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The assessment of knee or hip joint loading by external joint moments is mainly used to

draw conclusions on clinical decision making. However, the correlation between internal

and external loads has not been systematically analyzed. This systematic review aims,

therefore, to clarify the relationship between external and internal joint loading measures

during gait. A systematic database search was performed to identify appropriate studies

for inclusion. In total, 4,554 articles were identified, while 17 articles were finally included

in data extraction. External joint loading parameters were calculated using the inverse

dynamics approach and internal joint loading parameters by musculoskeletal modeling

or instrumented prosthesis. It was found that the medial and total knee joint contact

forces as well as hip joint contact forces in the first half of stance can be well predicted

using external joint moments in the frontal plane, which is further improved by including

the sagittal joint moment. Worse correlations were found for the peak in the second

half of stance as well as for internal lateral knee joint contact forces. The estimation

of external joint moments is useful for a general statement about the peak in the first

half of stance or for the maximal loading. Nevertheless, when investigating diseases as

valgus malalignment, the estimation of lateral knee joint contact forces is necessary for

clinical decision making because external joint moments could not predict the lateral

knee joint loading sufficient enough. Dependent on the clinical question, either estimating

the external joint moments by inverse dynamics or internal joint contact forces by

musculoskeletal modeling should be used.

Keywords: musculoskeletal modeling, inverse dynamics, gait analysis, joint contact forces, joint moments, knee

joint, hip joint
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1. INTRODUCTION

1.1. State-of-the-Art
Hip and knee joint osteoarthritis (OA) is a common disease
investigated by motion analysis laboratories. Patients with hip
or knee OA usually show a different gait pattern (Mündermann
et al., 2005; Eitzen et al., 2012), different muscle activities

and forces (Loureiro et al., 2013; Rutherford et al., 2013) and
also different joint loading (Kaufman et al., 2001; Andriacchi
et al., 2004; Foucher, 2017) compared to healthy controls in
a similar age. Regarding knee joint OA, an increased external

knee adduction moment (KAM) is mainly associated with the
progression of medial knee osteoarthritis (mKOA) (Miyazaki
et al., 2002; Andriacchi et al., 2004). Patients with hip OA often
experience decreased external hip joint moments and especially
a decreased hip extension moment (HEM) is significantly

correlated with increased pain (Hurwitz et al., 1997). In clinical
environments, joint loadings, particularly KAM, are used to

conclude about various therapies, e.g., physiotherapy or gait
retraining (Shull et al., 2013; van Rossom et al., 2018), treatment
with insoles or orthoses (Lindenfeld et al., 1997; Tokunaga et al.,
2016), but also for surgeries (Prodromos et al., 1985).

Inverse dynamics (ID) is the mainly used approach to

calculate external joint moments allowing the differentiation of
moments around the three anatomical axes (frontal, sagittal and
transverse axis) of a specific joint center. External joint moments

are calculated using external forces (ground reaction forces)
which are applied to the body, the kinematics of the joints, the
distance from the force vector to the mass center and moments
of inertia about the mass center. These parameters are the input

variables for the equations of motion which define the underlying
model (Pandy and Berme, 1988) (Figure 1). Nevertheless, in

patients with valgus malalignment of the lower limb, the loading
not only around the knee joint center is important to know,
but separately for the medial and lateral compartments. A
valgus malalignment increases the internal knee joint contact
force (KCF) in the lateral compartment of the knee joint and
decreases the KCF in the medial compartment (Holder et al.,
2020). While only taking external knee joint moments around
a joint center into consideration, these differentiation cannot be
made. However, ID is still the most frequently used approach for
evaluating the joint loading in clinical gait analysis.

For investigating the above mentioned example of valgus
malalignment, other approaches for estimating the joint loading
can be considered. Musculoskeletal (MSK) modeling, performed
with specific software (e.g., OpenSim or Anybody), is able
to do so by estimating the internal joint contact forces. The

Abbreviations: ACLR, anterior cruciate ligament reconstruction; APM,

arthroscopic partial meniscectomy; BMI, body mass index; BW, body weight; DoF,

degree of freedom; EMG, electromyography; F_sup, superior force; HAM, hip

adduction moment; HCF, hip joint contact force; HEM, hip extension moment;

HFM, hip flexion moment; HRM, hip rotation moment; ID, inverse dynamics;

KAM, knee adduction moment; KCF, knee joint contact force; KEM, knee

extension moment; KFM, knee flexion moment; lKCF, lateral knee joint contact

force; mKCF, medial knee joint contact force; mKOA, medial knee osteoarthritis;

MSK, musculoskeletal; OA, osteoarthritis; RMSE, root mean squared error; tKCF,

total knee joint contact force; TKR, total knee replacement.

internal joint contact forces not only take into account the
externally applied forces which are also considered by ID, but
also the internally applied forces from muscles which act on the
joint (Steele et al., 2012) (Figure 1). Even more detailed models
also include ligament forces working on the specific joint (Steele
et al., 2012). Besides a more detailed calculation, special knee
models are available allowing the estimation of medial and
lateral compartment loading individually (Winby et al., 2009;
Lerner et al., 2015). Moreover, with appropriate medical CT
or MRI images, MSK models can be individualized according
to the participant (Davico et al., 2020), while experimental
electromyography (EMG) data give information about the actual
participant-specific muscle activity and muscle force (Pizzolato
et al., 2015). This is a clear advantage over ID, because ID does not
considermuscle forces ormuscle activities (i.e., internal forces) in
the calculation.

One problem using MSK modeling for estimating internal
joint loads is mainly the higher computational cost in data
processing and modeling. In contrast, the calculation of the
external joint moments using ID is included in the main
processing routine after a classical gait analysis, thus, joint
moments are available directly after data collection. MSK
modeling software offer generic models based on a single person
and anthropocentric information from the literature (Delp et al.,
2007). The generic models are scaled to fit the participants
body weight (BW) and height using information of a static
or dynamic trial. In most of the modeling software, scaling
is performed manually which is time consuming and might
induce subjectivity. It was shown, that models based on
medical images reduce the error of joint moment or joint
contact force calculations compared to data from instrumented
prosthesis (Wesseling et al., 2016). While medical images are
included for scaling, the time for creating a participant-specific
model increases (Davico et al., 2020). In marker based scaled
models, errors in joint loading or muscle forces (Martelli et al.,
2015b) can occur based on soft tissue artifacts (Wesseling
et al., 2016) or incorrect defined joint centers (Martelli et al.,
2015c; Kainz et al., 2017; Bahl et al., 2019). Moreover, the
different definitions of the joints in case of degree of freedom
(DoF) or muscle positioning have been shown to influence
the outcome (Valente et al., 2014, 2015). A study comparing
the outcome of an Anybody and OpenSim model relied the
discrepancies mainly on the different muscle definitions and
segmental coordinate systems (Trinler et al., 2019). Especially in a
clinical environment, time consuming MSKmodeling can hardly
be performed, because the results need to be available soon after
the gait analysis for, e.g., surgery or rehabilitation planning.

Apart from MSK modeling, internal joint contact forces
and moments can be directly measured using instrumented
prosthesis. Only a few studies exist investigating internal joint
contact forces from instrumented prostheses in patients
with total hip replacement or total knee replacement
(TKR) (Mündermann et al., 2008; Arami et al., 2013; Bergmann
et al., 2016). This approach is thought to be the most accurate
approach compared to MSK modeling and ID (Schellenberg
et al., 2018). Additionally, internal joint contact force distribution
can be measured individually with different measuring elements
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FIGURE 1 | Simplified schematic comparison of inverse dynamics (ID) and musculoskeletal (MSK) modeling for calculating the internal joint contact forces. ID only

takes external forces as the ground reaction force (GRF) and a lever arm from the joint center to the GRF vector into consideration when calculating the joint moment

as surrogate measure for joint loading. In contrast, with MSK modeling not only the external forces but also internal (muscle) forces are considered for calculating the

internal joint contact forces as the representation of the joint loading.

installed in the instrumented prosthesis. Though, patients
equipped with an instrumented prosthesis (patients after joint
replacement) are rare. Additionally, it is known, that patients
after total hip replacement or TKR walk with different gait
pattern compared to healthy controls (Meyer et al., 2018; Ro
et al., 2020). Therefore, the internal joint contact forces measured
in patients after total joint replacement cannot be directly
compared to other populations because for these groups data
from internal instruments are not available. Nevertheless, forces
and moments measured with instrumented prostheses allow
the validation of MSK modeling approaches with internally
measured data (Schellenberg et al., 2018).

While above calculations all claim to estimate joint loading,
it is not clear, however, if a direct general relationship between
internal joint contact forces and external joint moments exist.
It has not yet been discussed to what extent the calculation of
the external joint moments is sufficient to determine the internal
joint contact forces.

1.2. Research Question and Goals
The goal of this systematic review is, therefore, to examine
the quantitative relationship between external joint moments
and internal joint contact forces at the hip and knee during
walking. Both parameters are used to predict joint loading.
However, it is not clear whether the different methodological
approaches lead to the same results and clinical conclusions.
Furthermore, it is unclear whether it is sufficient to determine
external joint moments to draw conclusions regarding internal
joint loading. To be able to give a precise overview a
clear definition of what we define as external and internal
joint loading is necessary, similar to Vigotsky et al. (2019).
“External joint moments” or “external joint forces” are defined
as parameters which are calculated using the ID approach.
“Internal joint moments” and “internal joint contact forces”,
on the other hand, define parameters which describe internal
loads calculated with MSK modeling or measured with an
instrumented prosthesis.
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The systematic review shall give a general overview related
to the relationship between external joint moments and internal
joint contact forces during walking. We additionally aim to
identify factors affecting the relationship, e.g., study population
or used methods, for which clinical decisions made based
on external joint moments would lead to other conclusions
compared to the usage of internal joint contact forces. Finally,
we targeted to draw conclusions on the preferable method,
i.e., ID or MSK modeling, and on corresponding parameters,
i.e., external joint moments or internal joint contact forces, for
clinical reasoning in gait analysis.

The systematic review is registered at
PROSPERO (CRD42020160805) (https://www.crd.york.ac.
uk/prospero/display_record.php?RecordID=160805).

2. METHODS AND MATERIALS

2.1. Search Strategy and Study Selection
The electronic databases “Pubmed” and “Web of Science” were
searched for articles fitting into the inclusion criteria. The
search included the key words “(gait OR walk) AND (hip
OR knee) AND (force OR moment OR torque) AND (model
OR musculoskeletal OR musculosceletal) (inverse dynamics OR
simulation)”. The complete search terms can be found in the
Supplementary Material (“A Full search terms”).

Studies published in English or German as full text versions
with abstracts in a peer-reviewed journal have been included
in this systematic review. The studies were published between
January 1, 1990 (first attempt to model walking with MSK
models Pandy and Berme, 1988; Delp et al., 1990) and October
31, 2019. Systematic reviews or meta-analysis, randomized
controlled trials, research studies or articles and case reports
or series were included. Participants had to be healthy or
with orthopedic diseases, e.g., OA in the hip or knee joint.
Additionally, participants with an instrumented prosthesis at the
hip or knee joint were included, while, in general, participants
of all ages were accounted for if they were able to walk
independently, without walking aids, e.g., insoles, crutches,
braces or an exoskeleton, or any other assistance. Furthermore,
data of barefoot walking or walking with defined shoes were
analyzed. For data collection, a three-dimensional multi-camera
system with integrated force plates able to accurately capture
reflective marker data and ground reaction forces had to be used.
Joint moments and joint contact forces had to be presented and
calculated with an ID approach, with MSK modeling or using
an instrumented prosthesis. A quantitative relationship between
joint moments and joint contact forces had to be calculated and
statistically analyzed.

2.2. Quality Assessment
Titles of all qualified articles from the database search were
screened by one reviewer (JH). Duplicates and papers without
an abstract or full text version available were eliminated. Titles
and abstracts were assessed and excluded by two independent
reviewers (JH, UT) if not fitting the above mentioned inclusion
criteria. All full text versions were checked by two independent
reviewers (JH, UT) for inclusion eligibility. Data extraction was

performed by one researcher (JH). The data of the articles
were only extracted when fulfilling the inclusion criteria. If full
text articles were not accessible, authors were contacted. The
reviewers were not blinded on title or author names of the
studies. One reviewer (JH) screened each study for bias. The
quality assessment checklist, adopted from Downs and Black
(1998), reviews each included study according to parameters
like reporting methods, external and internal validity and was
performed by both reviewers (JH, UT).

Data extraction of included studies was documented in
one central excel spreadsheet. It contained the following
information: author, title, and year of publication, the cohort of
the study (healthy or orthopedic patients, children or adults),
anthropometric parameters (age, height, weight, body mass
index (BMI), knee joint alignment), the measuring equipment
(cameras, force plates, when necessary instrumented prosthesis
or EMG), data processing, the applied models and software for
calculating joint angles, moments and joint contact forces, data
of extracted joint moment and joint contact force values (peak(s),
total maximum or mean, whole stance or parts of stance,
standard deviation), the statistical method and the outcome
measures (walking speed, statistical relationship (r/R2 and/or
p-value, root mean squared error (RMSE)), and existence and
content of discussion and conclusion.

The quality assessment checklist covered points
related to predefined parameters and categories (see
Supplementary Table 1). In total 68 parameters were rated
in 9 categories and a total points of 75 was reachable. The
categories were: Aims & study population; patients; controls;
cameras, markers & force plates; EMG; external loads (angles
and moments); internal loads (joint contact forces); general &
statistics; discussion & conclusion. A total score (in %) for every
category and an overall total score (in %) were calculated for
every study dividing the reached points per category with the
maximal possible points in this category. The overall score of
each paper was calculated by dividing the total reached points
with the maximal possible points. A maximal score of 100%
could be reached. Both reviewers (JH, UT) rated the included
studies independently, while the final score of each paper
was the average score of both raters. Large discrepancies in
scores between the two reviewers were discussed and in case
of disagreement a third reviewer was planned to be consulted,
which, however, was not necessary. It must be mentioned that
this quality assessment scoring concentrated on the performed
and reported methods to estimate the external and internal joint
loading parameters and to estimate the statistical relationship
between these measures. The scoring does not rank how well
the studies were performed. Therefore, as recommended by
the guidelines of Cochrane, we do not categorize the studies
according to the total scores (https://handbook-5-1.cochrane.
org/chapter_8/8_3_2_reporting_versus_conduct.htm).

2.3. Calculation of Joint Loading
Parameters
As already stated in the previous subsection, joint moments and
joint contact forces had to be calculated either by an ID approach,
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by MSK modeling or with an instrumented prosthesis. Extracted
joint loading parameters from ID were classified as external
joint loading measures. Parameters from MSK modeling which
also take internal forces, e.g., muscle forces, into consideration
when calculating the internal joint contact forces, or joint
loading parameters directly measured with the instrumented
prosthesis, were categorized as internal joint loading parameters
(see Figure 1). To be able to compare the different studies,
the detailed description of the used models were extracted. We
focused on the model description, segments and joint DoF,
the applied software and the used methods to calculate the
external and internal joint loading parameters. Additionally, the
values which were used for the statistical analysis were extracted
(e.g., peak values or the mean of a parameter).

2.4. Statistical Analyses of the Relationship
Between External and Internal Joint
Loading Measures
Studies were only included if a statistical relationship between
joint moments and joint contact forces was calculated and
statistically analyzed. Therefore, either r-, R2-values and/or the
p-value, the RMSE or other statistical output parameters had to
be available. To compare the output between studies, a separate
spreadsheet was used in which only the statistical output of
included studies were summarized. The findings were divided
into several parts: Results for peak values (e.g., medial knee joint
contact force (mKCF)) in the first half of stance or in the second
half of stance as well as results for overall peak values. R2-values
below 0.25 were interpreted as low, between 0.25 and 0.49 as
moderate and above 0.49 as high similar to Hinkle et al. (1988)
and Kotrlik and Williams (2003).

3. RESULTS

3.1. Search Strategy Yield and Quality
Assessment
Figure 2 presents the study selection process and the final
outcome. Searching the databases yielded a total of 4,554 studies.
After scanning for duplicates and publication types other than
journal articles, a total of 3,253 studies were included in the
title, abstract and full text scanning. In the end, 17 studies
were included in the systematic review for quality assessment.
A total of 14 studies evaluated the relationship between external
and internal joint loading parameters at the knee joint and
three studies at the hip joint. Of the 14 studies that investigated
the relationship at the knee joint, three studies assessed
patients according to TKR with instrumented knee prosthesis
(Kutzner et al., 2013; Meyer et al., 2013; Trepczynski et al.,
2014). Seven additional studies investigated either patients with
mKOA (Kumar et al., 2013; Meireles et al., 2016; Richards
et al., 2018) or after anterior cruciate ligament reconstruction
(ACLR) (Noyes et al., 1992; Manal et al., 2015; Wellsandt et al.,
2017; Khandha et al., 2019). In one study, patients were evaluated
approximately 16 weeks after arthroscopic partial meniscectomy
(APM) (Winby et al., 2013). Three studies analyzed the
relationship at the knee joint in healthy participants (Ogaya et al.,

2014; Saxby et al., 2016; Esculier et al., 2017). The remaining
three studies studied the hip joint relationship (Giarmatzis et al.,
2015, 2017; Wesseling et al., 2015). The detailed description
of the anthropometric data of the study populations and the
methodology used to determine the internal joint contact forces
are summarized in Table 1.

Table 2 reveals the scores of the quality assessment. The
total score was 80 ± 10% and varied between 61 and
93%. The largest variance between scores was found for
the categories “Equipment” (75 ± 24%), “External joint
moments/forces” (77 ± 20%) and “Internal joint contact
forces” (74± 25%).

3.2. Statistical Methods
The applied statistical analyses were well-reported in most
of the studies with an average score of 84%. All studies
conducted a correlation or linear regression analysis with
various input (external and internal joint loading parameters)
and output variables (r-/R2 and p-values or other parameters).
Only Trepczynski et al. (2014) did not set r-/R2 or p-values
individually for walking. They also performed movements other
than walking, such as ascending or descending stairs, and
calculated a R2 and p-value for all activities together. Therefore,
we included this study in the systematic review, but not in
the summary tables for the reported relationships. Kumar et al.
(2013) performed a multiple regression analysis and reported the
p-value and the β value, a standardized regression coefficient
that can be compared to r-values when only one independent
variable is used in the multiple regression analysis. For better
understanding, the R2 values were calculated from the original
r-values if the R2 values were not specified by the authors.
The calculated R2 values are highlighted in blue. Most authors
did not report the relative time of the gait cycle at which
they extracted the total maximal values. Therefore, the results
for the first or second peak and the total maximal value were
reported separately in different figures and tables (Figures 3–
5, and Table 3). A summary table of the performed statistical
analyses and the extracted statistical parameters is included in the
Supplementary Table 2).

3.3. Estimation of External Joint Moments
and Internal Joint Contact Forces
All included studies used ID to determine the external joint
moments and forces. Different approaches, however, were used
to calculate the internal joint contact forces. In three studies,
patients with an instrumented prosthesis were examined to
directly measure the internal joint contact forces. In two studies,
the same type of instrumented prosthesis consisting of 6 strain
gauges was used (Kutzner et al., 2013; Trepczynski et al.,
2014). As a result, 3 force and 3 moment components were
analyzed, of which the axial force was transmitted through
the medial and lateral compartments. Meyer et al. (2013) used
an implant also consisting of 6 DoFs (3 for the force and
3 for the moment components) but the geometry varied slightly
compared to the instrumented prosthesis used in the other
2 studies.
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FIGURE 2 | Flow diagram of study selection and results. mKOA, medial knee osteoarthritis; ACLR, anterior cruciate ligament reconstruction; APM, arthroscopic

partial meniscectomy.

The studies, which used an EMG-informed MSK
model (Kumar et al., 2013; Winby et al., 2013; Manal et al.,
2015; Saxby et al., 2016; Wellsandt et al., 2017; Khandha et al.,

2019), based their calculations of the internal KCF on the
same equations (Lloyd and Besier, 2003; Winby et al., 2009),
which allow separate calculation of the medial and lateral
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TABLE 1 | Summary of the study population characteristics and methods of calculating the internal joint contact forces.

Study Population No. (m/f) Age [years] BMI [kg/m2] Internal joint contact forces

Knee joint

Kutzner et al., 2013 Patients after TKR 9 (6/3) 69.9 ± 4.8 30.6 ± 4.3 Instrumented prosthesis

Meyer et al., 2013 Patients after TKR 1 (1/0) 83.0 24.2 Instrumented prosthesis

Trepczynski et al., 2014 Patients after TKR 9 (6/3) 70.0 ± 5.0 30.6 Instrumented prosthesis

Patients with mKOA 16 (8/8) 65.2 ± 9.5 28.6 ± 4.3 EMG-informed MSK model
Kumar et al., 2013

Controls 12 (6/6) 59.5 ± 10.4 28.4 ± 5.2 EMG-informed MSK model

Meireles et al., 2016

Patients with early mKOA 16 (0/16) 64.9 ± 6.0 -

MSK modelingPatients with established mKOA 23 (0/23) 65.6 ± 7.2 -

Controls 20 (0/20) 64.6 ± 8.7 -

Richards et al., 2018 Patients with mKOA 35 (13/22) 62.3 ± 5.9 25.5 ± 2.6 MSK modeling

Patients after ACLR 36 (23/13) 29.0 ± 10.0 21.1
Khandha et al., 2019

Controls 12 (7/5) 23.0 ± 5.0 26.0
EMG-informed MSK model

Manal et al., 2015 Patients after ACLR 10 (5/5) 30.1 ± 7.9 28.8 EMG-informed MSK model

Patients after ACLR 32 (20/12) 27.0 (15-41) -
Noyes et al., 1992

Controls 16 (9/7) 26.0 (19-45) -
Mathematical model

Wellsandt et al., 2017 Patients after ACLR 30 (19/11) 30.5 ± 11.1 26.7 ± 4.0 EMG-informed MSK model

Winby et al., 2013 Patients after APM and controls 27 46 ± 6 25.3 EMG-informed MSK model

Esculier et al., 2017 Controls 87 (51/36) 23.0 ± 3.8 23.0 ± 3.1 Mathematical model

Ogaya et al., 2014 Controls 122 (31/91) 73.8 ± 6.3 21.6 MSK modeling

Saxby et al., 2016 Controls 60 (35/25) 27.3 ± 5.4 22.8 EMG-informed MSK model

Hip joint

Controls (young) 14 (0/14) 21.4 22.6
Giarmatzis et al., 2017

Controls (elderly) 14 (0/14) 69.6 24.4
MSK modeling

Giarmatzis et al., 2015 Controls 20 (10/10) 22.2 ± 1.6 21.5 ± 1.7 MSK modeling

Wesseling et al., 2015 Controls 5 (2/3) 56.0 (52-61) 22.3 ± 1.6 MSK modeling

BMI, body mass index; MSK, musculoskeletal; EMG, electromyography; ACLR, anterior cruciate ligament reconstruction; mKOA, medial knee osteoarthritis; TKR, total knee replacement;

APM, arthroscopic partial meniscectomy.

compartmental loading. An extension (Lloyd and Buchanan,
1996) of the generic 1 DoF knee model (Delp et al., 1990) was
used as the anatomical model. This EMG-informed model
contains in the included studies participant-specific EMG data
of the medial and lateral hamstrings, medial and lateral vastii,
medial and lateral gastrocnemii and the rectus femoris (Kumar
et al., 2013; Manal et al., 2015; Wellsandt et al., 2017; Khandha
et al., 2019), additionally of the tensor fascia latae (Saxby et al.,
2016), the sartorius and the gracilis (Winby et al., 2013). Two
other studies (Ogaya et al., 2014; Meireles et al., 2016) based their
calculations on the same generic OpenSimmodel “gait2392” with
the 1 DoF generic knee model (Delp et al., 1990, 2007). Richards
et al. (2018) were the only investigators using the Anybody
software and the corresponding Twente Lower Extremity
Model (TLEM) with a 1 DoF knee model (Klein Horsman
et al., 2007; Carbone et al., 2015). In this model, ligament
and muscle forces were included in the calculation of the
knee joint loading. Noyes et al. (1992) was the oldest study
presented in this systematic review and was based on the
calculations according to Schipplein and Andriacchi (1991)
which allowed rotation about an axis (flexion-extension) and the
calculation of mKCF as a proportion of total knee joint contact
force (tKCF). As in the previous model, ligament forces from
the medial and lateral collateral ligament were also included in
the calculation of the internal KCF. Esculier et al. (2017) used

a different knee model considering quadriceps, hamstrings and
gastrocnemius muscle forces (DeVita and Hortobagyi, 2001;
Messier et al., 2011). The proportion of mKCF was estimated
using the equations from Schipplein and Andriacchi (1991).
All studies that analyzed the relationship between external and
internal joint loading measures at the hip joint (Giarmatzis
et al., 2015, 2017; Wesseling et al., 2015) applied either the
generic “gait2392” OpenSim model (Delp et al., 1990, 2007)
or another OpenSim model for the lower extremities (Hamner
et al., 2010) that was also based on the generic “gait2392”
model. The hip joints in these models were modeled as 3 DoF
ball joints.

3.4. Relationship Between External and
Internal Joint Loading
The studies mainly examine the internal mKCF (Figures 3,
4). Four studies additionally studied lateral knee joint contact
force (lKCF) (Table 3), while four other studies explored the
relationship between external knee joint loading parameters
and tKCF (Figure 5). The studies investigated the relationship
between internal KCF and external KAM and/or the external
knee flexion moment (KFM)/knee extension moment (KEM).
The transverse plane was not considered. Meyer et al.
(2013) looked into the relationship between a superior force
(F_sup) acting on the knee joint in combination with
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TABLE 2 | Results of the quality assessment screening for each study and additionally a total score is showed in %.

Study Aims Pat. Cont.

Equip-

ment EMG Ext. Int. Stat.
Disc. &
conc. Tot.

Knee joint

Kutzner et al., 2013 50 90 - 54 - 83 54 89 100 74

Meyer et al., 2013 50 65 - 19 75 70 39 67 100 61

Trepczynski et al., 2014 50 90 - 54 - 50 43 61 100 64

Kumar et al., 2013 100 100 91 46 88 55 55 67 100 78

Meireles et al., 2016 100 83 82 62 - 100 100 100 100 91

Richards et al., 2018 75 88 - 92 - 100 100 67 100 89

Khandha et al., 2019 75 92 - 92 100 55 55 94 100 83

Manal et al., 2015 75 92 - 87 100 85 90 100 100 91

Noyes et al., 1992 100 67 55 46 - 50 30 83 100 66

Wellsandt et al., 2017 50 75 - 81 100 70 80 89 100 81

Winby et al., 2013 88 56 55 92 100 68 85 56 100 78

Esculier et al., 2017 75 - 82 92 - 40 43 94 100 75

Ogaya et al., 2014 50 - 91 92 - 90 90 89 100 86

Saxby et al., 2016 75 - 91 100 100 100 90 89 100 93

Hip joint

Giarmatzis et al., 2017 88 - 55 100 - 98 100 78 100 88

Giarmatzis et al., 2015 50 - 91 100 - 100 100 94 100 91

Wesseling et al., 2015 50 - 59 65 - 90 100 78 100 77

Mean ± SD 71 ± 19 81 ± 13 75 ± 16 75 ± 24 95 ± 9 77 ± 20 74 ± 25 82 ± 14 100 ± 0 80 ± 10

Pat., patients; Cont., controls; Ext., external joint moments/forces; Int., internal joint contact forces; Stat., General information and statistics; Disc. & conc., discussion and conclusion;

Tot., total score; SD, standard deviation.

external knee joint moments (KEM/KFM) and the internal
tKCF. Here, F_sup described the external force applied
by the ground reaction force along the vertical axis of
the shank.

Mainly, the relationship at the peak in the first and/or
second half of stance (Figures 3, 5 and Table 4) were considered,
while a few studies examined the relationship between the
total maximal values (Figure 4 and Table 3). Not all of
the latter studies provided information about the time at
which the total maximal value occurred, which is why
we analyzed the total maximal value independently of the
values of the first and second peaks—although they may
occur at similar times in the gait cycle than the first or
second peak.

3.4.1. Medial Knee Joint Contact Force
Moderate to strong correlations between mKCF and KAM were
observed for the peak in the first half of stance across all
populations included. For the peak in the second half of stance,
however, a less strong relationship was mainly detected. Also,
only low associations were noted between KFM and mKCF for
both peaks. The relationship was enhanced when KAM and KFM
were combined to predict mKCF.

Significant moderate to strong associations between total
maximal values of KAM and mKCF were reported for
patients after ACLR as well as for healthy controls. Moderate
correlations were detected between the total maximal values
of KEM and mKCF, but not between the total maximal

values of KFM and mKCF. Again, the relationship was
stronger when KAM and KFM were combined to predict
mKCF (Figures 3, 4).

3.4.2. Lateral Knee Joint Contact Force
The correlation between lKCF and external joint loading
measures was only less researched (total: 4 studies). These studies
only revealed a low association between KAM or KFM and lKCF
for the peak in the first half of stance and the total maximal values.
Almost no connection was observed for the peak in the second
half of stance. A strong relationship was found only between
the total maximal KEM and lKCF and when combining several
external joint loading measures to predict lKCF for the peak in
the first half of stance (Table 3).

3.4.3. Total Knee Joint Contact Force
Studies examining patients with mKOA and healthy controls
mostly reported moderate to strong associations between tKCF
and KAM or KFM for the peak in the first half of stance and a
stronger correlation for the combination of KAM and KFM. For
the peak in the second half of stance, low correlations between
KAM and tKCF and stronger interactions between KFM and
tKCF were observed (Figure 5).

3.4.4. Hip Joint Contact Force
The external hip adduction moment (HAM) correlated strongly
with the internal hip joint contact force (HCF) for all investigated
study groups (Giarmatzis et al., 2015, 2017;Wesseling et al., 2015)
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FIGURE 3 | Coefficient of determinations between the first and second peaks of the joint moments and medial knee joint contact force (mKCF). The * indicates

significant correlations. The exact p-values can be found in the Supplementary Table 4. Colored bars represent the findings for the first peak and the white bars with

colored text for the second peak of the same study. KAM, knee adduction moment; KFM, knee flexion moment; KEM, knee extension moment; F_sup, superior force;

TKR, Patients after total knee replacement; mKOA, Patients with medial knee osteoarthritis; APM, Patients after arthroscopic partial meniscectomy; ACLR, Patients

after anterior cruciate ligament reconstruction; inv., involved leg; uninv., uninvolved leg.

and for all walking speeds in the first half of stance. Whereas
between HCF and HEM and hip rotation moment (HRM),
respectively, were predominantly low correlations observed. In
contrast, the peak in the second half of stance of HAM showed
only a low correlation with HCF, while strong relations were
observed for hip flexion moment (HFM) or HEM and partly for
HRM. Similar to the results for the knee joint, the relationship
can be improved by combining more than one external joint
moment to predict HCF (Supplementary Table 3).

4. DISCUSSION

The aim of this systematic review was to analyze the relationship
between external joint moments and internal joint contact forces
at the hip and knee for healthy participants as well as patients
(patients after TKR, patients with mKOA, after ACLR or after
APM). In total, 14 and 3 studies were found that investigated
the relationship between external and internal measures at the

knee and hip joint, respectively. External joint moments were
calculated using ID while internal joint contact forces were
estimated by MSK modeling, other mathematical approaches or
measured with an instrumented prosthesis. A meta-analysis was
not performed due to the variability of the studied populations
and the different clinical questions. Only a few studies were
included, so that only a limited number of data sets were available
that could be used for a meta-analysis. Furthermore, the aim of
this systematic review was to provide a general overview, so we
decided to prepare a statistical summary of the results from the
included studies.

4.1. Relationship Between External and
Internal Joint Loading
A schematic summary of the observed correlations between
mKCFs or tKCFs and the external knee joint moments are shown
in Table 4. In general, for the maximal values and the peak in the
first half of stance, mKCFs was best predictable by KAM and in
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FIGURE 4 | Coefficient of determinations between the maximal values of the joint moments and medial knee joint contact force (mKCF). The * indicates significant

correlations. The exact p-values can be found in the Supplementary Table 5. KAM, knee adduction moment; KFM, knee flexion moment; KEM, knee extension

moment; ACLR, Patients after anterior cruciate ligament reconstruction; inv., involved leg; uninv., uninvolved leg.

combination with KFM. The lKCF was only less strong predicted
by knee joint moments throughout the whole stance phase. KAM
strongly predicted the tKCFs in the first half of stance and even
more accurate together with KFM. Included studies examining
the hip joint found similar results compared to the knee joint.
The HAM correlated better with the HCF peak in the first half of
stance compared to the peak in the second half of stance. When
combining several external measures (e.g., HAM and HEM) the
relationship was stronger than only with one external measure.

Joint moments and joint contact forces can be divided in its
three plane components, meaning that one plane component
might not be sufficient enough to explain the full load of a
joint. Only one external component might be accurate enough
if the joint loading is mostly distributed in one direction.
Therefore, describing the internal joint contact forces with more

than one external joint moment component (i.e., KAM and
KFM) result in a better correlation. Still, the reason that the
relationship between KAM and the internal KCFs is frequently
investigated, might be because KAM is mainly associated as a
surrogate measure for internal KCFs (Andriacchi et al., 2004).
An increased KAMduring stance was reported as an indicator for
increasedmedial compartment loading and for the progression of
mKOA (Miyazaki et al., 2002; Andriacchi et al., 2004). A separate
medial and lateral calculation of internal KCF is only possible
with MSK modeling or instrumented prosthesis. This might
explain why the relationship between external joint moments and
internal lKCFs were only investigated in 4 previous studies. As a
conclusion, we do not recommend to use external joint moments
to predict the internal loading in the lateral compartment of the
knee joint.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 10 December 2020 | Volume 8 | Article 603907

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Holder et al. Inverse Dynamics vs. Musculoskeletal Modeling

FIGURE 5 | Coefficient of determinations between the first and second peaks of the joint moments and total knee joint contact force (tKCF). The * indicates significant

correlations. The exact p-values can be found in the Supplementary Table 6. Colored bars represent the findings for the first peak and the white bars with colored

text for the second peak of the same study. KAM, knee adduction moment; KFM, knee flexion moment; F_sup, superior force; TKR, Patients after total knee

replacement; mKOA, Patients with medial knee osteoarthritis.

4.2. Factors that May Influence the
Relationship
4.2.1. Time of Stance
The main difficulty in summarizing the statistical results of
included papers was the variety of the point in time of stance
which was used to analyze the relationship between external
and internal forces. In other words, some studies extracted peak
values for the first and/or second peak of stance, others extracted
the overall maximal value. Especially, using the total maximal
value of the jointmoment or joint contact force without reporting
the point of time of this value, makes it more difficult to set
the findings and conclusions in perspective to the outcome
at the first and second peak. Furthermore, only a few studies
additionally reported the point in time (% of stance) at which
the maximum occurred. Therefore, it was decided to separately
report the external-internal force relationship of the first and
second peak in stance as well as the overall maximum during
stance. For the future we suggest to report the point of time

of the extracted values or when possible to use other statistical
methods to analyze the whole stance or gait phase and not only
one discrete value.

In various findings, an increased first peak knee or hip joint

moment was associated with pathological changes (e.g., knee

or hip joint OA, Baliunas et al., 2002; Liao et al., 2019) and

disease severity (Sharma et al., 1998) or pain (Thorp et al.,
2007). This might be the reason, why the first peak was also

more often considered in terms of clinical decision making. For

these populations, the first peak KAM or HAM can be used as

surrogate measure for mKCF respectively HCF. In contrast, the
second half of stance phase should be investigated by estimating
the internal KCFs while the studies showed less contribution of
the hip and knee joint moments in the joint contact forces and
therefore a less accurate interpretation of internal joint loading.
Additionally, loading in the lateral compartment of the knee joint
should be analyzed by using the lKCFs throughout the whole
stance phase.
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TABLE 3 | Results for lateral knee contact force: Relationship for the total maximum, first, and second peaks.

Study Population Independent variable Total maximal value First peak Second peak

R2 p R2 p R2

Noyes et al., 1992 Patients (ACLR) & controls KAM 0.002 > 0.05

Winby et al., 2013 Patients (APM) & controls KAM 0.12 < 0.05

Noyes et al., 1992 Patients (ACLR) & controls KFM 0.096 > 0.05

Winby et al., 2013 Patients (APM) & controls KFM 0.29 < 0.05

Noyes et al., 1992 Patients (ACLR) & controls KEM 0.810 < 0.01

Saxby et al., 2016 Controls KAM 0.01 > 0.05

Meyer et al., 2013 Patients (TKR)

F_sup 0.175 0.002

F_sup + KAM 0.797 0.006

F_sup + KAM + KFM 0.822 0.007

ACLR, anterior cruciate ligament reconstruction; APM, arthroscopic partial meniscectomy; KFM, knee flexion moment; KEM, knee extension moment; KAM, knee adduction moment;

F_sup, superior force.

Values in blue: R2 is calculated from original r-value.

For the hip and knee joint, a stronger correlation between
internal and external forces was observed for the first peak
compared to the second peak. An explanation for this could be
the different muscle activities during the gait cycle. The first peak
mostly occurs approximately at around 12% of the gait cycle.
At this point mainly the vastii muscles (for the knee joint) and
gluteus medius and maximus (for the hip joint) are active and
contribute mainly to the internal joint contact forces (Pandy
and Andriacchi, 2010; Sasaki and Neptune, 2010). Additionally,
at this point, the double leg support is still ongoing or the
contralateral leg just left the ground, therefore, the stability of
the leg should be almost at optimum (Perry and Burnfield, 2010).
The second peak usually occurs at the end of terminal stance (at
approximately 45% of the gait cycle), where the leading leg is still
in single support. At this point, the gastrocnemii muscles move
the body forward and, therefore, contribute the most to the joint
contact forces (Pandy and Andriacchi, 2010; Sasaki and Neptune,
2010). Moreover, it is assumed that co-activation has a greater
influence in the calculation of the internal joint contact forces in
the second peak compared to the first peak (Pedersen et al., 1987).
This might explain the lower correlation between external joint
moments and internal joint contact forces at the second peak. In
other words, we can conclude that during first peak the hip and
knee spanning muscles are active, giving stability to the joints,
which might lead to a better internal-external force relationship.

4.2.2. Differences in Study Population
Five different populations have been, in total, analyzed in
included studies (three studies: patients after TKR, three studies:
patients with mKOA, four studies: patients after ACLR,
one study: patients after APM, 10 studies: healthy controls). In
general, more extracted values were compared and analyzed for
healthy populations than for patient groups.

Depending on the patient groups, variations in kinematics,
kinetics and muscle activation can occur. Patients 24 and

33 months after TKR still exhibit a changed gait pattern
and muscle activity compared to age-matched healthy
controls (Lundberg et al., 2016; Ro et al., 2020). To add on,
patients with mKOA adapted compensatory mechanisms as
an increased trunk lean in the direction of the affected limb
or a more outward rotated foot compared to healthy controls
to reduce the load in the affected joint (Arnold et al., 2014;
Kuwahara et al., 2020). Furthermore, patients 2 years after
ACLR still performed a different gait pattern and knee joint
loading compared to healthy controls (Noehren et al., 2013;
Erhart-Hledik et al., 2018). Also, patients 2 years after total
hip replacement still show decreased KAMs and increased
HAMs for the peak in the second half of stance compared to
controls for both the affected and unaffected limb (Stief et al.,
2018). Also, gait adaptations altering the external KAM do not
necessarily affect internal KCF (Walter et al., 2010; Kinney et al.,
2013; Richards et al., 2018). The effect of gait adaptations on
internal HCFs have also been investigated. Decreased HCFs
were associated with a reduced hip adduction angle which also
reduced HAM (Wesseling et al., 2015). Pelvis rotation also
highly contributes in HAM (Ardestani et al., 2015). Nevertheless,
the direct influence of kinematic changes on the relationship
between joint moments and joint contact forces was not yet
evaluated. As a result, we recommend examining the effect of gait
adaptations separately on joint moments and joint contact forces
and, additionally, its direct impact on the relationship between
external and internal joint loading measures. Thus, more
studies should be performed on different patients investigating
the relationship between external and internal joint loading
parameters while also considering larger sample sizes.

Previous studies showed an increased KAM (Hurwitz et al.,
2002) and mKCF (Smith et al., 2016) in patients with varus
malalignment, while a valgus malalignment decreased KAM
and increased lKCF (Holder et al., 2020). Additionally, the
static limb alignment contribute largely on the joint loading
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TABLE 4 | Summary table of the findings about the relationship between external knee joint moments and internal mKCFs and tKCFs.

KAM KFM KEM KAM + KFM

Patients after TKR

mKCF

First peak Moderate - - -

Second peak Strong - - -

Maximal - - - -

tKCF

First peak - - - -

Second peak - - - -

Maximal - - - -

Patients with mKOA

mKCF

First peak Strong - - Strong

Second peak Moderate - - Moderate

Maximal - - - -

tKCF

First peak Strong Strong - Strong

Second peak Low Moderate - Moderate

maximal - - - -

Patients after ACLR

mKCF

first peak - x - Moderate

Second peak - - - -

Maximal Strong - - Strong

tKCF

First peak - - - -

Second peak - - - -

Maximal - - - -

Patients after APM mKCF First peak Moderate Low - -

Healthy controls

mKCF

First peak Strong low x -

Second peak Strong x Moderate -

Maximal Moderate low Moderate Strong

tKCF

First peak Strong Low - Strong

Second peak x Moderate - Strong

Maximal Low - - -

The predictability of the internal joint contact forces is classified in four different stages: -: relationship was not investigated; x: no predictability (in red); low: low predictability (in orange);

moderate: moderate predictability (in yellow); strong: strong predictability (in green). The stages are related to the investigated R2-values which were interpreted as low below 0.25,

between 0.25 and 0.49 as moderate and above 0.49 as high Hinkle et al. (1988); Kotrlik and Williams (2003).

KAM, knee adduction moment; KFM, knee flexion moment; KEM, knee extension moment; mKCF, medial knee joint contact force; tKCF, total knee joint contact force; TKR, total knee

replacement; mKOA, medial knee osteoarthritis; ACLR, anterior cruciate ligament reconstruction; APM, arthroscopic partial meniscectomy.

distribution on the medial and lateral compartment (Smith et al.,
2016). The lower limb alignment was, however, not reported
for all participants in the included studies. Kutzner et al. (2013)
performed correlation analyses between external knee joint
moments and internal KCFs for varus and valgus aligned knee
joints separately and did not find significant differences between
them. Consequently, we suggest to evaluate the impact of lower
limb alignment on the relationship between joint moments
and joint contact forces although its effect separately on these
parameters was already investigated.

4.2.3. Limitations of Musculoskeletal Modeling
In a few studies, basic information about the used model were
missing, e.g., about the number of segments in the model,
degrees of freedom or the used software. A previous study
showed that diverse coordinate systems were a key factor in
contrasting kinematics, kinetics and also muscle activation and
forces (Roelker et al., 2017). In this systematic review the studies
investigating the internal KCFs with OpenSim or SIMM software
used either the generic “gait2392” OpenSim model (Meireles

et al., 2016) or equations by Winby et al. (2009), which are
also based on Delp et al. (1990) Kumar et al. (2013), Winby
et al. (2013), Manal et al. (2015), Saxby et al. (2016), Wellsandt
et al. (2017), Khandha et al. (2019). We assume that similar
coordinate system definitions were used. Additionally, a higher
number of DoF at the knee joint was shown to overestimate the
KCF because of an increased force in the quadriceps muscle. In
contrast, more physiological constraints at the knee joint lead to
an underestimation of KCF (Valente et al., 2015). Furthermore,
models vary in muscle parameters as muscles’ peak isometric
force and affecting the calculation of muscle activation and
forces during gait (Roelker et al., 2017). A previous study,
which compared muscle force estimation between OpenSim
and Anybody, reported that variations in muscle forces were
mainly caused by dissimilar anatomical definitions, contrasts
in calculated joint centers and segmental interactions of the
models (Trinler et al., 2019). Further on, the calculation of joint
contact forces and muscle forces appear to be more sensitive
for changes in musculoskeletal definitions compared to joint
angles and moments when varying body landmark positions,
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musculotendon geometry, or maximum muscle tension (Valente
et al., 2014). Nevertheless, these changes only moderately affect
model outcomes like joint contact forces and muscle forces.
These aspects imply that a detailed description of the used MSK
model is necessary and helpful for comparisons between studies.

Another parameter influencing the estimated outcome of
the internal KCFs could be the implementation of participant-
specific EMG data. Six studies (Kumar et al., 2013; Winby
et al., 2013; Manal et al., 2015; Saxby et al., 2016; Wellsandt
et al., 2017; Khandha et al., 2019) used a similar MSK
model (Winby et al., 2009) and 4 of these studies (Kumar
et al., 2013; Manal et al., 2015; Wellsandt et al., 2017; Khandha
et al., 2019) implemented the EMG data from the same
muscles. Two other studies (Winby et al., 2013; Saxby et al.,
2016) used 1 respectively 3 additional EMG data from other
muscles. Nevertheless, these 6 studies demonstrated similar
results regarding the correlation between mKCF with KAM and
KFM. Additionally, no substantially differences between studies
using EMG-informed models compared to models without
implementing participant-specific EMG data (Ogaya et al., 2014;
Meireles et al., 2016; Richards et al., 2018) could be observed.
However, other studies found a better correlation of estimated
muscle forces, calculated with a best-fit solution taking muscle
co-contraction into account with muscle forces measured with
EMG compared to a static optimization approach (Martelli et al.,
2015a). Therefore, we suggest that in case of movements with
large muscle co-contraction, either EMG-driven musculoskeletal
models or other approaches calculating the muscle forces
are used.

Previous studies found that the different scaling approaches,
e.g., body mass based scaling, scaling based on shape modeling
or linear scaling affect the outcome of MSK modeling (Kainz
et al., 2017; Bahl et al., 2019). In general, scaling based onmedical
images or with the inclusion of calculated joint centers into the
scaling process improves the accuracy of the calculation of the hip
joint center location compared to scaling with surface markers
alone (Kainz et al., 2017; Bahl et al., 2019). However, the included
studies in this systematic review performing MSK modeling only
reported the usage of linear scaling based on marker positions
and/or anatomical/anthropometrical data and no scaling based
on medical images (Kumar et al., 2013; Winby et al., 2013; Ogaya
et al., 2014; Giarmatzis et al., 2015, 2017; Manal et al., 2015;
Wesseling et al., 2015; Meireles et al., 2016; Saxby et al., 2016;
Wellsandt et al., 2017; Richards et al., 2018; Khandha et al., 2019).
Moreover, the effect of soft tissue artifacts on MSK modeling
should be considered as well. A previous study found a 5–25%
variation of the joint moments and muscle forces and a relative
variation of 5–15% of the joint contact forces when simulating
soft tissue artifacts (Lamberto et al., 2017). Researchers should be
aware of this aspect when interpreting gait analysis results with
MSK modeling especially in cases with large soft tissue artifacts.

The studies using instrumented prosthesis to define the
internal KCFs reported a good relationship between external
knee joint moments and internal KCFs (Figure 3). The calculated
external knee flexion-extension moments with the OpenSim
model used from Kumar et al. (2013) and Winby et al. (2013)
were previously validated with good reliability against data from

an isokinetic dynanometer (Lloyd and Besier, 2003). In addition,
the results obtained with another MSKmodel (Manal et al., 2015;
Saxby et al., 2016; Wellsandt et al., 2017; Richards et al., 2018;
Khandha et al., 2019) were already validated against directly
measured internal KCFs of an instrumented prosthesis (Gerus
et al., 2013; Manal and Buchanan, 2013; Lund et al., 2015), also
with good agreement. Since the generic models were previously
validated against different methods and have been used by a large
number of researchers, we assume that the calculation of external
joint moments and internal joint contact forces measured by
MSK models is valid to assess the internal joint loading.

4.2.4. Effect of Walking Speed
In former investigations it was reported that walking speed
affects KAM and KCF but also HAM and HCF. A fast walking
speed increases the first peak and decreases the second peak
of KAM and HAM (Schwartz et al., 2008) whereas both peaks
of tKCF (Lerner et al., 2014) and HCF (Giarmatzis et al.,
2015) increase. Included studies reported walking speed between
1.1 m/s and 1.6 m/s while Trepczynski et al. (2014) and Richards
et al. (2018) did not state any walking speed information. The
effect of walking speed on the relationship between external knee
joint moments and internal KCFs was investigated by Kutzner
et al. (2013). They found an increased R2 but no significant R2-
change when combining walking speed with first peak of the
external KAM to predict mKCF. While an effect of walking speed
on the external and internal joint loading parameter exists, we
suggest to further study its influence on the relationship between
external knee joint moments and internal KCFs.

5. CONCLUSION AND GENERAL
RECOMMENDATIONS

Seventeen studies have been found that analyzed a relationship
between internal and external joint loading parameters. For the
investigated populations, it can be summarized that the first
peak or total maximal value of mKCF were best predicted by
KAM alone and in combination with KFM. Additionally, the
first peak of tKCF was well predictable by KAM. In contrast,
the internal mKCF and tKCF in the second half of stance were
only low correlated with the external knee joint moments. The
internal lKCF also correlated only weakly with the external
knee joint moments during the entire stance phase. The peak
HCF in the first half of stance is strongly predictable by HAM,
however, less strong at the second peak during the second
half of stance. For the first half of stance, the determination
of HAM is sufficient enough whereas statements about the
second half of stance should be made by calculating the
internal HCF.

The estimation of external joint moments is useful for
a general statement about the mKCF or tKCF peak in the
first half of stance or for a maximal loading. In addition, the
calculation of external joint moments is implemented in most
gait labs in the general processing procedures and therefore
easily accessible. In contrast, MSK modeling is usually not
part of the clinical assessment and therefore requires higher
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computational cost. Moreover, when evaluating joint contact
forces from MSK modeling, output errors due to misaligned
muscle point positions or marker based scaling should be taken
into account. Nevertheless, investigating diseases like valgus
malalignment of the lower limb, calculating the lKCF by MSK
modeling should be preferred, or at least additionally consulted,
because the external joint moments from ID do not correlate
strongly with lKCF.

Altogether ID and MSK modeling are two different
methods of analyzing joint loading. The method that
should be used in the clinical environment depends on the
clinical question, since for some applications computing
external joint moments is sufficient, whereas a greater
amount of time may be justified, e.g., for patients with
valgus malalignment.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR’S NOTE

All of the authors listed in the byline were fully involved in
the study and preparation of the manuscript. They have made

substantial contributions to the conception, design, execution, or
interpretation of the reported study and fulfill the requirements
for authorship established by the International Committee of
Medical Journal Editors. Each of the authors has read and
concurs with the content in the final manuscript.

AUTHOR CONTRIBUTIONS

JH and FS conceived the presented idea. JH and UT drafted
the overview of the review and performed the analysis and
interpretation. JH drafted the manuscript and visualized the
results. UT, AM, and FS reviewed the manuscript, suggested
improvements in the content and approved the final version. All
authors agreed to be accountable for all aspects of the work.

FUNDING

This work was supported by the German Research Foundation
(DFG) (Project number: 403837822). Sponsor had no
involvement in this article.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.603907/full#supplementary-material

REFERENCES

Andriacchi, T. P., Mundermann, A., Smith, R. L., Alexander, E. J.,

Dyrby, C. O., and Koo, S. (2004). A framework for the in vivo

pathomechanics of osteoarthritis at the knee. Ann. Biomed. Eng. 32, 447–57.

doi: 10.1023/B:ABME.0000017541.82498.37

Arami, A., Simoncini, M., Atasoy, O., Ali, S., Hasenkamp, W., Bertsch, A., et al.

(2013). Instrumented knee prosthesis for force and kinematics measurements.

IEEE Trans. Automat. Sci. Eng. 10, 615–624. doi: 10.1109/TASE.2012.2226030

Ardestani, M. M., Moazen, M., and Jin, Z. (2015). Sensitivity analysis of human

lower extremity joint moments due to changes in joint kinematics. Med. Eng.

Phys. 37, 165–74. doi: 10.1016/j.medengphy.2014.11.012

Arnold, J., Mackintosh, S., Jones, S., and Thewlis, D. (2014). Altered dynamic

foot kinematics in people with medial knee osteoarthritis during walking: a

cross-sectional study. Knee 21, 1101–6. doi: 10.1016/j.knee.2014.08.004

Bahl, J. S., Zhang, J., Killen, B. A., Taylor, M., Solomon, L. B., Arnold, J. B., et al.

(2019). Statistical shape modelling versus linear scaling: effects on predictions

of hip joint centre location and muscle moment arms in people with hip

osteoarthritis. J. Biomech. 85, 164–172. doi: 10.1016/j.jbiomech.2019.01.031

Baliunas, A. J., Hurwitz, D. E., Ryals, A. B., Karrar, A., Case, J. P., Block,

J. A., et al. (2002). Increased knee joint loads during walking are present

in subjects with knee osteoarthritis. Osteoarthritis Cartilage 10, 573–9.

doi: 10.1053/joca.2002.0797

Bergmann, G., Bender, A., Dymke, J., Duda, G., and Damm, P. (2016).

Standardized loads acting in hip implants. PLoS ONE 11:e0155612.

doi: 10.1371/journal.pone.0155612

Carbone, V., Fluit, R., Pellikaan, P., van der Krogt, M. M., Janssen, D., Damsgaard,

M., et al. (2015). Tlem 2.0 - a comprehensive musculoskeletal geometry dataset

for subject-specific modeling of lower extremity. J. Biomech. 48, 734–41.

doi: 10.1016/j.jbiomech.2014.12.034

Davico, G., Pizzolato, C., Killen, B. A., Barzan, M., Suwarganda, E. K., Lloyd, D. G.,

et al. (2020). Best methods and data to reconstruct paediatric lower limb bones

for musculoskeletal modelling. Biomech. Model Mechanobiol. 19, 1225–1238.

doi: 10.1007/s10237-019-01245-y

Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., Habib, A., John, C.

T., et al. (2007). Opensim: open-source software to create and analyze

dynamic simulations of movement. IEEE Trans. Biomed. Eng. 54, 1940–50.

doi: 10.1109/TBME.2007.901024

Delp, S. L., Loan, J. P., Hoy, M. G., Zajac, F. E., Topp, E. L., and Rosen, J.

M. (1990). An interactive graphics-based model of the lower extremity to

study orthopaedic surgical procedures. IEEE Trans. Biomed. Eng. 37, 757–67.

doi: 10.1109/10.102791

DeVita, P., and Hortobagyi, T. (2001). Functional knee brace alters predicted knee

muscle and joint forces in people with ACL reconstruction during walking. J.

Appl. Biomech. 17, 297–311. doi: 10.1123/jab.17.4.297

Downs, S. H., and Black, N. (1998). The feasibility of creating a checklist

for the assessment of the methodological quality both of randomised and

non-randomised studies of health care interventions. J. Epidemiol. Commun.

Health 52, 377–84. doi: 10.1136/jech.52.6.377

Eitzen, I., Fernandes, L., Nordsletten, L., and Risberg, M. A. (2012). Sagittal

plane gait characteristics in hip osteoarthritis patients with mild to moderate

symptoms compared to healthy controls: a cross-sectional study. BMC

Musculoskelet. Disord. 13:258. doi: 10.1186/1471-2474-13-258

Erhart-Hledik, J. C., Chu, C. R., Asay, J. L., and Andriacchi, T. P. (2018).

Longitudinal changes in knee gait mechanics between 2 and 8 years after

anterior cruciate ligament reconstruction. J. Orthop. Res. 36, 1478–1486.

doi: 10.1002/jor.23770

Esculier, J. F., Willy, R. W., Baggaley, M. W., Meardon, S. A., and Willson,

J. D. (2017). Sex-specific kinetic and kinematic indicators of medial

tibiofemoral force during walking and running. Knee 24, 1317–1325.

doi: 10.1016/j.knee.2017.08.054

Foucher, K. C. (2017). Sex-specific hip osteoarthritis-associated gait abnormalities:

alterations in dynamic hip abductor function differ in men and women. Clin.

Biomech. 48, 24–29. doi: 10.1016/j.clinbiomech.2017.07.002

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 December 2020 | Volume 8 | Article 603907

https://www.frontiersin.org/articles/10.3389/fbioe.2020.603907/full#supplementary-material
https://doi.org/10.1023/B:ABME.0000017541.82498.37
https://doi.org/10.1109/TASE.2012.2226030
https://doi.org/10.1016/j.medengphy.2014.11.012
https://doi.org/10.1016/j.knee.2014.08.004
https://doi.org/10.1016/j.jbiomech.2019.01.031
https://doi.org/10.1053/joca.2002.0797
https://doi.org/10.1371/journal.pone.0155612
https://doi.org/10.1016/j.jbiomech.2014.12.034
https://doi.org/10.1007/s10237-019-01245-y
https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1109/10.102791
https://doi.org/10.1123/jab.17.4.297
https://doi.org/10.1136/jech.52.6.377
https://doi.org/10.1186/1471-2474-13-258
https://doi.org/10.1002/jor.23770
https://doi.org/10.1016/j.knee.2017.08.054
https://doi.org/10.1016/j.clinbiomech.2017.07.002
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Holder et al. Inverse Dynamics vs. Musculoskeletal Modeling

Gerus, P., Sartori, M., Besier, T. F., Fregly, B. J., Delp, S. L., Banks,

S. A., et al. (2013). Subject-specific knee joint geometry improves

predictions of medial tibiofemoral contact forces. J. Biomech. 46, 2778–86.

doi: 10.1016/j.jbiomech.2013.09.005

Giarmatzis, G., Jonkers, I., Baggen, R., and Verschueren, S. (2017). Less hip joint

loading only during running rather than walking in elderly compared to young

adults. Gait Post. 53, 155–161. doi: 10.1016/j.gaitpost.2017.01.020

Giarmatzis, G., Jonkers, I., Wesseling, M., Van Rossom, S., and Verschueren, S.

(2015). Loading of hip measured by hip contact forces at different speeds of

walking and running. J. Bone Miner. Res. 30, 1431–40. doi: 10.1002/jbmr.2483

Hamner, S. R., Seth, A., and Delp, S. L. (2010). Muscle contributions

to propulsion and support during running. J. Biomech. 43, 2709–16.

doi: 10.1016/j.jbiomech.2010.06.025

Hinkle, D., Jurs, S., and Wiersma, W. (1988). Applied Statistics for the Behavioral

Sciences, 2 Edn. Houghton, MI: Mifflin.

Holder, J., Feja, Z., van Drongelen, S., Adolf, S., Bohm, H., Meurer, A.,

et al. (2020). Effect of guided growth intervention on static leg alignment

and dynamic knee contact forces during gait. Gait Post. 78, 80–88.

doi: 10.1016/j.gaitpost.2020.03.012

Hurwitz, D. E., Hulet, C. H., Andriacchi, T. P., Rosenberg, A. G., and Galante, J.

O. (1997). Gait compensations in patients with osteoarthritis of the hip and

their relationship to pain and passive hip motion. J. Orthop. Res. 15, 629–35.

doi: 10.1002/jor.1100150421

Hurwitz, D. E., Ryals, A. B., Case, J. P., Block, J. A., and Andriacchi, T.

P. (2002). The knee adduction moment during gait in subjects with knee

osteoarthritis is more closely correlated with static alignment than radiographic

disease severity, toe out angle and pain. J. Orthop. Res. 20, 101–107.

doi: 10.1016/S0736-0266(01)00081-X

Kainz, H., Hoang, H. X., Stockton, C., Boyd, R. R., Lloyd, D. G., and Carty, C. P.

(2017). Accuracy and reliability of marker-based approaches to scale the pelvis,

thigh, and shank segments in musculoskeletal models. J. Appl. Biomech. 33,

354–360. doi: 10.1123/jab.2016-0282

Kaufman, K. R., Hughes, C., Morrey, B. F., Morrey, M., and An, K. N. (2001).

Gait characteristics of patients with knee osteoarthritis. J. Biomech. 34, 907–15.

doi: 10.1016/S0021-9290(01)00036-7

Khandha, A., Manal, K., Capin, J., Wellsandt, E., Marmon, A., Snyder-Mackler, L.,

et al. (2019). High muscle co-contraction does not result in high joint forces

during gait in anterior cruciate ligament deficient knees. J. Orthop. Res. 37,

104–112. doi: 10.1002/jor.24141

Kinney, A. L., Besier, T. F., Silder, A., Delp, S. L., D’Lima, D. D., and Fregly, B.

J. (2013). Changes in in vivo knee contact forces through gait modification. J.

Orthop. Res. 31, 434–40. doi: 10.1002/jor.22240

Klein Horsman, M. D., Koopman, H. F., van der Helm, F. C., Prose, L. P.,

and Veeger, H. E. (2007). Morphological muscle and joint parameters for

musculoskeletal modelling of the lower extremity. Clin. Biomech. 22, 239–47.

doi: 10.1016/j.clinbiomech.2006.10.003

Kotrlik, J., andWilliams, H. (2003). The incorporation of effect size in information

technology, learning, information technology, learning, and performance

research and performance research. Informat. Technol. Learn. Perform. J. 21:1.

Kumar, D., Manal, K. T., and Rudolph, K. S. (2013). Knee joint loading during

gait in healthy controls and individuals with knee osteoarthritis. Osteoarthritis

Cartilage 21, 298–305. doi: 10.1016/j.joca.2012.11.008

Kutzner, I., Trepczynski, A., Heller, M. O., and Bergmann, G. (2013). Knee

adduction moment and medial contact force-facts about their correlation

during gait. PLoS ONE 8:e81036. doi: 10.1371/journal.pone.0081036

Kuwahara, W., Nakanishi, K., Kurumadani, H., Shimada, N., Asaeda, M., Deie, M.,

et al. (2020). Total knee arthroplasty for patients withmedial knee osteoarthritis

improves trunk movement during gait. J. Back Musculoskelet. Rehabil 33,

727–734. doi: 10.3233/BMR-181383

Lamberto, G., Martelli, S., Cappozzo, A., and Mazza, C. (2017). To what extent is

joint and muscle mechanics predicted by musculoskeletal models sensitive to

soft tissue artefacts? J. Biomech. 62, 68–76. doi: 10.1016/j.jbiomech.2016.07.042

Lerner, Z. F., DeMers, M. S., Delp, S. L., and Browning, R. C. (2015).

How tibiofemoral alignment and contact locations affect predictions of

medial and lateral tibiofemoral contact forces. J. Biomech. 48, 644–50.

doi: 10.1016/j.jbiomech.2014.12.049

Lerner, Z. F., Haight, D. J., DeMers, M. S., Board, W. J., and Browning,

R. C. (2014). The effects of walking speed on tibiofemoral loading

estimated via musculoskeletal modeling. J. Appl. Biomech. 30, 197–205.

doi: 10.1123/jab.2012-0206

Liao, T. C., Samaan,M. A., Popovic, T., Neumann, J., Zhang, A. L., Link, T.M., et al.

(2019). Abnormal joint loading during gait in persons with hip osteoarthritis is

associated with symptoms and cartilage lesions. J. Orthop. Sports Phys. Ther. 49,

917–924. doi: 10.2519/jospt.2019.8945

Lindenfeld, T. N., Hewett, T. E., and Andriacchi, T. P. (1997). Joint loading with

valgus bracing in patients with varus gonarthrosis. Clin. Orthop. Relat. Res.

290–297. doi: 10.1097/00003086-199711000-00029

Lloyd, D. G., and Besier, T. F. (2003). An EMG-driven musculoskeletal model to

estimate muscle forces and knee joint moments in vivo. J. Biomech. 36, 765–76.

doi: 10.1016/S0021-9290(03)00010-1

Lloyd, D. G., and Buchanan, T. S. (1996). Amodel of load sharing betweenmuscles

and soft tissues at the human knee during static tasks. J. Biomech. Eng. 118,

367–76. doi: 10.1115/1.2796019

Loureiro, A., Mills, P. M., and Barrett, R. S. (2013). Muscle weakness in

hip osteoarthritis: a systematic review. Arthritis Care Res. 65, 340–52.

doi: 10.1002/acr.21806

Lund, M. E., Andersen, M. S., de Zee, M., and Rasmussen, J. (2015). Scaling of

musculoskeletal models from static and dynamic trials. Int. Biomech. 2, 1–11.

doi: 10.1080/23335432.2014.993706

Lundberg, H. J., Rojas, I. L., Foucher, K. C., and Wimmer, M. A. (2016).

Comparison of antagonist muscle activity during walking between total knee

replacement and control subjects using unnormalized electromyography. J.

Arthroplasty 31, 1331–1339. doi: 10.1016/j.arth.2015.12.006

Manal, K., and Buchanan, T. S. (2013). An electromyogram-driven

musculoskeletal model of the knee to predict in vivo joint contact forces

during normal and novel gait patterns. J. Biomech. Eng. 135:021014.

doi: 10.1115/1.4023457

Manal, K., Gardinier, E., Buchanan, T. S., and Snyder-Mackler, L. (2015). A more

informed evaluation of medial compartment loading: the combined use of

the knee adduction and flexor moments. Osteoarthritis Cartilage 23, 1107–11.

doi: 10.1016/j.joca.2015.02.779

Martelli, S., Calvetti, D., Somersalo, E., and Viceconti, M. (2015a). Stochastic

modelling of muscle recruitment during activity. Interface Focus 5:20140094.

doi: 10.1098/rsfs.2014.0094

Martelli, S., Kersh, M. E., and Pandy, M. G. (2015b). Sensitivity of femoral

strain calculations to anatomical scaling errors in musculoskeletal models of

movement. J. Biomech. 48, 3606–15. doi: 10.1016/j.jbiomech.2015.08.001

Martelli, S., Valente, G., Viceconti, M., and Taddei, F. (2015c). Sensitivity

of a subject-specific musculoskeletal model to the uncertainties on the

joint axes location. Comput. Methods Biomech. Biomed. Eng. 18, 1555–63.

doi: 10.1080/10255842.2014.930134

Meireles, S., De Groote, F., Reeves, N. D., Verschueren, S., Maganaris, C., Luyten,

F., et al. (2016). Knee contact forces are not altered in early knee osteoarthritis.

Gait Post. 45, 115–20. doi: 10.1016/j.gaitpost.2016.01.016

Messier, S. P., Legault, C., Loeser, R. F., Van Arsdale, S. J., Davis, C., Ettinger,W. H.,

et al. (2011). Does high weight loss in older adults with knee osteoarthritis affect

bone-on-bone joint loads and muscle forces during walking? Osteoarthritis

Cartilage 19, 272–80. doi: 10.1016/j.joca.2010.11.010

Meyer, A. J., D’Lima, D. D., Besier, T. F., Lloyd, D. G., Colwell, C. W., J., and

Fregly, B. J. (2013). Are external knee load and EMG measures accurate

indicators of internal knee contact forces during gait? J. Orthop. Res. 31, 921–9.

doi: 10.1002/jor.22304

Meyer, C. A. G., Wesseling, M., Corten, K., Nieuwenhuys, A., Monari, D., Simon,

J. P., et al. (2018). Hip movement pathomechanics of patients with hip

osteoarthritis aim at reducing hip joint loading on the osteoarthritic side. Gait

Post. 59, 11–17. doi: 10.1016/j.gaitpost.2017.09.020

Miyazaki, T., Wada, M., Kawahara, H., Sato, M., Baba, H., and Shimada, S.

(2002). Dynamic load at baseline can predict radiographic disease progression

in medial compartment knee osteoarthritis. Ann. Rheum. Dis. 61, 617–22.

doi: 10.1136/ard.61.7.617

Mündermann, A., Dyrby, C. O., and Andriacchi, T. P. (2005). Secondary gait

changes in patients with medial compartment knee osteoarthritis: increased

load at the ankle, knee, and hip during walking. Arthritis Rheum. 52, 2835–44.

doi: 10.1002/art.21262

Mündermann, A., Dyrby, C. O., D’Lima, D. D., Colwell, C. W., J., and Andriacchi,

T. P. (2008). In vivo knee loading characteristics during activities of daily living

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 December 2020 | Volume 8 | Article 603907

https://doi.org/10.1016/j.jbiomech.2013.09.005
https://doi.org/10.1016/j.gaitpost.2017.01.020
https://doi.org/10.1002/jbmr.2483
https://doi.org/10.1016/j.jbiomech.2010.06.025
https://doi.org/10.1016/j.gaitpost.2020.03.012
https://doi.org/10.1002/jor.1100150421
https://doi.org/10.1016/S0736-0266(01)00081-X
https://doi.org/10.1123/jab.2016-0282
https://doi.org/10.1016/S0021-9290(01)00036-7
https://doi.org/10.1002/jor.24141
https://doi.org/10.1002/jor.22240
https://doi.org/10.1016/j.clinbiomech.2006.10.003
https://doi.org/10.1016/j.joca.2012.11.008
https://doi.org/10.1371/journal.pone.0081036
https://doi.org/10.3233/BMR-181383
https://doi.org/10.1016/j.jbiomech.2016.07.042
https://doi.org/10.1016/j.jbiomech.2014.12.049
https://doi.org/10.1123/jab.2012-0206
https://doi.org/10.2519/jospt.2019.8945
https://doi.org/10.1097/00003086-199711000-00029
https://doi.org/10.1016/S0021-9290(03)00010-1
https://doi.org/10.1115/1.2796019
https://doi.org/10.1002/acr.21806
https://doi.org/10.1080/23335432.2014.993706
https://doi.org/10.1016/j.arth.2015.12.006
https://doi.org/10.1115/1.4023457
https://doi.org/10.1016/j.joca.2015.02.779
https://doi.org/10.1098/rsfs.2014.0094
https://doi.org/10.1016/j.jbiomech.2015.08.001
https://doi.org/10.1080/10255842.2014.930134
https://doi.org/10.1016/j.gaitpost.2016.01.016
https://doi.org/10.1016/j.joca.2010.11.010
https://doi.org/10.1002/jor.22304
https://doi.org/10.1016/j.gaitpost.2017.09.020
https://doi.org/10.1136/ard.61.7.617
https://doi.org/10.1002/art.21262
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Holder et al. Inverse Dynamics vs. Musculoskeletal Modeling

as measured by an instrumented total knee replacement. J. Orthop. Res. 26,

1167–72. doi: 10.1002/jor.20655

Noehren, B., Wilson, H., Miller, C., and Lattermann, C. (2013). Long-term

gait deviations in anterior cruciate ligament-reconstructed females.

Med. Sci. Sports Exerc. 45, 1340–7. doi: 10.1249/MSS.0b013e318285

c6b6

Noyes, F. R., Schipplein, O. D., Andriacchi, T. P., Saddemi, S. R., and Weise, M.

(1992). The anterior cruciate ligament-deficient knee with varus alignment. an

analysis of gait adaptations and dynamic joint loadings. Am. J. Sports Med. 20,

707–16. doi: 10.1177/036354659202000612

Ogaya, S., Naito, H., Iwata, A., Higuchi, Y., Fuchioka, S., and Tanaka, M.

(2014). Knee adduction moment and medial knee contact force during

gait in older people. Gait Post. 40, 341–5. doi: 10.1016/j.gaitpost.2014.

04.205

Pandy, M. G., and Andriacchi, T. P. (2010). Muscle and joint function

in human locomotion. Annu. Rev. Biomed. Eng. 12, 401–33.

doi: 10.1146/annurev-bioeng-070909-105259

Pandy, M. G., and Berme, N. (1988). A numerical method for

simulating the dynamics of human walking. J. Biomech. 21, 1043–51.

doi: 10.1016/0021-9290(88)90250-3

Pedersen, D. R., Brand, R. A., Cheng, C., and Arora, J. S. (1987). Direct comparison

of muscle force predictions using linear and nonlinear programming. J.

Biomech. Eng. 109, 192–9. doi: 10.1115/1.3138669

Perry, J., and Burnfield, J. (2010).Gait Analysis: Normal and Pathological Function,

2nd Edn. Thorofare, NJ: SLACK.

Pizzolato, C., Lloyd, D. G., Sartori, M., Ceseracciu, E., Besier, T. F., Fregly,

B. J., et al. (2015). CEINMS: a toolbox to investigate the influence of

different neural control solutions on the prediction of muscle excitation

and joint moments during dynamic motor tasks. J. Biomech. 48, 3929–36.

doi: 10.1016/j.jbiomech.2015.09.021

Prodromos, C. C., Andriacchi, T. P., and Galante, J. O. (1985). A relationship

between gait and clinical changes following high tibial osteotomy. J.

Bone Joint Surg. Am. 67, 1188–94. doi: 10.2106/00004623-198567080-

00007

Richards, R. E., Andersen, M. S., Harlaar, J., and van den Noort, J. C.

(2018). Relationship between knee joint contact forces and external

knee joint moments in patients with medial knee osteoarthritis:

effects of gait modifications. Osteoarthritis Cartilage 26, 1203–1214.

doi: 10.1016/j.joca.2018.04.011

Ro, D. H., Kang, T., Han, D. H., Lee, D. Y., Han, H. S., and Lee, M. C.

(2020). Quantitative evaluation of gait features after total knee arthroplasty:

comparison with age and sex-matched controls. Gait Post. 75, 78–84.

doi: 10.1016/j.gaitpost.2019.09.026

Roelker, S. A., Caruthers, E. J., Baker, R. K., Pelz, N. C., Chaudhari, A.

M. W., and Siston, R. A. (2017). Interpreting musculoskeletal models

and dynamic simulations: causes and effects of differences between

models. Ann. Biomed. Eng. 45, 2635–2647. doi: 10.1007/s10439-017-

1894-5

Rutherford, D. J., Hubley-Kozey, C. L., and Stanish, W. D. (2013). Changes in

knee joint muscle activation patterns during walking associated with increased

structural severity in knee osteoarthritis. J. Electromyogr. Kinesiol. 23, 704–11.

doi: 10.1016/j.jelekin.2013.01.003

Sasaki, K., and Neptune, R. R. (2010). Individual muscle contributions to the

axial knee joint contact force during normal walking. J. Biomech. 43, 2780–4.

doi: 10.1016/j.jbiomech.2010.06.011

Saxby, D. J., Modenese, L., Bryant, A. L., Gerus, P., Killen, B., Fortin, K., et al.

(2016). Tibiofemoral contact forces during walking, running and sidestepping.

Gait Post. 49, 78–85. doi: 10.1016/j.gaitpost.2016.06.014

Schellenberg, F., Taylor, W. R., Trepczynski, A., List, R., Kutzner, I., Schutz, P.,

et al. (2018). Evaluation of the accuracy of musculoskeletal simulation during

squats by means of instrumented knee prostheses. Med. Eng. Phys. 61, 95–99.

doi: 10.1016/j.medengphy.2018.09.004

Schipplein, O. D., and Andriacchi, T. P. (1991). Interaction between active

and passive knee stabilizers during level walking. J. Orthop. Res. 9, 113–9.

doi: 10.1002/jor.1100090114

Schwartz, M. H., Rozumalski, A., and Trost, J. P. (2008). The effect of walking

speed on the gait of typically developing children. J. Biomech. 41, 1639–50.

doi: 10.1016/j.jbiomech.2008.03.015

Sharma, L., Hurwitz, D. E., Thonar, E. J., Sum, J. A., Lenz, M. E., Dunlop, D. D.,

et al. (1998). Knee adduction moment, serum hyaluronan level, and disease

severity in medial tibiofemoral osteoarthritis. Arthritis Rheum. 41, 1233–40.

doi: 10.1002/1529-0131(199807)41:7<1233::AID-ART14>3.0.CO;2-L

Shull, P. B., Silder, A., Shultz, R., Dragoo, J. L., Besier, T. F., Delp, S. L., et al. (2013).

Six-week gait retraining program reduces knee adduction moment, reduces

pain, and improves function for individuals with medial compartment knee

osteoarthritis. J. Orthop. Res. 31, 1020–5. doi: 10.1002/jor.22340

Smith, C. R., Vignos, M. F., Lenhart, R. L., Kaiser, J., and Thelen, D. G.

(2016). The influence of component alignment and ligament properties

on tibiofemoral contact forces in total knee replacement. J. Biomech. Eng.

138:021017. doi: 10.1115/1.4032464

Steele, K. M., Demers, M. S., Schwartz, M. H., and Delp, S. L. (2012).

Compressive tibiofemoral force during crouch gait. Gait Post. 35, 556–60.

doi: 10.1016/j.gaitpost.2011.11.023

Stief, F., Schmidt, A., van Drongelen, S., Lenarz, K., Froemel, D., Tarhan, T.,

et al. (2018). Abnormal loading of the hip and knee joints in unilateral hip

osteoarthritis persists two years after total hip replacement. J. Orthop. Res.

doi: 10.1002/jor.23886

Thorp, L. E., Sumner, D. R., Wimmer, M. A., and Block, J. A. (2007). Relationship

between pain and medial knee joint loading in mild radiographic knee

osteoarthritis. Arthritis Rheum. 57, 1254–60. doi: 10.1002/art.22991

Tokunaga, K., Nakai, Y., Matsumoto, R., Kiyama, R., Kawada, M., Ohwatashi,

A., et al. (2016). Effect of foot progression angle and lateral wedge insole

on a reduction in knee adduction moment. J. Appl. Biomech. 32, 454–61.

doi: 10.1123/jab.2015-0163

Trepczynski, A., Kutzner, I., Bergmann, G., Taylor, W. R., and Heller, M. O. (2014).

Modulation of the relationship between external knee adduction moments and

medial joint contact forces across subjects and activities. Arthritis Rheumatol.

66, 1218–27. doi: 10.1002/art.38374

Trinler, U., Schwameder, H., Baker, R., and Alexander, N. (2019). Muscle force

estimation in clinical gait analysis using anybody and opensim. J. Biomech. 86,

55–63. doi: 10.1016/j.jbiomech.2019.01.045

Valente, G., Pitto, L., Stagni, R., and Taddei, F. (2015). Effect of lower-limb

joint models on subject-specific musculoskeletal models and simulations of

daily motor activities. J. Biomech. 48, 4198–205. doi: 10.1016/j.jbiomech.2015.

09.042

Valente, G., Pitto, L., Testi, D., Seth, A., Delp, S. L., Stagni, R., et al.

(2014). Are subject-specific musculoskeletal models robust to the

uncertainties in parameter identification? PLoS ONE 9:e112625.

doi: 10.1371/journal.pone.0112625

van Rossom, S., Smith, C. R., Thelen, D. G., Vanwanseele, B., Van Assche, D.,

and Jonkers, I. (2018). Knee joint loading in healthy adults during functional

exercises: implications for rehabilitation guidelines. J. Orthop. Sports Phys. Ther.

48, 162–173. doi: 10.2519/jospt.2018.7459

Vigotsky, A. D., Zelik, K. E., Lake, J., and Hinrichs, R. N. (2019). Mechanical

misconceptions: have we lost the “mechanics” in “sports biomechanics”? J.

Biomech. 93, 1–5. doi: 10.1016/j.jbiomech.2019.07.005

Walter, J. P., D’Lima, D. D., Colwell, C. W., J., and Fregly, B. J. (2010).

Decreased knee adduction moment does not guarantee decreased medial

contact force during gait. J. Orthop. Res. 28, 1348–54. doi: 10.1002/jor.

21142

Wellsandt, E., Khandha, A., Manal, K., Axe, M. J., Buchanan, T. S., and

Snyder-Mackler, L. (2017). Predictors of knee joint loading after anterior

cruciate ligament reconstruction. J. Orthop. Res. 35, 651–656. doi: 10.1002/jor.

23408

Wesseling, M., De Groote, F., Bosmans, L., Bartels, W., Meyer, C.,

Desloovere, K., et al. (2016). Subject-specific geometrical detail rather

than cost function formulation affects hip loading calculation. Comput.

Methods Biomech. Biomed. Eng. 19, 1475–88. doi: 10.1080/10255842.2016.

1154547

Wesseling, M., de Groote, F., Meyer, C., Corten, K., Simon, J. P., Desloovere, K.,

et al. (2015). Gait alterations to effectively reduce hip contact forces. J. Orthop.

Res. 33, 1094–102. doi: 10.1002/jor.22852

Winby, C. R., Gerus, P., Kirk, T. B., and Lloyd, D. G. (2013). Correlation

between EMG-based co-activation measures and medial and lateral

compartment loads of the knee during gait. Clin. Biomech. 28, 1014–1019.

doi: 10.1016/j.clinbiomech.2013.09.006

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 17 December 2020 | Volume 8 | Article 603907

https://doi.org/10.1002/jor.20655
https://doi.org/10.1249/MSS.0b013e318285c6b6
https://doi.org/10.1177/036354659202000612
https://doi.org/10.1016/j.gaitpost.2014.04.205
https://doi.org/10.1146/annurev-bioeng-070909-105259
https://doi.org/10.1016/0021-9290(88)90250-3
https://doi.org/10.1115/1.3138669
https://doi.org/10.1016/j.jbiomech.2015.09.021
https://doi.org/10.2106/00004623-198567080-00007
https://doi.org/10.1016/j.joca.2018.04.011
https://doi.org/10.1016/j.gaitpost.2019.09.026
https://doi.org/10.1007/s10439-017-1894-5
https://doi.org/10.1016/j.jelekin.2013.01.003
https://doi.org/10.1016/j.jbiomech.2010.06.011
https://doi.org/10.1016/j.gaitpost.2016.06.014
https://doi.org/10.1016/j.medengphy.2018.09.004
https://doi.org/10.1002/jor.1100090114
https://doi.org/10.1016/j.jbiomech.2008.03.015
https://doi.org/10.1002/1529-0131(199807)41:7<1233::AID-ART14>3.0.CO;2-L
https://doi.org/10.1002/jor.22340
https://doi.org/10.1115/1.4032464
https://doi.org/10.1016/j.gaitpost.2011.11.023
https://doi.org/10.1002/jor.23886
https://doi.org/10.1002/art.22991
https://doi.org/10.1123/jab.2015-0163
https://doi.org/10.1002/art.38374
https://doi.org/10.1016/j.jbiomech.2019.01.045
https://doi.org/10.1016/j.jbiomech.2015.09.042
https://doi.org/10.1371/journal.pone.0112625
https://doi.org/10.2519/jospt.2018.7459
https://doi.org/10.1016/j.jbiomech.2019.07.005
https://doi.org/10.1002/jor.21142
https://doi.org/10.1002/jor.23408
https://doi.org/10.1080/10255842.2016.1154547
https://doi.org/10.1002/jor.22852
https://doi.org/10.1016/j.clinbiomech.2013.09.006
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Holder et al. Inverse Dynamics vs. Musculoskeletal Modeling

Winby, C. R., Lloyd, D. G., Besier, T. F., and Kirk, T. B. (2009). Muscle and external

load contribution to knee joint contact loads during normal gait. J. Biomech. 42,

2294–300. doi: 10.1016/j.jbiomech.2009.06.019

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Holder, Trinler, Meurer and Stief. 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.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 18 December 2020 | Volume 8 | Article 603907

https://doi.org/10.1016/j.jbiomech.2009.06.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://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#articles

	A Systematic Review of the Associations Between Inverse Dynamics and Musculoskeletal Modeling to Investigate Joint Loading in a Clinical Environment
	1. Introduction
	1.1. State-of-the-Art
	1.2. Research Question and Goals

	2. Methods and Materials
	2.1. Search Strategy and Study Selection
	2.2. Quality Assessment
	2.3. Calculation of Joint Loading Parameters
	2.4. Statistical Analyses of the Relationship Between External and Internal Joint Loading Measures

	3. Results
	3.1. Search Strategy Yield and Quality Assessment
	3.2. Statistical Methods
	3.3. Estimation of External Joint Moments and Internal Joint Contact Forces
	3.4. Relationship Between External and Internal Joint Loading
	3.4.1. Medial Knee Joint Contact Force
	3.4.2. Lateral Knee Joint Contact Force
	3.4.3. Total Knee Joint Contact Force
	3.4.4. Hip Joint Contact Force


	4. Discussion
	4.1. Relationship Between External and Internal Joint Loading
	4.2. Factors that May Influence the Relationship
	4.2.1. Time of Stance
	4.2.2. Differences in Study Population
	4.2.3. Limitations of Musculoskeletal Modeling
	4.2.4. Effect of Walking Speed


	5. Conclusion and General Recommendations
	Data Availability Statement
	Author's Note
	Author Contributions
	Funding
	Supplementary Material
	References


