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Elbow joint biomechanics during ADL GEE

focusing on total elbow arthroplasty - a scoping
review

Daniélle Meijering"”’, Roos GA Duijn?, Alessio Murgia?, Alexander L. Boerboom', Denise Eygendaal?,
Michel PJ van den Bekerom™*?, Sjoerd K. Bulstra', Martin Stevens' and Riemer JK Vegter?

Abstract

Background Overloading is hypothesized to be one of the failure mechanisms following total elbow arthroplasty
(TEA). It is unclear whether the current post-operative loading instruction is compliant with reported failure mecha-
nisms. Aim is therefore to evaluate the elbow joint load during activities of daily living (ADL) and compare these loads
with reported failure limits from retrieval and finite element studies.

Methods A scoping review of studies until 23 November 2021 investigating elbow joint load during ADL were iden-
tified by searching PubMed/Medline and Web of Science. Studies were eligible when: (1) reporting on the elbow joint
load in native elbows or elbows with an elbow arthroplasty in adults; (2) full-text article was available.

Results Twenty-eight studies with a total of 256 participants were included. Methodological quality was low in 3,
moderate in 22 and high in 3 studies. Studies were categorized as 1) close to the body and 2) further away from the
body. Tasks were then subdivided into: 1) cyclic flexion/extension, 2) push-up, 3) reaching, 4) self-care, 5) work. Mean
flexion—extension joint load was 17 Nm, mean varus-valgus joint load 9 Nm, mean pronation-supination joint load 8
Nm and mean bone-on-bone contact force 337 N.

Conclusion The results of our scoping review give a first overview of the current knowledge on elbow joint loads
during ADL. Surprisingly, the current literature is not sufficient to formulate a postoperative instruction for elbow joint
loading, which is compliant with failure limits of the prosthesis. In addition, our current instruction does not appear
to be evidence-based. Our recommendations offer a starting point to assist clinicians in providing informed decisions
about post-operative instructions for their patients.

Keywords Elbow joint loading, Elbow prosthesis, Arthroplasty, Biomechanical analysis, Activities of daily living
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Background

Total elbow arthroplasty (TEA) is a viable option for
patients with end-stage, symptomatic elbow pathology
such as post-traumatic arthritis, post-traumatic deformi-
ties, primary osteoarthritis, and rheumatoid arthritis [1].
TEA survival rate is limited by complications (10—40%
complication rates) and mechanical failures with aseptic
loosening and polyethylene (PE) wear, leading to 10-year
survival rates of 80—85% [2—4]. These survival rates are
low compared to hip and knee arthroplasties (~95%) [5,
6]. Understanding the mechanisms of TEA failure may
help when formulating implications for clinical practice,
in order to improve implant survival rates and lower
complication rates.

Based on retrieval studies, several mechanisms have
been hypothesized to cause TEA failure. First, over-
loading of the prosthesis during activities of daily living
(ADL) is thought to result in PE wear, with consequent
instability of the hinge, asymmetric varus-valgus load
transmission, and PE particle disease. This cascade
results in bone and tissue destruction and loosening of
the implant. For example, PE wear of the Coonrad Mor-
rey (Zimmer Biomet, USA) elbow prosthesis, retrieved
at revision surgery, showed asymmetrical wear with PE
bushings deformed to an elliptical shape, which is mainly
attributed to varus-valgus and torsional loading of the
elbow [7].

Next to retrieval studies, finite element studies examin-
ing the stress distribution on the elbow prosthesis have
also shed light on the failure mechanisms of TEA. Lo
and Lipman [8], studying the Coonrad Morrey (Zimmer
Biomet, USA) elbow prosthesis, concluded that 5 Nm
varus-valgus load at the ulno-humeral joint was suffi-
ciently high to result in stresses exceeding the theoreti-
cal yield strength of PE (ultrahigh molecular weight PE;
UHMWRPE). These stresses led to extrusion and non-
reversible PE deformation, eventually causing wear.

In conclusion, both retrieval and prosthetic design
studies report elbow load values that lead to failure and
thus should not be exceeded following TEA. However,
the consequences of these findings for clinical practice
with patients following TEA remain unknown, since
elbow loads actually experienced by patients during
ADL are not well established. Daily tasks can result in
high loads and thus stresses on the elbow depending on
the amount of load being lifted and the movement being
executed [9]. Our current clinical practice is to instruct
patients to limit weight lifting to 1 kg in general and to
5 kg incidentally. Still, depending on the type of move-
ment and how it is executed, similar weights can lead to
different loads on the elbow [9]. Moreover, not all tasks
involve external weight yet still require load on the elbow,
such as rising from a chair or steering a car. Therefore,
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in the current review we aim to investigate the literature
on reported elbow loads during different ADL tasks. It
is currently unclear whether elbow loads experienced
during ADL tasks exceed the reported failure limits of
the prosthesis. It is also unclear whether the experi-
enced loads and failure limits relate to our postoperative
instruction. The overview of elbow loads during ADL
tasks is expected to create a basis for better clinical prac-
tice and guide more informed decisions on which tasks
should be avoided following TEA.

Hence, the main research question of the current
review is: What is the elbow joint load (bone-on-bone
contact force and net joint torque) during different ADL
tasks, and do these loads exceed the failure limits as
reported in retrieval and finite element studies on TEA?

Methods

The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for Scoping Reviews
(PRISMA-ScR) guidelines were followed. The review
was registered in an international prospective register
of scoping reviews ‘Science Framework! The protocol is
registered online and can be accessed electronically at:
https://osf.io/823vt/

Literature search and study selection

With the assistance of a clinical librarian, a systematic lit-
erature search was performed on 23 November 2021 in
two online databases (PubMed/Medline and Web of Sci-
ence). The following terms were used: [Elbow], [Elbow
Joint], [Arthroplasty], [TEA], [Biomechanical]. The
search was performed using the filters “Dutch” and “Eng-
lish” Full search details are available in Additional file 1
Appendix 1.

Identified articles were imported to Endnote (Philadel-
phia, USA). Duplicates were removed. Based on title and
abstract, two independent reviewers (DM and RGAD)
identified potentially relevant articles for review of the
full text. In case of disagreement, a third author was con-
sulted (AM). The reference list of the included articles
was manually checked to avoid missing relevant articles.
The authors independently selected articles. Studies were
not blinded for author, affiliation or source.

Eligibility criteria

Studies were eligible when: (1) reporting on the elbow
joint load in native elbows or elbows with an elbow
arthroplasty in adults; (2) full text article was available.
A study was excluded if it only contained specific sport
analysis. Studies in patients with neurological comorbidi-
ties (i.e. cerebral palsy, stroke, spinal cord injury) were
excluded. Animal studies and cadaveric studies were also
excluded.
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Data extraction
After initial selection, data from eligible studies were
extracted based on a predefined extraction template. The
following data and baseline parameters were recorded
when available: author and publication year, number of
participants, participant characteristics (sex, age, indica-
tion for TEA, type of TEA, radial head status, ligament
status (if applicable)), and methods (tracking system,
ADL tasks). Primary objective was to report on elbow
joint load along the local axes (flexion, extension, varus,
valgus, pronation, supination). For all axes the largest
measured load (peak load) per task was taken. Last, load
definitions were extracted using the following catego-
ries of net joint torque (Nm), interaction torque (Nm),
and bone-on-bone contact force (N). In order to be able
to compare reported elbow loads between studies, load
definitions were extracted based on the ISB recommen-
dations [10].

Figure 1 describes four steps of increasing detail
in the study of joint torque, as defined by the ISB
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recommendations [10]. To be able to compare elbow
loads between studies, methods were screened to check
whether they used the following steps. First, move-
ment can be tracked using markers. Marker data of the
movement can be acquired by using a 3D optoelectri-
cal camera system or portable inertial measurement
unit (IMU) (step 1). Next, a mathematical process called
inverse kinematics is used to calculate joint parameters
(joint angles and joint velocity), by using marker trajec-
tory data from step 1 (step 2). The net joint torque can be
calculated using inverse dynamics. The inverse dynam-
ics method estimates the torques and forces needed to
generate a motion. Position data of the segments (steps
1 and 2) are put into a biomechanical model (step 3). The
net joint torque can then be calculated by the formula (
Telbow = Aelbow * Fg). A larger moment arm (degpoy) or a
larger gravitational force (F) results in a higher net joint
torque (Tepow)- A 1 kg mass in the hand leads to an elbow
moment depending on the moment arm (i.e. the type of
movement). Translating a mass to a moment is therefore

Step 1

Marker data of the movement can be acquired by a 3D optoelectronic camera systems or portable initial measurement units

1. Movement

(IMUs).

Track movement with markers

3D Optoelectronic measurement system

IMU system

Inverse Kinematics is a mathematical process to calculating variable joint parameters such as the joint angles over time.

2. Inverse Kinematics

Input:
- Experimental trajectories of markers
- Marker weights

. Results:
Using: Joint les (6 )
oL . - Joint angles 3

- Optimization techniques etbow

- Joint velocity

Step 3

The net joint torque can be calculated with inverse dynamics. Newtonian equations are used in this analysis

NS

3. Inverse Dynamics

Input:

- Joint angles

- External forces and torques

Using: Results:

- Newtonian equations - Net joint torques (Teipow)

NS

4. Musculoskeletal Modelling

Bone-on-Bone contact forces is the force transmitted in bone-on-bone contact. It can be calculated if all the other forces
around the joint are known. Therefore a musculoskeletal model with an optimization approach is used to calculate muscle

forces.

Input:
- External load

- Net joint moments

: Results:
Using: Muscle f " )
- Muscle forces

- Static optimization muscle

- Bone-on bone contact force

Fig. 1 Steps to analyze joint torque. 8,,,,, =elbow joint angle, Topew = Net joint torque, depow= Moment arm (distance between force vector and
rotation point (the elbow axis), F; = gravitational force (m * g) and Fgone—on—bone = internal bone-on-bone contact force
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difficult. Interaction torque only occurs by multi-joint
movements, for example by reaching where both elbow
and shoulder joints are active. Generation of the resulted
joint-torque is complicated by the presence of interaction
torque. The interaction torque is due to initial torque,
centripetal torque, and Coriolis torque [11]. Bone-on-
bone contact force is the force transmitted in bone-on-
bone contact [12], and can be calculated if all the other
forces (i.e. muscle, external, gravitational) around the
joint are known. An optimization process thus needs to
be performed to calculate the muscle force, which can be
done using a musculoskeletal model (step 4) [13].

Methodological quality assessment

The methodological quality of included studies was eval-
uated using a checklist by Heyward et al. [14] (Additional
file 1 Appendix 2). For each question a score of 1 was
given for an ‘adequate’ or ‘yes’ response, 0.5 for a ‘partial’
or ‘limited’ response, and 0 was awarded for a ‘no; ‘not
stated’ or ‘inadequate’ response. A maximum score of 8
was possible. Studies were considered low quality if they
scored 0-3.5 points, moderate quality 4-5.5 points, and
high quality 6-8 points. These ranges were chosen arbi-
trarily. Methodological quality assessment was assigned
by two authors, any differences in scoring were resolved
by consensus (DM and RGAD).

Results

Selection of literature

An initial search yielded 3701 potentially relevant studies.
After removal of duplicates, 2675 articles were identified.
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After evaluation of titles and abstracts, the remaining
106 papers were retrieved for detailed assessment of the
full-text manuscript. Seventy-eight studies were excluded
since they did not report on elbow joint load, so a total of
28 articles [9, 15—41] were included (Fig. 2).

Quality assessment

Of the articles included, three studies [16, 30, 32] were
of low quality, 22 [9, 15, 18-27, 29, 31, 33-39] of moder-
ate quality and three [17, 28, 40] of high quality. Areas of
improvement for most studies were description of inclu-
sion and exclusion criteria, and of validity and reliabil-
ity of measurement tools. Details of these are shown in
Additional file 1 Appendix 3.

Study characteristics

Overall, a total of 256 participants (203 male: 53 female)
were included. Age ranged from 17 to 59 years (30 £ 11).
The number of participants per study ranged from 1 — 30.
Table 1 presents an overview of the study characteristics.

Type of ADL task

As ADL tasks are heterogeneous, it was decided to divide
them into categories: 1) close to the body and 2) further
away from the body: tasks are classified as further away
if the position of the shoulder was>90 anteflexion and/
or>45 abduction. Tasks were then subdivided into: 1)
cyclic flexion/extension, 2) push-up, 3) reaching, 4) self-
care, 5) work. The subdivisions were chosen based on
the aim of the task (selfcare, push-up, work) or a specific
type of movement (reaching, cyclic flexion—extension

Search query
Elbow, elbow joint, arthroplasty, TEA.

Search in PubMed/Medline and Web of Science.

Limits: Dutch, English, no Sports

, biomechanical

{

Hits 3701
PubMed: 1649
Web of Science: 2052
¢ ) | Excluded duplicates: 1026
| 4

For title, abstract, and full

Remaining articles: 2675

text

Excluded after initial review: ‘
2569

| After title and abstract:

106 |

¢ ' - Describing a specific subject (e.g. cerebral

Excluded after complete review of article: 78
- No joint load reported

palsy).

| Included articles: 28 arti

icles | - Reported normalized elbow load

$

No ADL tasks

Data extraction and
Quality Assessment

Fig. 2 Flow-chart
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movement). Some articles tested several conditions with
external weight. In those cases, the condition with the
lowest external weight applied was taken for further anal-
ysis; other conditions are reported in Table 1.

Elbow joint load

Nineteen studies [9, 15-17, 19, 21-26, 28, 29, 31, 32, 34,
38, 39, 41] reported on tasks that are classified as fur-
ther away, nine [18, 20, 27, 30, 33, 35-37, 40] reported
on tasks close to the body. These studies were then fur-
ther classified into six studies on cyclic flexion—exten-
sion tasks [9, 15, 18, 20, 27, 40], nine on push-up tasks
[16, 21-26, 28, 34], seven on reaching tasks (i.e. reach-
ing, pointing) [17, 19, 29, 31, 32, 38, 39], four on self-care
tasks (i.e. dentistry, eating, drinking, brush head) [30, 33,
35, 37] and two on a work task (i.e. heavy: pushing trol-
ley, light: sorting waste) [36, 41] (Table 1). Twenty-five
studies reported net joint torque [9, 15-37, 41], two stud-
ies reported interaction torque [39, 40] and one study
reported both interaction and net torque [38]. In addi-
tion, nine studies that reported net joint torque (step 3,
Fig. 1), also reported bone-on-bone contact force (step 4,
Fig. 1) [16, 2126, 28].

Twenty-five articles [9, 15-22, 24—38, 41] reported on
elbow flexion—extension net joint torque (Table 1). Mean
elbow flexion—extension net joint torque was 18=+26
Nm for tasks close to the body and 19+ 13Nm for tasks
further away from the body. More specifically, 21 +18
Nm for cyclic tasks, 26 =11 Nm for pushup tasks, 11+6
Nm for reaching tasks, 3+2 Nm for self-care tasks, and
39+ 53 Nm for work tasks (Fig. 3). Three articles [38-40]
reported on elbow flexion—extension interaction torque,
with 10 Nm for mean elbow flexion—extension torque
in tasks close to the body and 16 £ 13Nm for the further
away tasks.

Ten articles [17, 21, 22, 2426, 28, 34, 35, 37] reported
on varus-valgus net joint torque (Table 1). Mean varus-
valgus net joint torque was 1 Nm for tasks close to the
body and 11+5 Nm for tasks further away from the
body. More specifically, 1 Nm for selfcare tasks, 3 Nm for
reaching tasks and 12+ 5 Nm for pushup tasks.

Eleven articles [9, 17, 21, 22, 24, 26, 28, 33—-36] reported
on pronation-supination net joint torque (Table 1). Mean
pronation-supination net joint torque was 18419 Nm
for tasks close to the body and 6 £ 6 Nm for tasks further
away from the body. More specifically, 1 Nm for selfcare
and reaching tasks, 7+ 6 Nm for pushup tasks, 10 Nm for
cyclic tasks, and 34 Nm for work tasks.

Nine studies [9, 16, 21-26, 28] reported bone-on-bone
contact force. Eight [16, 21-26, 28] of them were pushup
tasks, with a reported 337+62 N mean bone-on-bone
contact force. One study [9], a cyclic flexion extension
task, reported 450 N bone-on-bone contact force.
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Discussion

Aim of the current review was to scope the literature
on the reported elbow joint loads during ADL. To this
end, in the following section these loads will be com-
pared with published data from retrieval and finite ele-
ment studies to see if values exceed the failure limits of
the prosthesis. The most important finding of this review
is that very little literature on elbow joint loading dur-
ing ADL is available and that our current postoperative
instruction does not appear to be evidence-based.

When comparing tasks close to the body with tasks
further away from the body, those further away expect-
edly result in higher loads, as the longer the moment arm
of the contributing muscles, the bigger the moment. Our
review confirms this. It therefore seems safer to perform
ADL tasks that are close to the body or perform tasks
in such a way that the distance away from the body is
minimized (elbow flexion and shoulder adduction). The
highest elbow flexion—extension net joint load for tasks
further away from the body was 19 Nm. In addition, work
and push-up tasks resulted in the highest flexion—exten-
sion loads (39 Nm and 26 Nm, respectively). Especially
heavy work (pushing a 37 kg trolley) resulted in high
loads (76 Nm). As there is no literature available report-
ing on failure limits of load on the prosthetic materials for
FE movements, whether failure limits would be exceeded
at those moments and what the clinical implications are
both remain unknown. Both work and push-up tasks
result in loads that surpass our post-operative instruc-
tion, to not exceed 1 kg regularly and only 5 kg inciden-
tally. Self-care tasks (i.e. dentistry, eating, drinking, brush
head), cyclic movements and reaching results in loads
that remain below our post-operative instruction.

Highest varus-valgus loads were reported for tasks
further away from the body (11 Nm)—more specifically,
the highest loads were reported for the push-up tasks (12
Nm). It is known from finite element studies that a varus-
valgus load of 5 Nm can lead to irreversible PE deforma-
tion [8]. Comparison of our results to available literature
shows that all push-up tasks, as well as hammering with
a 2 kg hammer in the hand, resulted in moments that
led to stresses exceeding the limit of irreversible plastic
deformation. These activities thus need to be avoided fol-
lowing TEA. Similar results are reported by King et al.
[9], where cyclic flexion—extension with 2.3 kg weight in
the hand resulted in a moment in the elbow that led to
stresses exceeding the yield strength of PE. This was the
case for the condition with 45- and 90-degree shoulder
abduction. The condition with 0 degrees shoulder abduc-
tion did not exceed the yield strength of PE. It is there-
fore important to not only report on the movements or
tasks being executed and the amount of external weight
applied, but also on the distance of the elbow joint in
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Fig. 3 Average net joint moment (flexion—extension), classified per type of task

relation to the body (i.e. shoulder position), since simi-
lar movements with similar weights can lead to different
loads depending on how the movement is executed.

Highest pronation-supination loads were reported in
tasks close to the body (18 Nm), more specifically in work
tasks (i.e. pushing a 37 kg trolley) (34 Nm). The mean
pronation-supination (PS) loads were lower than flex-
ion—extension loads, as can be expected due to shorter
moment arms of contributing muscles. As there is no lit-
erature available reporting on failure limits of load on the
prosthetic materials for PS movements, whether failure
limits would be exceeded at those moments and what the
clinical implications are both remain unknown.

Highest bone-on-bone contact forces are reported for
a cyclic flexion—extension task while holding a 2.3 kg
weight in the hand (450 N). Bone-on-bone contact forces
during push-up tasks range from 275 to 441 N (mean
337 N). Unfortunately, none of the articles reported
between which bones the bone-on-bone contact force
was calculated. Finite element analyses evaluating three
different prosthetic designs (hourglass, concave and
cylindrical) showed that by applying a 100 N axial load,
the stresses of both the hourglass and concave designs
remained far below (<50%) the yield strength of PE [42].
The cylindrical design, by contrast, showed the highest
stress under these loads, with stresses exceeding the yield
strength of PE. The amount of applied load that would
result in the PE yield strength being exceeded in both
the hourglass and concave designs, was not specified, so
clinical implications for these types of prostheses remain
unknown. So far, it is known that implant design, type of

load, type of movement, frequency of movement cycles,
and fixation methods influence the stress distribution
on the prosthesis, thereby affecting the risk of prosthetic
loosening [43-45]. The consequences of these findings
for daily practice remain unclear.

Recommendations for future research

The results of our review provide a very narrow initial
overview of elbow joint loads during ADL, given the
limited availability of literature on this topic. It is shown
that elbow joints loads (both varus-valgus moment and
bone-on-bone contact force) in several ADL tasks exceed
the reported failure limits of elbow prostheses. Besides,
elbow joint loads also surpass our current post-operative
instruction. However, current literature is not sufficient
to formulate a new post-operative instruction, which is
compliant with failure limits of the prosthesis. We there-
fore formulate two recommendations for future research,
that should be addressed.

First, clinical studies should focus on a thorough analy-
sis of different ADL tasks, since several relevant condi-
tions (i.e. cycling, driving a car, opening a door, carrying
groceries) are not yet tested. We advise using a standard
set of ADL tasks, which should comprise at least one per-
sonal care task, feeding task, housework task, and trans-
portation task [46]. These clinical studies should be done
in both healthy participants and patients following TEA,
so differences can be analyzed following surgery.

Second, all prosthetic suppliers should test their pros-
thesis and report failure limits, since different types of
prostheses may have different failure limits [42]. We
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advise to report flexion—extension moment, varus-val-
gus moment and pronation-supination moment, as well
as bone-on-bone contact forces (e.g. axial compression
forces) for both clinical and prosthetic studies. Addi-
tionally, we advise using net joint torque definitions and
calculations and bone-on-bone contact force definitions
and calculations, as described in our Methods section so
results can be compared [47-49]. This will enable clini-
cians to compare clinical loading with reported failure
limits of the prosthesis and thereby guide informed deci-
sions on post-operative instructions for patients, aiming
to improve survival rates.

Last, formulating postoperative instructions might be
difficult, since translating a mass into a joint moment is
difficult. As mentioned previously, depending on the type
of movement and how it is executed, similar weights can
lead to different loads on the elbow. The focus should
therefore lie more on a balance in load and load capacity
and on the execution of the movement (i.e. close to the
body, elbow flexion and shoulder adduction vs further
away, elbow extension, shoulder abduction), instead of
the amount of mass being lifted as is current practice.

Limitations

The results of this review should be interpreted in light of
several limitations caused by the quality of the included
articles. Three studies were of low quality, 22 of moder-
ate quality, and three of high quality. In addition, many
studies used different measurement systems and meth-
ods to calculate the joint load, frequently without report-
ing validity and reliability, as presented in the quality
assessment. Further, different definitions of joint load are
reported, making comparison of loads is difficult. Last,
the included studies mostly measured young healthy
males, which may not be comparable to joint-loading in
patients following TEA.

Conclusion

The results of our scoping review provide an initial
overview of the current knowledge on elbow joint loads
during ADL. Surprisingly, the current literature is not
sufficient to formulate a postoperative instruction for
elbow joint loading, which is compliant with failure limits
of the prosthesis. Plus, our current instruction does not
appear to be evidence-based. Our recommendations, as
described previously, offer a starting point in order to
assist clinicians in providing informed decisions on post-
operative instructions for their patients.

Abbreviations

TEA Total elbow arthroplasty
PE Polyethylene

ADL Activities of daily living

Page 9 of 10

IMU Inertial measurement unit
FE Flexion—extension
PS Pronation-supination

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512891-023-06149-8.

[ Additional file 1. }

Acknowledgements
The authors thank K. Sijtsma, medical librarian of the UMCG, for her assistance
in performing the literature search.

Authors’ contributions

All authors were involved in the design of the study. DM drafted the article.
RGAD, AM, RJKV, ALB, DE, SKB, MPJB and MS revised the article. All authors
approved the manuscript.

Funding
There is no funding source.

Availability of data and materials
The datasets used and/or analyzed are available from the corresponding
author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no conflict of interest.

Received: 7 April 2022 Accepted: 9 January 2023
Published online: 18 January 2023

References

1. report LA. LROI Annual report, elbow arthroplasty 2021 [

2. Welsink CL, Lambers KTA, van Deurzen DFP, Eygendaal D, van den
Bekerom MPJ. Total elbow arthroplasty: a systematic review. JBJS Rev.
2017;5(7).e4.

3. Prkic A, Welsink C, The B, van den Bekerom MPJ, Eygendaal D. Why does
total elbow arthroplasty fail today? A systematic review of recent litera-
ture. Arch Orthop Trauma Surg. 2017;137(6):761-9.

4. Voloshin I, Schippert DW, Kakar S, Kaye EK, Morrey BF. Complications of
total elbow replacement: a systematic review. J Shoulder Elbow Surg.
2011;20(1):158-68.

5. Evans JT, Walker RW, Evans JP, Blom AW, Sayers A, Whitehouse MR. How
long does a knee replacement last? A systematic review and meta-analy-
sis of case series and national registry reports with more than 15 years of
follow-up. Lancet. 2019;393(10172):655-63.

6.  Sodhi N, Mont MA. Survival of total hip replacements. Lancet.
2019;393(10172):613.

7. Goldberg SH, Urban RM, Jacobs JJ, King GJ, O'Driscoll SW, Cohen MS.
Modes of wear after semiconstrained total elbow arthroplasty. J Bone
Joint Surg Am. 2008;90(3):609-19.

8. Lipman L. Retrieval and Finite Element analysis of Coonrad-Morrey Elbow
Replacements.

9. King EA, Favre P, Eldemerdash A, Bischoff JE, Palmer M, Lawton JN.
Physiological Loading of the Coonrad/Morrey, Nexel, and Discovery


https://doi.org/10.1186/s12891-023-06149-8
https://doi.org/10.1186/s12891-023-06149-8

Meijering et al. BMC Musculoskeletal Disorders (2023) 24:42

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Elbow Systems: Evaluation by Finite Element Analysis. J Hand Surg Am.
2019;44(1):61.e-€9.

Derrick TR, van den Bogert AJ, Cereatti A, Dumas R, Fantozzi S, Leardini

A.1SB recommendations on the reporting of intersegmental forces and
moments during human motion analysis. J Biomech. 2020,99:109533.

. Hollerbach MJ, Flash T. Dynamic interactions between limb segments

during planar arm movement. Biol Cybern. 1982;44(1).67-77.

Winter DA. Biomechanics of human movement with applications to the
study of human locomotion. Crit Rev Biomed Eng. 1984;9(4):287-314.
Erdemir A, McLean S, Herzog W, van den Bogert AJ. Model-based estima-
tion of muscle forces exerted during movements. Clin Biomech (Bristol,
Avon). 2007;22(2):131-54.

Heyward OW. Shoulder complaints in wheelchair athletes. PLoS One.
2017;12:e0188410.

Almeida GL, Hong DA, Corcos D, Gottlieb GL. Organizing principles

for voluntary movement: extending single-joint rules. J Neurophysiol.
1995,74(4):1374-81.

An KN, Chao EY, Morrey BF, Donkers MJ. Intersegmental elbow joint load
during pushup. Biomed Sci Instrum. 1992;28:69-74.

Balendra N, Langenderfer JE. Effect of hammer mass on upper extremity
joint moments. Appl Ergon. 2017;60:231-9.

Ballaz L, Raison M, Detrembleur C, Gaudet G, Lemay M. Joint torque
variability and repeatability during cyclic flexion-extension of the elbow.
BMC Sports Sci Med Rehabil. 2016;8:8.

Beer RF, Dewald JPA, Dawson ML, Rymer WZ. Target-dependent differ-
ences between free and constrained arm movements in chronic hemipa-
resis. Exp Brain Res. 2004;156(4):458-70.

Challis JH, Kerwin DG. Determining Individual Muscle Forces during
Maximal Activity - Model Development, Parameter Determination, and
Validation. Hum Mov Sci. 1994;13(1):29-61.

Chou PH, Chou YL, Lin CJ, Su FC, Lou SZ, Lin CF, et al. Effect of elbow flex-
jon on upper extremity impact forces during a fall. Clin Biomech (Bristol,
Avon). 2001;16(10):888-94.

Chou PH, Lin CJ, Chou YL, Lou SZ, Su FC, Huang GF. Elbow load with vari-
ous forearm positions during one-handed pushup exercise. Int J Sports
Med. 2002;23(6):457-62.

Chou PH, Lou SZ, Chen HC, Chiu CF, Chou YL. Effect of various fore-

arm axially rotated postures on elbow load and elbow flexion angle

in one-armed arrest of a forward fall. Clin Biomech (Bristol, Avon).
2009;24(8):632-6.

Chou PH, Lou SZ, Chen SK, Chen HC, Hsu HH, Chou YL. Comparative
Analysis of Elbow Joint Loading in Push-up and Bench-Press. Biomed
Eng-Appl Basis Commun. 2011;23(1):21-8.

Chou PH, Lou SZ, Chen SK, Chen HC, Wu TH, Chou YL. Biomechanical
Analysis of the Elbow Joint Loading during Push-Up. Biomed Eng-Appl
Basis Commun. 2008;20(4):197-204.

Chou PPH, Hsu HH, Chen SK, Yang SK, Kuo CM, Chou YL. Effect of push-up
speed on elbow joint loading. J Med Biol Eng. 2011;31(3):161-8.
Dennerlein JT, Kingma |, Visser B, van Dieén JH. The contribution of the
wrist, elbow and shoulder joints to single-finger tapping. J Biomech.
2007;40(13):3013-22.

Donkers MJ, An KN, Chao EY, Morrey BF. Hand position affects elbow joint
load during push-up exercise. J Biomech. 1993;26(6):625-32.

Essers JM, Meijer K, Murgia A, Bergsma A, Verstegen P. An inverse dynamic
analysis on the influence of upper limb gravity compensation during
reaching. IEEE Int Conf Rehabil Robot. 2013;2013:6650368.

Finsen L, Christensen H. A biomechanical study of occupational loads

in the shoulder and elbow in dentistry. Clin Biomech (Bristol, Avon).
1998;13(4-5):272-9.

Gottlieb GL, Song Q, Hong DA, Corcos DM. Coordinating two degrees of
freedom during human arm movement: load and speed invariance of
relative joint torques. J Neurophysiol. 1996;76(5):3196-206.

Hong DA, Corcos DM, Gottlieb GL. Task dependent patterns of muscle
activation at the shoulder and elbow for unconstrained arm movements.
J Neurophysiol. 1994;71(3):1261-5.

Hussain Z, Azlan NZ. 3-D Dynamic Modeling and Validation of Human
Arm for Torque Determination During Eating Activity Using Kane's
Method. Iran J Sci Technol-Trans Mech Eng. 2020;44(3):661-94.

Lou S, Lin CJ, Chou PH, Chou YL, Su FC. Elbow load during pushup at vari-
ous forearm rotations. Clin Biomech (Bristol, Avon). 2001;16(5):408-14.

Page 10 of 10

35. Murray IA, Johnson GR. A study of the external forces and moments at
the shoulder and elbow while performing every day tasks. Clin Biomech
(Bristol, Avon). 2004;19(6):586-94.

36. Okunribido OO, Haslegrave CM. Effect of handle design for cylinder trol-
leys. Appl Ergon. 1999;30(5):407-19.

37. Ratzlaff TD, Diesbourg TL, McAllister MJ, von Hacht M, Brissette AR, Bona
MD. Evaluating the efficacy of an educational ergonomics module for
improving slit lamp positioning in ophthalmology residents. Can J Oph-
thalmol. 2019;54(2):159-63.

38. Sainburg RL, Ghilardi MF, Poizner H, Ghez C. Control of limb dynamics in
normal subjects and patients without proprioception. J Neurophysiol.
1995;73(2):820-35.

39. Topka H, Konczak J, Schneider K, Boose A, Dichgans J. Multijoint arm
movements in cerebellar ataxia: abnormal control of movement dynam-
ics. Exp Brain Res. 1998;119(4):493-503.

40. Yamasaki H, Fujisawa H, Hoshi F, Nagasaki H. Incomplete pos-
ture adjustment during rapid arm movement. Percept Mot Skills.
2009;108(3):915-32.

41. Emmatty FJ, Panicker VV, Baradwaj KC. Ergonomic evaluation of work
table for waste sorting tasks using digital human modelling. Int J Ind
Ergon. 2021;84:103146.

42. Willing R, King GJ, Johnson JA. The effect of implant design of linked
total elbow arthroplasty on stability and stress: a finite element analysis.
Comput Methods Biomech Biomed Engin. 2014;17(11):1165-72.

43. Lewis G.The elbow joint and its total arthroplasty II. Finite element study.
BioMed! Mater Eng. 1996,6:367-77.

44, Heidari M, Rahmanivahid P, Sharifi S, Hashemi M, Mohammadian E, Akbari
A, et al. Effect of elbow implant design parameters on loosening: A finite
element analysis, Rev. int. métodos numér. calc. disefoing. 2020;36(1):20.
https://www.scipedia.com/public/Heidari_et_al_2020a.

45. Day JS, MacDonald DW, Ramsey ML, Abboud JA, Kurtz SM. Quantitative
ultrahigh-molecular-weight polyethylene wear in total elbow retrievals. J
Shoulder Elbow Surg. 2020;29(11):2364-74.

46. Oosterwijk AM, Nieuwenhuis MK, van der Schans CP, Mouton LJ. Shoulder
and elbow range of motion for the performance of activities of daily liv-
ing: A systematic review. Physiother Theory Pract. 2018;34(7):505-28.

47. Vigotsky AD, Zelik KE, Lake J, Hinrichs RN. Mechanical misconceptions:
Have we lost the “mechanics”in “sports biomechanics’? J Biomech.
2019;93:1-5.

48. Steele KM, Demers MS, Schwartz MH, Delp SL. Compressive tibiofemoral
force during crouch gait. Gait Posture. 2012;35(4):556-60.

49. Pandy MG, Berme N. A numerical method for simulating the dynamics of
human walking. J Biomech. 1988;21(12):1043-51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.scipedia.com/public/Heidari_et_al_2020a

	Elbow joint biomechanics during ADL focusing on total elbow arthroplasty - a scoping review
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Literature search and study selection
	Eligibility criteria
	Data extraction
	Methodological quality assessment

	Results
	Selection of literature
	Quality assessment
	Study characteristics
	Type of ADL task
	Elbow joint load


	Discussion
	Recommendations for future research
	Limitations

	Conclusion
	Acknowledgements
	References


