (C6/7) segments are shown in
Figure 5. As expected, the intradiscal pressure at the adjacent levels in
both groups was increased when compared with the intact model. The
maximum increase of IDP measures was noted at the inferior adjacent
(C6/7) segments under all motions in both models. Notably, the IDP
measures in the adjacent segments of the assembled uncovertebral joint
fusion cage model were comparable to that in the Zero-P group, only
0.061–0.121Mpa higher (Figure 5). Stress contour diagrams in all
movements in both the assembled uncovertebral joint fusion cage
and the Zero-P device group are shown in Figure 6.

Maximum stress in the end plate–cage
interface at the treatment level

A comparison of the maximum von Mises stress developed on the
cage–end plate interfaces is shown in Figure 6. The maximum stress on
the surface of the C6 superior and C5 inferior end plates of both surgical
groups was compared with the intact model. Under flexion, extension,
lateral bending, and axial rotation movements, the maximum stress in
the C5 inferior end plate of the assembled uncovertebral joint fusion
cage group was 1.435, 1.721, 2.009, and 2.575 Mpa, respectively, which
is slightly higher than in the Zero-P group (1.189, 1.383, 1.598, and
2.011 Mpa, respectively). Under flexion, extension, lateral bending, and
axial rotation, the maximum stress in the C6 superior end plate of the
assembled uncovertebral joint fusion cage groupwas 1.479, 1.680, 1.880,
and 2.413Mpa, respectively, which is slightly higher than in the Zero-P
group (1.220, 1.423, 1.633, and 1.936 Mpa, respectively) (Figure 7).

Maximum stress of the fusion cage

Stress contour diagrams in all movements in both surgical
groups are shown in Figure 7. In the assembled uncovertebral

TABLE 2 Number of elements and nodes for the cervical spine model.

Element Node

C2 63,892 96,991

C3 62,239 95,895

C4 60,707 93,960

C5 68,221 1,07,543

C6 59,809 94,578

C7 65,885 1,03,284

C2/3 11,400 20,170

C3/4 7,621 14,121

C4/5 9,818 17,721

C6/7 11,101 20,026

Anterior longitudinal ligament 135 136

Posterior longitudinal ligament 158 159

Capsular ligament 150 200

Ligamentum flavum 137 138

Interspinous ligament 92 98

Supraspinous ligament 280 290

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Zhang et al. 10.3389/fbioe.2023.931202

256

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.931202


FIGURE 2
Comparison of the predicted ranges of motion (ROMs), intradiscal pressure (IDP), and facet contact force (FCF) with published literature.

FIGURE 3
Range ofmotion (ROM) of three-dimensional finite elementmodels of one-level anterior cervical discectomy and fusion using either the assembled
uncovertebral joint fusion cage or Zero-P device.
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FIGURE 4
Facet contact force at the surgical and adjacent levels in extension, lateral bending, and axial rotation.

FIGURE 5
Intradiscal pressure in adjacent levels (the intact model vs. Zero-P device vs. the assembled uncovertebral joint fusion cage).

FIGURE 6
Cloud map of maximum Intradiscal pressure in adjacent levels (the comparisions between Zero-P device and the assembled uncovertebral joint
fusion cage during flexion, extension, lateral bending and rotation).
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joint fusion cage group, the stress was mainly concentrated in the
wings on both sides, reaching 13.4–20.4 Mpa, whereas in the Zero-P
group, it was concentrated in the anterior region of the Zero-P
device, reaching 11.1–17.4 Mpa (Figure 8).

Discussion

This study assessed the biomechanical performance of the
assembled uncovertebral joint fusion cage in single-level ACDF,
which was then compared with that of Zero-P in terms of the range
of motion, FCF, IDP, and stress in the end plate–cage interface and
also explored the underlying mechanism by which the uncovertebral
joint fusion accelerated bone fusion.

Construct stability

The results showed that the ROMs of the surgical segments in all
movement directions decreased by 85.9%–91.6% postoperatively,
which is consistent with the outcomes of previous literature (Hua
et al., 2020b; Ke et al., 2021). Attributed to the anterior fixation and

interbody fusion, sacrificed ROM at the fused segments mainly
indicated strong immobilization (Gao et al., 2012; Song and Choi,
2014). Stulik et al. (2007) found that relatively loose internal fixation
would lead to excessive relative movement between the bone graft
and bone graft bed, easily resulting in the formation of
pseudarthrosis. Vandamme et al. (2007) proposed that
micromotion controlled within a certain small range can
promote bone formation and the occurrence of bone integration.
As shown in the results, slightly smaller ROMs of the fused segment
in the assembled uncovertebral joint fusion cage group were
achieved when compared with the Zero-P group, suggesting that
the assembled uncovertebral joint fusion cage could provide strong
immobilization, similar to the Zero-P device. Since the uncinate cage
increased intervertebral stability at an early stage and limited
excessive mobility, it might have effectively promoted the fusion
of more parts of the intervertebral space, thus providing the basis for
the assembled uncovertebral joint fusion cage with bone grafting in
the inter–end plate and bilateral uncovertebral joint to promote
bone fusion (Vandamme et al., 2007).

Due to the progressive enhancement of bony fusion at the
inter–end plate and bilateral uncovertebral joint, the stiffness of
the anterior column increased, which further improved the stability

FIGURE 7
Maximum stress in the cage-endplate interface at surgical levels (the intact model vs. Zero-P device vs. the assembled uncovertebral joint fusion
cage).

FIGURE 8
Cloud map of maximum stress of the fusion cage (Zero-P device vs. the assembled uncovertebral joint fusion cage).
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of the construct (Zhang et al., 2022b). It is worth noting that the
ROMs of the unfused levels in all models increased by 10.4%–73.2%
for all motions when compared to the intact model. The increased
mobility of the unfused segment when compared to that of the
normal group might be due to the loss of fusion of the fused
segments and the compensation of the preserved normal cervical
mobility. ACDF was of sacrificed ROM at the fused segments, while
increased stress in the adjacent segment may be an important cause
for developing adjacent segment degeneration (ASD) (Eck et al.,
2002; Hua et al., 2020a; Ke et al., 2021). Considering that the ROM in
the assembled uncovertebral joint fusion cage model achieved
similar results to those after implantation with the Zero-P device,
it is prudent to speculate that the assembled uncovertebral joint
fusion cage did not significantly accelerate the degeneration of
adjacent segments when compared with Zero-P. In general, the
assembled uncovertebral joint fusion cage not only improves
stability immediately after surgery but also has great potential for
maintaining long-term stability after the operation.

Risks of degeneration at adjacent segments

Facet contact force (FCF) tended to decrease at the fused
segments in both groups due to rigid fixation without relative
motion. Under the extension, all unfused levels exhibited a
substantial increase in FCF, which was consistent with the
change in ROMs. Though stable segmental fixation is
necessary for bony fusion, a stiff segment may result in
increased FCF and IDP at adjacent levels, thus contributing to
adjacent segments degeneration (Hilibrand and Robbins, 2004;
Dickerman et al., 2009; Park et al., 2014; Kim et al., 2015;
Hashimoto et al., 2019). Promisingly, the FCF increase inside
the adjacent facet joints was lower in the assembled uncovertebral
joint fusion cage group than in the Zero-P device group,
indicating that the assembled uncovertebral joint fusion cage,
to a certain degree, may have prevented the development of ASD.
However, we noticed that the IDP at the adjacent levels in the
assembled uncovertebral joint fusion cage group was greater than
in the Zero-P device group, which might have been due to
stronger fixation by the surgical segment and faster bone
osseointegration after surgery provided in the assembled
uncovertebral joint fusion cage when compared with the Zero-
P device. Nevertheless, the IDP measures in the assembled
uncovertebral joint fusion cage model were comparable to
those in the Zero-P group and were only higher by
0.061–0.121 Mpa.

It could be seen from the intradiscal pressure nephograms
that the stress distribution with the Zero-P device in ACDF was
mainly concentrated at the margin of the intervertebral disc.
Although disc stress in the assembled uncovertebral joint fusion
cage group was slightly higher than that in the Zero-P group, no
such degree of stress concentration was observed, suggesting that
comparing only maximum stress values might not be an accurate
assessment of the biomechanical disc stress changes in the
adjacent segments (Figure 6). Thus, we could cautiously infer
that the assembled uncovertebral joint fusion cage did not
significantly affect the biomechanics of the adjacent segments
when compared with the Zero-P device, but this should be

confirmed in long-term follow-up. Additionally, the material
properties of intervertebral discs in the FE models may
influence the biomechanical results. Nishida et al. (2022),
Nikkhoo et al. (2019), Gandhi et al. (2019), and Chen et al.
(2022) developed an intervertebral disc model with hyperelastic
material properties. Also, a lumbar disc geometry and the
properties of disc annulus fibrosis described using a
microstructure-based chemo-viscoelastic model have been
constructed in some studies (Kandil et al., 2019; Khalaf and
Nikkhoo, 2021). Ebrahimkhani et al. (2022) exploited a novel
musculoskeletal finite element (MS-FE) spine model in which the
intervertebral discs with the nucleus and annulus as a composite
of the homogeneous matrix reinforced by collagen fiber networks
was constructed. Therefore, it might be more realistic to analyze
the biomechanics of adjacent discs through advanced models.

Cage subsidence

The concentration of high stress at the end plate–cage interface
plays an important role in facilitating the penetration of the cage into
the end plate and inducing cage subsidence (Chen et al., 2008; Lu
et al., 2017). In this present study, end plate stress of both surgical
groups was greater than that in the intact model. The outcomes of
end plate stress show that the assembled uncovertebral joint fusion
cage could still achieve promising results when compared with
ACDF using the Zero-P device, though it was 0.246–0.560 Mpa
higher. However, cage subsidence is a relatively uncommon
postoperative complication in ACDF. Recent studies have
demonstrated that ACDF using a Zero-P implant provides
satisfactory clinical efficacy and acceptable safety, with a cage
subsidence of 7.4%–13.58% at last follow-up (Li et al., 2017; Shen
et al., 2018; Sun et al., 2020; Abudouaini et al., 2021b). Although
subsidence of the cage had little influence on the clinical outcome in
most patients, kyphosis, neurological deterioration, and
instrumental complications might occur in some severe cases
(Chen et al., 2016; Noordhoek et al., 2018; Oliver et al., 2018).
Sun et al. (2021) determined the average stress of the end plate–cage
interface from 0.9420 Mpa to 2.0423 Mpa in various fusion cages. Li
et al. (2020) found that end plate stress peaks were the highest with
the cage plate (0.6–2.4 MPa), followed by ACDF with the Zero-P
device (0.5–2.3 MPa). Considering that end plate stress after the
assembled uncovertebral joint fusion cage implantation was
1.435–2.575 Mpa, which is consistent with the abovementioned
studies, it also supports that the assembled uncovertebral joint
fusion cage may not increase the risk of end plate failure when
compared with the Zero-P device.

In addition, great attention should be paid to the maximum
stress that the end plate can withstand. Kwon et al. (2016)
determined that the maximum peak loads at end plate failure for
static and expandable spacers were 1764 N (±966 N) and 2284 N
(±949 N), respectively. Zhang et al. (2008) determined that the
average end plate failure load was 1,875 ± 1,023 N. Based on the
abovementioned reference data, we calculated the stress threshold of
the end plate, which was ~25.8Mpa when the cage–end plate contact
area was 31 mm2. In addition, the assembled uncovertebral joint
fusion cage seemed safe and may not cause end plate failure because
the maximum stress at the end plate–cage interface was no more
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than 3 Mpa. However, current methods for making reasonable
estimates of stress thresholds for subsidence are still limited and
not individualized. Because the physiological curvature of the
cervical spine is anteriorly convex and loads on the anterior
spine are eccentric relative to the posterior spine (Zhang et al.,
2022b), the failure loads were related to many factors, such as the
applied high tensile strains (Fields et al., 2010), bone–end plate
contact area or cage shape (Tan et al., 2005), and bone mineral
density (BMD) or cage placement (Labrom et al., 2005). Lin et al.
(2021, 2022) determined subsidence by measuring the distance that
penetrated both the cage and screw into the end plate bone.
Therefore, it is necessary to adopt a more rational and individual
approach in estimating the maximum stress to failure loads, and we
aim to perform relevant targeted optimizations in future studies. In
our previous goat model research (Shen et al., 2021), no screw
loosening, screw breakage, cage displacement, or subsidence was
observed for the uncovertebral joint fusion cage during the 6 months
of follow-up. In our prospective, randomized, controlled trial study,
there were no cage subsidence and displacement, screw loosening,
and fracture in the uncovertebral joint fusion cage group during the
6-month follow-up. Both studies indicated the safety and efficacy of
the assembled uncovertebral joint fusion cage.

Osteogenesis promotion

Another important finding was that stress was mainly
concentrated in the wings on both sides, reaching
13.4–20.4 Mpa in the assembled uncovertebral joint fusion
cage group. It had been stated that if E signifies the typical
peak strains of load-bearing bones, then healthy small and
large load-bearing bones should satisfy this criterion: 2 MPa <
E < 20 MPa (Frost, 2004). As mentioned above, the uncovertebral
joint fusion cage effectively achieved early bone formation and
fusion, probably due to proper distribution of stress
concentration on both sides of the wings. This finding was
clinically important because the bone graft area is located in
the uncovertebral joint area on both sides of the assembled
uncovertebral joint cage, which might receive proper stress
stimulation to promote osteogenesis. However, simulation of
the “sufficient osteointegration” stage was required. Our
results have suggested greater stress in the uncovertebral joint
area, which could also explain the increased speed and quality of
bone healing with bone grafting in the uncovertebral joint area
during the short term. The method of immediate postoperative
testing of biomechanical properties was adopted in most studies
(Wu et al., 2019; Huang et al., 2022; Liu et al., 2022; Lv et al., 2022;
Zhang et al., 2022a). Considering that osseointegration is a long-
term process, a longer dynamic observation of the stress
distribution in the region of the uncovertebral joint is necessary.

FE analysis is a valuable method to predict trends after
implantation in different cages, providing certain guidance for
treatment. However, several limitations of the present study
should be discussed. First, the FE model of the cervical spine
was simplified to improve the efficiency of convergence in the FE
study, which may not simulate the actual biomechanical
environment, particularly for end plates at the implanted
levels. Second, the FE model was constructed with a healthy

cervical spine rather than a degenerative one, and only C5/6 (the
most commonly involved one-level ACDF) was implanted for
analysis. Thus, the model may not perfectly represent real-world
clinical scenarios. However, the current study aimed to provide a
trend instead of natural status. Several recent studies have
adopted similar methods in developing the finite element
spine model and reported acceptable results (Wu et al., 2019;
Liang et al., 2022; Zhang et al., 2022b). Third, the geometry of the
human spine varies among individuals, while the model of this
present study was developed on the basis of the data from a single
patient. Thus, the current modeling data should be interpreted
with caution. Fourth, this study simplifies the musculoskeletal
system, and the results under this ideal condition did not fully
reflect the actual postoperative situation. Although this study
aimed to provide a biomechanical reference for clinics, the
manipulation of the muscular–ligamentous system in this
finite analysis was based on previous literature (Fu et al., 2022;
Huang et al., 2022; Shen et al., 2022; Zhang et al., 2022b). Last,
linear elastic materials were adopted for the cervical vertebral
body and intervertebral disc. In our study, the ligamentous
complex, which includes anterior longitudinal ligaments
(ALL), posterior longitudinal ligaments (PLL), capsular
ligament (CL), ligamentum flavum (LF), interspinous
ligaments (IL), and supraspinous ligament (SL), was
established using non-linear tension-only truss elements. The
facet joint was built as a non-linear three-dimensional contact
problem using surface-to-surface contact elements. A face-to-
face contact algorithm was used to define facet joint interaction,
which was assumed with frictionless sliding contact. Also, we
chose linear elastic materials for the vertebral body and
intervertebral disc for good convergence in the calculating
process. Although linear elastic materials may partially affect
the biomechanical environment, the present study primarily
focused on the changing trends following the implantation of
a newly assembled uncovered vertebral joint fusion cage. The
material properties should be re-assessed if the objective of the
study changes. Analogously, several recent studies have adopted
similar methods for developing a finite element cervical spine
model and provided satisfactory results (He et al., 2021; Hua
et al., 2020a; Hua et al., 2020b; Lin et al., 2021; Wo et al., 2021;
Shen et al., 2022; Zhang et al., 2022b). Given that material
properties such as hyperelastic, viscoelastic, or poroelastic
materials within the intervertebral disc can result in better
biomechanical predictions, a more realistic model has to be
developed in future studies.

Conclusion

In conclusion, this study showed that the assembled
uncovertebral joint fusion cage provided strong immobilization
similar to the Zero-P device. Compared with the Zero-P group,
the assembled uncovertebral joint fusion cage achieved similar
resultant values regarding FCF, IDP, and stress in the end
plate–cage interface. Altogether, the assembled uncovertebral
joint fusion cage was non-inferior to the Zero-P device in terms
of biomechanical properties. Moreover, the proper distribution of
stress concentration in the wings on both sides may play an
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important role in achieving early bone formation and fusion of the
assembled uncovertebral joint fusion cage.
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