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Abstract

Objectives: To use a musculoskeletal model of the lower limb to evaluate the effect of a

strength training intervention on the muscle and joint contact forces experienced by untrained

women during landing.

Methods: Sixteen untrained women between 18 and 28 years participated in this cohort

study, split equally between intervention and control groups. The intervention group trained

for eight weeks targeting improvements in posterior leg strength. The mechanics of bi- and

uni-lateral drop-landings from a 30 cm platform were recorded pre and post intervention, as

was the isometric strength of the lower limb during a hip extension test. The internal muscle

and joint contact forces were calculated using FreeBody, a musculoskeletal model.

Results: The strength of the intervention group increased by an average of 35% (p < 0.05;

pre: 133436 N, post: 180+39 N), whereas the control group showed no change (pre: 152436

N, post: 157+46 N). There were only small changes from pre to post test in the kinematics

and ground reaction forces during landing that were not statistically significant. Both groups

exhibited a post test increase in gluteal muscle force during landing, and a lateral to medial

shift in tibiofemoral joint loading in both landings. However, the magnitude of the increase in

gluteal force and lateral to medial shift was significantly greater in the intervention group.

Conclusion: Strength training can promote a lateral to medial shift in tibiofemoral force

(mediated by an increase in gluteal force) that is consistent with a reduction in valgus
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loading. This in turn could help prevent injuries that are due to abnormal knee loading such

as anterior cruciate ligament ruptures, patella dislocation and patellofemoral pain.

Summary Box

e Strength training of the lower limb resulted in a lateral to medial shift of tibiofemoral

forces during drop-landing.

e This appeared to be mediated by an increased force in the gluteal musculature during

landing.

e Musculoskeletal modelling of the lower limb can demonstrate changes in lower limb

mechanics during drop-landing that have not been reported using traditional methods.
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Introduction

Abnormal knee joint loading has been shown to be a mechanism of injury in a range of

complaints including anterior cruciate ligament (ACL) rupture, patella dislocation and

patellofemoral pain [1-4]. Consequently, there has been great interest in finding ways to

modify internal joint loading in order to prevent these injuries. However, the outcome

measures of such studies have generally been the calculation of external kinematics and

kinetics or inter-segmental mechanics (i.e. joint angles, inter-segmental forces and moments

calculated by inverse dynamics analysis, or ground reaction forces; GRF [5-7]). Although

useful, these calculations do not indicate the actual loading experienced by the internal

structures of the knee (i.e. the forces experienced by muscle-tendon units, ligaments and

bones). For instance, ACL injury prevention programmes have been shown to successfully

modify kinematic outcomes towards movement strategies of lower risk [7,8] and there is

epidemiological evidence that such interventions effectively reduce the ACL injury rate [9—

11] however, the effect of such programmes on the actual internal joint loading is largely

unknown.

Muscle strength and activation are variables that can be directly changed by training

programmes [12], and can provide protection against injury in activities like landing from a

jump. For instance, previous ACL injury research has described the importance of gluteal and

hamstring strength [13,14] and increased hamstring activation pre- and post-landing [15] in

reducing injury. Similarly, gluteal activation and strength have been related to a reduction of
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knee valgus [16], patellofemoral pain [17,18] and patellar dislocation [19] in various

activities. Despite these positive associations however, the literature relating to the effect of

strength training alone on kinematics and GRF during movement is equivocal [20,21] and the

effect on internal knee joint forces is again unknown. To this end, this study employed a

posterior lower limb focussed training intervention which would be expected to increase the

strength of the gluteal and hamstring musculature.

One technique that can be utilised to estimate internal forces is musculoskeletal modelling

and musculoskeletal modellers envisage a future where their work can inform clinical

practice [22,23]. For instance, there have been a number of studies that have sought to

quantify the forces present in the knee during landing [24-29]. However, no study has used

musculoskeletal modelling technology to assess the effect of a posterior thigh musculature

focused training intervention on the forces experienced by the internal structures of the knee.

The objective of this study was therefore to evaluate the effects of a leg strength training

intervention on internal knee forces during landing (tibiofemoral joint reaction forces; TF)

using a publicly available musculoskeletal model of the lower limb [30]. We hypothesized

that the intervention would result in a lateral to medial shift in TF that is consistent with the

changes in landing mechanics that have previously been seen after strength training [21,31].
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Methods

Experimental approach

This study was divided into three phases undertaken at St Mary’s University. Firstly, during

the pre test the performance of the participants in a landing task was assessed alongside a

measure of their posterior lower limb strength. Next, the experimental group took part in an

eight-week training intervention designed to increase their posterior lower limb strength

whereas the control group kept up with their usual recreational activities. Finally, all

participants were retested using the same protocol as in the pre test. The experimenters were

not blinded as to the participant groups.

Participants

Sixteen young, healthy students participated in this study (Table 1) and were assigned to

either the control group (CG) or intervention group (IG) based upon their availability to take

part in the intervention training programme. The recruitment criteria stipulated that the

participants were female, between 18 and 28 years of age, free from musculoskeletal injuries

over the preceding 6 months, right foot dominant, and only took part in recreational physical

activity (i.e. no heavy resistance or injury prevention training for at least 6 months prior to the

study, and that they participated in mainly leisure sports at most four times per week). All

participants provided informed written consent prior to the experiment and the ethics sub-

committee of St Mary’s University approved the study.
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Table 1. Participant characteristics (mean + standard deviation). There were no significant
differences between groups (p > 0.05).

Age (years) Body mass (kg)  Height (m)
Control group 229+24 62.2+8.3 1.66 £ 0.07
Intervention group 22.0+£3.2 65.4+7.1 1.68 +£0.03

Instrumentation

Evaluation of drop landing performance: The kinematics describing the time history of the

position of 18 reflective markers (14 mm) placed on key anatomical landmarks of the right

leg and pelvis [30] according to the guidelines of Van Sint Jan [32,33] was obtained using a

Vicon 3D motion analysis system (Vicon MX System, Vicon Motion Systems Ltd, UK)

incorporating 11 cameras. The GRFs during landing were measured with a force plate

(Kistler 9287BA Plate, Kistler Instruments Ltd., UK) synchronized with the Vicon system.

All data was collected at 200 Hz.

Lower limb strength testing: The strength of the posterior aspect of the lower limb was tested

in a closed kinetic chain task as described below using the same Kistler force plate as for the

evaluation of the drop landings.

Procedures

After performing a 10-minute supervised, dynamic warm up including running, high knees,

buttock kicks, lunges, squats, straight leg walks and hop and stick, the participants practiced

the drop landings for up to five attempts both bi- and unilaterally. A three to five minute rest

followed, in which the reflective markers were placed on the anatomical landmarks with
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double-sided adhesive tape. Drop landing data was collected during controlled falls from a 30

cm platform placed 0.5 cm in front of the force plate. Participants first completed five

bilateral landings (BLs) and then five unilateral landings (ULs) having been instructed to step

forward from the platform with their dominant right foot (and not to jump forwards or step

down), land naturally with only their dominant foot touching the force plate and stay in this

landing position for at least 2 seconds. During BLs, the participants were asked to land with

both feet at the same time (Figure 1A — note the position of the feet with just the dominant

foot on the force plate). Incorrect landings contrary to the description above were repeated.

The rest periods between the five drop landings for each condition were at least 60 seconds

long, and at least two minutes rest was taken between the BLs and ULs.
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Figure 1. Experimental arrangements: A. Bi- and unilateral drop landing tasks; B.

Assessment of posterior thigh strength utilising a hip extension test.

After a three to five minute rest period, the strength of the right posterior thigh was assessed

in a hip extension test. The hip was positioned at a flexion angle of 30° (note in this article

we use the convention that when the subject is stood in the anatomical position their ankle,

knee and hip joint angles are 0°, and that flexion of the joint is represented by a positive

angle). The ankle was positioned neutrally (i.e. at a flexion angle of 0°) with the heel at the

centre of a wooden block that was on top of the force plate (Figure 1B). The participants were

then encouraged to push the heel downwards with maximum force for a period of at least six
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seconds and the peak force was recorded. A two minute rest period was taken between the

three trials. This hip extension test was chosen as it has previously been shown to be reliable

[34] and tests the strength of the limb in a closed kinetic chain task at similar joint angles to

those found at initial contact during BL in females [35,36].

Exercise intervention: Eight participants performed an eight-week posterior leg strength

programme (Table 2), attending three hourly sessions per week that were supervised by a UK

Strength and Conditioning Association qualified coach. Loading was progressed weekly by

increasing the load lifted based on individual responses to training (strength, experience and

motivation), but sets, reps, rest and perceived exertion were similar within the group.

Table 2. The strength training programme followed by participants in the intervention group.

Week 1-4 Week 5-8 Sets Reps Rest
Session 1

Split Squat Lunge 3 10 2 min

Good Morning Ecc/con leg pull&push in pairs 3 10 2 min

SL SLDL Bulgarian Split Squat 3 10 2 min
Session 2

Step up (L to M height Step up (M to H height .

plyometric box) plyometric box) 3 10 2 min

Nordic hamstring (ecc+con) Nordic hamstring (ecc+con) 3 6/8 2 min

SL Bridge SL Good Morning 3 10 2 min
Session 3

Squats Squats 3 10 2 min

SLDL SLDL 3 10 2 min

SL Good Morning SL Hip thrust 3 10 2 min

SL= single leg, SLDL= stiff leg deadlift, ecc= eccentric, con= concentric, L= low, M=
medium, H= high

Data analysis

10
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Musculoskeletal model: In order to compare predicted muscle and joint reaction forces pre

and post intervention, the data collected was analysed using a publicly available

musculoskeletal model of the lower limb [30,37-40] (FreeBody; www.msksoftware.org.uk).

The validation and verification of FreeBody has been described previously [41-44], with a

focus on the accuracy of the TF predictions [41] and the sensitivity of the model to the input

kinematic data and its muscle force upper bounds [43].

FreeBody represents the lower limb as a linked chain of five rigid segments. The position and

orientation of the pelvis, thigh, calf and foot segments at each moment in time are determined

from the marker data (the position of each segment has 3 degrees of freedom and its

orientation has a further 3 degrees of freedom). The position and orientation of the patella

segment is determined based upon the knee flexion angle [30], using relationships developed

from previous literature [45,46]. The anthropometry of each segment is determined from the

work of de Leva [47]. Given the time history of the position and orientation of each segment

and its anthropometry, the kinematics of each segment is calculated using the method of

Dumas and colleagues [48]. Next, the data of Klein Horsman and colleagues [49] is used to

determine the origins, insertions and lines of actions of 163 muscle elements and 14

ligaments.

Following the above steps the equations of motion governing the movement of the segments

can be determined (Equation 1; Appendix). However, there are more unknown forces (193)

than there are equations (22), and thus this is an indeterminate problem with many possible

11
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solutions. The next step is therefore to pick the most physiologically likely solution. Firstly,

the potential solution set is narrowed by imposing physiologically based constraints then the

most physiologically likely solution is determined by using an optimization procedure

developed [37] from the work of Crowninshield and Brand [50] and Raikova [51] that is

implemented using MATLAB (R2013a, Mathworks, 1 Apple Hill Drive, Natick, MA 01760,

US). The optimization is predicated upon finding the solution that minimises a cost function

based upon maximising muscular endurance (Equation 2; Appendix).

Data processing: For each subject, each landing (BL, UL) and both pre and post tests, the

trial that resulted in the lowest peak GRF was selected for analysis (as this was taken to be

the most successful landing). A 4th order dual low pass Butterworth filter with a cut off

frequency of 6 Hz was used to filter the kinematic and kinetic data. The filtered data was then

processed through FreeBody. The strength capabilities of FreeBody (as represented by the

maximum force that each muscle and ligament was permitted to experience) were scaled to

reflect the participants' strength testing results). Following the example of our previous work,

if the optimization routine employed by FreeBody (fmincon routine in MATLAB) could not

find a feasible solution for a particular frame then we raised the strength upper bound for the

frame until a solution could be found. This was only necessary for a limited number of

frames.

Statistical Analysis

12
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Statistical analysis was performed using IBM SPSS Statistics (version 22, International
Business Machines Corp., New Orchard Road, Armonk, NY 10504, US) and MATLAB
(R2013a, Mathworks, 1 Apple Hill Drive, Natick, MA 01760, US). ANOVA was used to
check for differences in age or anthropometry between the groups at pre-test. An ANCOVA
was used to evaluate the change in strength of the right posterior thigh musculature where
baseline strength was included as a covariate. The alpha level was set at p < 0.05 a priori and

normality was confirmed by Shapiro-Wilk tests.

The output data from the musculoskeletal model was first normalised with regards to time. A
cubic spline was then fitted to each data series and used to interpolate the normalised curves
to obtain values at regular intervals. The mean and the 95% confidence interval (CI) at each
time point was then calculated for each data series. A significant difference between curves

was determined when there was no overlap between the confidence intervals.

Results

During the intervention the strength of the IG increased by 35% (p = 0.001; pre: 133+£36 N,
post: 180+39 N). There was no change in the strength of the CG (pre: 152+£36 N, post:

157446 N). The participants attended 94% of the planned sessions.

13



216  Figure 2. Strength testing results (error bars indicate the standard deviation). T indicates a

217  significant difference between the pre and post test scores of the intervention group (p =

218 0.001).
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220  Both CG and IG exhibited an increased use of the gluteal musculature from pre to post test

221  (Figure 3). However, the magnitude of the increase was greater for the IG in both BLs and

222 ULs, and there was also little overlap of CIs (whereas for the CG it was considerable). There

223 were no other strong trends in terms of changes in muscle forces from pre to post test (Web

224  Supplementary Material).
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225  Figure 3. Force in the gluteal musculature during bilateral and unilateral landings. The
226  vertical error bars represent the 95% CI for the pre test, whereas the light dotted lines

227  represent the 95% CI for the post test.
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228

229  During the pre test, the peak lateral tibiofemoral joint contact force (lateral TF) was greater
230  than the peak medial tibiofemoral joint contact force (medial TF) for all groups (Figure 4).
231  For the CG, the lateral TF then dropped below the medial TF after the first local peak in GRF
232 during both landings. For the IG BL, the lateral TF dropped below the medial TF after the
233 second local peak in GRF, whereas for the IG UL, the lateral TF was greater than the medial

234 TF throughout the analysed time period. During the post test, the lateral TF fell relative to the

15
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medial TF for all groups, however the magnitude of this change was greater for the IG than

the CG, and greater for the UL than the BL. For the IG, the lateral TF was equal to or lower

than the medial TF throughout the time period for both landings.

Figure 4. Lateral and medial tibiofemoral joint reaction forces during bilateral and unilateral

landings. The vertical error bars represent the 95% CI for the medial tibiofemoral force,

whereas the light dotted lines represent the 95% CI for the lateral tibiofemoral force.

Bilateral Unilateral

Post

-
Control 3

Intervention n

There were only minor differences between the pre and post intervention GRFs for both

landing styles and groups (Web Supplementary Material). There was a trend towards slightly

higher peak GRFs post intervention during the BLs for both groups (approximately 0.3-0.4 x

body weight; BW). In addition, the GRF for the CG UL was marginally lower during the post

test (around 0.2-0.3 x BW for most of the time during the landing period). This study was

largely unable to demonstrate changes in kinematics between the pre and post test, although

both groups showed a trend towards lower hip and knee flexion during BL (Web

Supplementary Material).

16
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Discussion

This study supports the hypothesis that TF patterns would be altered following a strength

intervention and that these changes would be consistent with the kinetic and kinematic

changes that have been previously found to occur after strength training. In particular, we

found changes in gluteal muscle forces, and a lateral to medial shift in TF. In contrast, there

were only small changes in GRF and the kinematics of landing.

A lateral to medial shift in tibiofemoral joint loading

The most novel result in this study is the change in the pattern of TF after the intervention.

Both groups experienced a reduced lateral TF during the post test, however the decrease was

greater in the IG than in the CG. In addition, the IG experienced an increase in the medial TF

at post test, whereas the medial TF remained similar for the CG. Taken together, these data

indicate a lateral to medial shift in knee loading which was of significantly greater magnitude

in the IG. Such a shift is consistent with a reduction in knee valgus, although we were unable

to detect differences in kinematics. Both groups also experienced an increase in gluteal force

post intervention and it has been suggested that increased gluteal force can reduce valgus

loading of the knee. The changes in both groups may be explained by a learning effect of the

tasks in the post test, however, the fact that the IG experienced greater changes in gluteal

force and lateral to medial shift suggests that there was an effect of the intervention. The

results of the present work tend to support the link between gluteal force and the

17
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medial/lateral loading distribution of the tibiofemoral joint. In addition, these results suggest

that strength training can facilitate women in using the gluteal musculature during landing in

a way that possibly exhibits a lower risk of knee joint injuries such as ACL rupture, patella

dislocation and patellofemoral pain.

The fact that a lateral to medial shift in knee loading was found when there was an increased

gluteal force (in both groups) is remarkably consistent with contemporary thinking. For

instance, studies have identified relationships between increased hip strength/activation and

improved neuromuscular alignment and control of the legs [17] and increased gluteus medius

activation and decreased TF [52]. These studies in combination with our results suggest that a

stronger posterior hip musculature can result in greater gluteal force expression, altered

lateral to medial TF distribution and potentially affect valgus loading.

Effect of strength training on landing kinematics and GRF

There were only small differences in landing kinematics pre to post intervention in both

groups (frontal, sagittal and transverse plane), which is similar to another study that could not

demonstrate knee valgus/varus and knee/hip extension/flexion changes following a strength

training programme [20]. In contrast, one other study did show kinematic alterations of

increased hip flexion at initial contact, and peak hip and knee flexion after a basic strength

training programme [21] (it should be noted that the programme employed in that study also

included flexibility and balance training). The majority of prevention studies that found

18
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consistent alterations in kinematics included neuromuscular and feedback training which

were not employed in our study [7,53,54]. The lack of kinematic differences in this study,

despite the changes of internal kinetics, are important and suggest that either strength training

in isolation does not affect kinematics, that kinematics are less sensitive to strength changes

than internal kinetics or that musculoskeletal models of the type employed here are more

sensitive to changes in internal kinetics than kinematics.

As described above, the inability of this study to demonstrate statistically significant

differences in knee varus/valgus is consistent with previous studies that have looked at the

effect of strength training [20,21]. One reason for this may be the fact that optical motion

capture methodologies are less able to discriminate between differences in internal/external

rotation and ab/adduction than between differences in joint flexion and extension due to the

measurement error associated with soft tissue artefact [55]. In contrast, we have previously

shown that the forces predicted by the model employed here are sensitive to small changes in

kinematics (in particular, that they are sensitive to small changes in the internal/external

rotation of the tibia [43]). It is thus entirely credible to suggest that musculoskeletal models

may be more sensitive to changes in internal kinetics than more traditional approaches are to

changes in kinematics. This may have important consequences for future assessment

methods, particularly if ACL and knee injury risks are only assessed through a consideration

of kinematic factors; in particular suggesting that clinical assessment methods should also

incorporate the prediction of internal joint kinetics. The greater sensitivity could be used as

19
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an early indicator to prevent knee injuries and may detect smaller changes following

intervention programmes. Consequently, this new perspective on joint conditions may offer

greater detail in clinical diagnoses.

We were also unable to identify changes in GRF patterns pre and post intervention - this is in

agreement with results of other studies that studied limb strengthening interventions [20,21],

although contrary to a study that also focussed on posterior thigh musculature [56]. Our

findings suggest that either the change in force distribution between the joints altered due to

internal modifications as GRF patterns stayed relatively constant or that the internal forces

are particularly sensitive to small changes in GRF. Studies that found changes in GRF mostly

included feedback or plyometric training, that probably included landing feedback training

[53,54,57]. This might suggest the necessity to incorporate direct feedback of landing

technique if substantive changes in ground force application are a goal for the patient or

athlete.

Role of musculoskeletal modelling in clinical research

As far as we are aware, this is the first study that has used musculoskeletal modelling

technology to assess the results of an exercise intervention. The unique finding of this study

is the change in lateral to medial loading of the tibiofemoral joint following strength training.

This is an observation that is previously unreported, probably due to the fact that other similar

studies have relied upon kinematic measurements. Similarly, we have recently successfully

20
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employed the same musculoskeletal model as in this study to report the effects of an acute

intervention on muscular forces during explosive activity [58]. Taken together, these studies

therefore demonstrate the unique sensitivity and potential for musculoskeletal models to

improve the understanding of problems with clinical relevance. However, to date we have

only used this model to study differences at the cohort level. The employed model

incorporates limited subject-specific detail, and thus is currently unable to be used at a

subject-specific level. Future work should establish the detail that is necessary to produce

such specified results.

Conclusions

In summary, this study demonstrates that a training intervention with a focus on posterior

thigh strength resulted in a greater estimated use of the gluteal musculature during drop

landings. This was commensurate with an altered pattern of joint loading; in particular, there

was a change in force distribution at the tibiofemoral joint with a shift from lateral TF to

medial TF, a change that is consistent with a reduced valgus and an increased hip joint

loading. Potentially, this could reduce abnormal knee loading injuries that are related to

valgus/varus forces such as ligament injuries (i.e. ACL), kneecap dislocation, menisci and

cartilage damage. To our knowledge, this is the first time a change in the medial/lateral

loading of the knee has been observed following a period of strength training. It is

noteworthy that the changes in the internal force loading of the lower limbs were found

despite there being only small concurrent changes in GRF and kinematics. This suggests that
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the joint loading may be more sensitive to changes in strength than kinematic measures, and

that clinicians should be mindful when relying solely on kinematic measures.

Competing interests

The authors declare that they have no competing interests.

Contributorship

MC, JG and DC conceived of and designed the study. JG and AB created and validated the

strength test used in the study. DC and AB created and tested the musculoskeletal model

used in the study. MC collected the data and supervised the intervention. MC and DC

analysed the data and wrote the first draft of the paper. All authors were involved in the

interpretation of the data, in redrafting the manuscript and in approving the final version.

Acknowledgements

None.

Funding info

No funding was received for this study.

Ethical approval information

22



371

372

373

374

375

376

377
378
379
380

381
382

383
384

385
386

387
388

389
390
391

392
393
394

395
396
397

398
399
400

401
402
403

Ethical approval for this study was gained from St Mary’s University Ethics Committee.

Written informed consent was obtained from all participants.

Data sharing statement

No unpublished additional data is available from this study.

References

10

Myer GD, Ford KR, Di Stasi SL, et al. High knee abduction moments are common risk
factors for patellofemoral pain (PFP) and anterior cruciate ligament (ACL) injury in girls:
is PFP itself a predictor for subsequent ACL injury? Br J Sports Med 2014;:bjsports—
2013.

Myer GD, Ford KR, Hewett TE. Rationale and clinical techniques for anterior cruciate
ligament injury prevention among female athletes. J Athl Train 2004;39:352.

Fithian DC, Paxton EW, Stone ML, et al. Epidemiology and natural history of acute
patellar dislocation. Am J Sports Med 2004;32:1114—1121.

Fulkerson JP. The etiology of patellofemoral pain in young, active patients: a prospective
study. Clin Orthop 1983;179:129-133.

Otsuki R, Kuramochi R, Fukubayashi T. Effect of injury prevention training on knee
mechanics in female adolescents during puberty. Int J Sports Phys Ther 2014;9:149-56.

Pollard CD, Sigward SM, Ota S, et al. The influence of in-season injury prevention
training on lower-extremity kinematics during landing in female soccer players. Clin J
Sport Med Off J Can Acad Sport Med 2006;16:223-7.

Chappell JD, Limpisvasti O. Effect of a neuromuscular training program on the kinetics
and kinematics of jumping tasks. Am J Sports Med 2008;36:1081-6.
doi:10.1177/0363546508314425

Michaelidis M, Koumantakis GA. Effects of knee injury primary prevention programs on
anterior cruciate ligament injury rates in female athletes in different sports: A systematic
review. Phys Ther Sport 2014;15:200-10. doi:10.1016/j.ptsp.2013.12.002

Sadoghi P, von Keudell A, Vavken P. Effectiveness of anterior cruciate ligament injury
prevention training programs. J Bone Joint Surg Am 2012;94:769-76.
doi:10.2106/JBJS.K.00467

Mpyklebust G, Engebretsen L, Braekken [H, et al. Prevention of anterior cruciate ligament

injuries in female team handball players: a prospective intervention study over three
seasons. Clin J Sport Med Off J Can Acad Sport Med 2003;13:71-8.

23



404
405
406

407
408
409

410
411
412

413
414
415

416
417
418

419
420
421

422
423
424
425

426
427
428

429
430

431
432
433
434

435
436
437

438
439
440

441
442

12

14

16

17

19

20

21

22

23

Gagnier JJ, Morgenstern H, Chess L. Interventions Designed to Prevent Anterior Cruciate
Ligament Injuries in Adolescents and Adults A Systematic Review and Meta-analysis.
Am J Sports Med 2013;41:1952—-62. doi:10.1177/0363546512458227

Hékkinen K, Pakarinen A, Kallinen M. Neuromuscular adaptations and serum hormones
in women during short-term intensive strength training. Eur J App! Physiol 1992;64:106—
11. doi:10.1007/BF00717946

Herrington L, Myer G, Horsley I. Task based rehabilitation protocol for elite athletes
following Anterior Cruciate ligament reconstruction: a clinical commentary. Phys Ther
Sport 2013;14:188-98. doi:10.1016/j.ptsp.2013.08.001

Myer GD, Ford KR, Barber Foss KD, et al. The relationship of hamstrings and
quadriceps strength to anterior cruciate ligament injury in female athletes. Clin J Sport
Med Off J Can Acad Sport Med 2009;19:3—-8. doi:10.1097/JSM.0b013e318190bddb

Ambegaonkar JP, Shultz SJ, Perrin DH, et al. Lower Body Stiffness and Muscle Activity
Differences Between Female Dancers and Basketball Players During Drop Jumps. Sports
Health 2011;3:89-96. doi:10.1177/1941738110385998

Hollman JH, Ginos BE, Kozuchowski J, et al. Relationships between knee valgus, hip-
muscle strength, and hip-muscle recruitment during a single-limb step-down. J Sport
Rehabil 2009;18:104—17.

Khayambashi K, Mohammadkhani Z, Ghaznavi K, et al. The effects of isolated hip
abductor and external rotator muscle strengthening on pain, health status, and hip strength

in females with patellofemoral pain: a randomized controlled trial. J Orthop Sports Phys
Ther 2012;42:22-9. doi:10.2519/jospt.2012.3704

Willson JD, Kernozek TW, Arndt RL, et al. Gluteal muscle activation during running in
females with and without patellofemoral pain syndrome. Clin Biomech 2011;26:735-40.
doi:10.1016/j.clinbiomech.2011.02.012

Colvin AC, West RV. Patellar Instability. J Bone Jt Surg 2008;90:2751-62.
doi:10.2106/JBJS.H.00211

Herman DC, Weinhold PS, Guskiewicz KM, et al. The Effects of Strength Training on
the Lower Extremity Biomechanics of Female Recreational Athletes During a Stop-Jump
Task. Am J Sports Med Published Online First: 22 January 2008.
doi:10.1177/0363546507311602

Lephart S, Abt J, Ferris C, et al. Neuromuscular and biomechanical characteristic
changes in high school athletes: a plyometric versus basic resistance program. Br J Sports
Med 2005;39:932-8. doi:10.1136/bjsm.2005.019083

Cleather DJ, Bull AMJ. The development of lower limb musculoskeletal models with
clinical relevance is dependent upon the fidelity of the mathematical description of the
lower limb. Part 1: equations of motion. Proc Inst Mech Eng [H] 2012;226:120-132.

Cleather DJ, Bull AMJ. The development of lower limb musculoskeletal models with
clinical relevance is dependent upon the fidelity of the mathematical description of the

24



443
444

445
446

447
4438
449

450
451

452
453

454
455

456
457

458
459

460
461
462

463
464
465

466
467

468
469

470
471

472
473

474
475
476
477

24

25

26

27

28

29

30

31

32

33

34

35

36

37

lower limb. Part 2: patient-specific geometry. Proc Inst Mech Eng [H] 2012;226:133-45.
doi:10.1177/0954411911432105

Cleather DJ, Goodwin JE, Bull AMJ. Hip and knee joint loading during vertical jumping
and push jerking. Clin Biomech 2013;28:98-103. doi:10.1016/j.clinbiomech.2012.10.006

Kernozek TW, Ragan RJ. Estimation of anterior cruciate ligament tension from inverse
dynamics data and electromyography in females during drop landing. Clin Biomech
2008;23:1279-86.

Laughlin WA, Weinhandl JT, Kernozek TW, et al. The effects of single-leg landing
technique on ACL loading. J Biomech 2011;44:1845-51. doi:16/j.jbiomech.2011.04.010

Pflum MA, Shelburne KB, Torry MR, et al. Model prediction of anterior cruciate
ligament force during drop-landings. Med Sci Sports Exerc 2004;36:1949-58.

Simpson KJ, Kanter L. Jump distance of dance landings influencing internal joint forces:
1. Axial forces. Med Sci Sports Exerc 1997;29:916-27.

Cleather DJ, Bull AMJ. Knee and hip joint forces: Sensitivity to the degrees of freedom
classification at the knee. Proc Inst Mech Eng [H] 2011;225:621-6.

Cleather DJ, Bull AMJ. The development of a segment-based musculoskeletal model of
the lower limb: introducing FreeBody. R Soc Open Sci 2015;2:140449.

Herrington L, Munro A, Comfort P. A preliminary study into the effect of jumping—
landing training and strength training on frontal plane projection angle. Man Ther
2015;20:680-685.

Van Sint Jan S. Skeletal landmark definitions: Guidelines for accurate and reproducible
palpation. University of Brussels, Department of Anatomy: Belgium
(www.ulb.ac.be/~anatemb): 2005.

Van Sint Jan S, Croce UD. Identifying the location of human skeletal landmarks: Why
standardized definitions are necessary - a proposal. Clin Biomech 2005;20:659—-60.

Goodwin JE, Bull AMJ. Reliability of isometric hip extensor torque assessment. BASES
Conference 2014. J Sport Sci 2014;32:523.

Decker MJ, Torry MR, Wyland DJ, ef al. Gender differences in lower extremity
kinematics, kinetics and energy absorption during landing. Clin Biomech 2003;18:662-9.

Shultz SJ, Nguyen A-D, Leonard MD, et al. Thigh strength and activation as predictors
of knee biomechanics during a drop jump task. Med Sci Sports Exerc 2009;41:857.

Cleather DJ, Bull AMJ. An Optimization-Based Simultaneous Approach to the
Determination of Muscular, Ligamentous, and Joint Contact Forces Provides Insight into
Musculoligamentous Interaction. Ann Biomed Eng 2011;39:1925-34.
doi:10.1007/s10439-011-0303-8

25



478
479
480

481
482
483

484
485
486

487
488
489

490
491

492
493
494

495
496
497
498

499
500

501
502
503

504
505

506
507
508

509
510
511

512
513

514
515
516

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Cleather DJ, Bull AMJ. Lower-extremity musculoskeletal geometry affects the
calculation of patellofemoral forces in vertical jumping and weightlifting. Proc Inst Mech
Eng [H] 2010;224:1073-83.

Cleather DJ, Goodwin JE, Bull AMJ. An Optimization Approach to Inverse Dynamics
Provides Insight as to the Function of the Biarticular Muscles During Vertical Jumping.
Ann Biomed Eng 2011;39:147-60. doi:10.1007/s10439-010-0161-9

Cleather DJ, Goodwin JE, Bull AMIJ. Erratum to: An Optimization Approach to Inverse
Dynamics Provides Insight as to the Function of the Biarticular Muscles During Vertical
Jumping. Ann Biomed Eng 2011;39:2476-8. d0i:10.1007/s10439-011-0340-3

Ding Z, Nolte D, Kit Tsang C, ef al. In Vivo Knee Contact Force Prediction Using
Patient-Specific Musculoskeletal Geometry in a Segment-Based Computational Model. J
Biomech Eng 2016;138:021018-021018. doi:10.1115/1.4032412

Price PDB, Gissane C, Cleather DJ. The evaluation of the FreeBody lower limb model
during activities of daily living. 2016. doi:10.13140/RG.2.2.29146.34241

Southgate DF, Cleather DJ, Weinert-Aplin RA, et al. The sensitivity of a lower limb
model to axial rotation offsets and muscle bounds at the knee. Proc Inst Mech Eng [H]
2012;226:660-9. doi:10.1177/0954411912439284

Price PD, Gissane C, Cleather DJ. Reliability and minimal detectable change values for
predictions of knee forces during gait and stair ascent derived from the FreeBody
musculoskeletal model of the lower limb. Front Bioeng Biotechnol 2017;5.
doi:10.3389/fbioe.2017.00074

Nha KW, Papannagari R, Gill TJ, et al. In vivo patellar tracking: Clinical motions and
patellofemoral indices. J Orthop Res 2008;26:1067—74. doi:10.1002/jor.20554

Kobayashi K, Sakamoto M, Hosseini A, et al. In-vivo patellar tendon kinematics during
weight-bearing deep knee flexion. J Orthop Res 2012;30:1596—-1603.
doi:10.1002/jor.22126

de Leva P. Adjustments to Zatsiorsky - Seluyanov’s segment inertia parameters. .J
Biomech 1996;29:1223-30.

Dumas R, Aissaoui R, de Guise JA. A 3D generic inverse dynamic method using wrench
notation and quaternion algebra. Comput Methods Biomech Biomed Engin 2004;7:159—
66.

Klein Horsman MD, Koopman HFJM, van der Helm FCT, et al. Morphological muscle
and joint parameters for musculoskeletal modelling of the lower extremity. Clin Biomech
2007;22:239-47. doi:10.1016/j.clinbiomech.2006.10.003

Crowninshield RD, Brand RA. A physiologically based criterion of muscle force
prediction in locomotion. J Biomech 1981;14:793-801.

Raikova RT. Investigation of the influence of the elbow joint reaction on the predicted

muscle forces using different optimization functions. J Musculoskelet Res 2009;12:31—
43,

26



517
518

519
520
521

522
523
524

525
526
527

528
529
530

531
532
533

534
535
536

537

538
539

52

53

54

55

56

57

58

DeMers MS, Pal S, Delp SL. Changes in tibiofemoral forces due to variations in muscle
activity during walking. J Orthop Res 2014;32:769-76. doi:10.1002/jor.22601

Herman DC, Onate JA, Weinhold PS, et al. The Effects of Feedback With and Without
Strength Training on Lower Extremity Biomechanics. Am J Sports Med Published Online
First: 19 March 2009. doi:10.1177/0363546509332253

Onate JA, Guskiewicz KM, Marshall SW, et al. Instruction of Jump-Landing Technique
Using Videotape Feedback Altering Lower Extremity Motion Patterns. Am J Sports Med
2005;33:831-42. doi:10.1177/0363546504271499

Leardini A, Chiari L, Croce UD, et al. Human movement analysis using
stereophotogrammetry: Part 3: Soft tissue artifact assessment and compensation. Gait
Posture 2005;21:212-25.

Salci Y. Effects of eccentric hamstring training on lower extremity strength and landing
kinetics in female recreational athletes.
2008.http://etd.lib.metu.edu.tr/upload/12609693/index.pdf (accessed 19 Sep 2014).

Irmischer BS, Harris C, Pfeiffer RP, et al. Effects of a knee ligament injury prevention
exercise program on impact forces in women. J Strength Cond Res Natl Strength Cond
Assoc 2004;18:703—7. doi:10.1519/R-13473.1

Parr M, Price PD, Cleather DJ. Effect of a gluteal activation warm-up on explosive

exercise performance. BMJ Open Sport Exerc Med 2017;3:¢000245.
doi:10.1136/bmjsem-2017-000245

27



A1 A1

P1i Pm

) ~2

pP1 Pm

A3 ~3

1 Pm
A1 Al A1 Al
Ty X Ppp Tm X Pm
A2 D A2 A2
i XPp1 Ty X Dy
23 o, A3 23 o, 53
T XPp1 Ty X Py

~pat ~pat
pr - P

. M Fj
mlnFi, L]] - Zi:l( -

where:

17/01/2018

Fmax;

Bpe

Phe

8
f;: X ﬁ;lzt
f";?t X ﬁzz;t
f"pgt X ﬁSt

Apat
ppt

)3 + Z?]=1 ( “

Lmax;

ai
at
ai

al o A1
S1 X q1
A2 ~2
ST X4y
23 « A3
ST X4y

an
an
aN

el o Al

SN X dqn

82 o A2

SN X qyn

sy X 4y
Esxn

E1><N

)

_13><3
13><3
E3><3

E3X3
d2
E3><3

E3><3

E1><3

E3X3
_13><3
13X3

Eéx3

_h%
di

E3X3

E1><3

E3><3
_13><3
I3X3

E;3><3
_h%

d3
E3X3

E1X3

E3><3 E3X3
E3><3 E3X3
_13><3 I3><3
E3><3 E3><3
E3><3 E3.>,<3
E3x3 f3
E3><3 _I3><3

E1><3 E1><3 /

mt(a' - §) - S°
m*(@ - 9)
m*(@ - 9)
met X (@' = §) + V@' + @1 X Vi3t — d' x $° — M°
m2e? x (@% = §) + Yi3? + 2 X Yi3?

m3e3 X (@3 — §) + Y §® + ¢° X Y3 9°

E3><1

Equation 1

Equation 2




17/01/2018

linear acceleration of the centre of mass of segment &

vector from centre of rotation of joint at proximal end of segment & to centre of mass of segment &
vector from centre of rotation of joint at proximal end of segment & to centre of rotation joint at distal end of segment k&
skew-symmetric matrix of vector d¥

skew-symmetric matrix of vector from centre of rotation of hip to tibiofemoral joint contact /

3x3 matrix of zeros

skew-symmetric matrix of vector from centre of rotation of hip to contact point of patella with the femur
magnitude of force in muscle i

maximum possible force in muscle i (upper bound)

acceleration due to gravity

skew-symmetric matrix of vector from centre of rotation of knee to tibiofemoral joint contact /

muscle number

3x3 identity matrix

ligament number

cost function

29



Lmaxj

X 3

=

=

pat

17/01/2018

segment number

magnitude of force in ligament j

maximum possible force in ligament j (upper bound)

mass of segment k

total number of muscles

total number of ligaments

unit vector representing the line of action of force created by muscle i that acts on segment k (zero if muscle does not insert
on segment k)

patella

patellar tendon

unit vector representing the line of action of force created by ligament j that acts on segment & (zero if ligament does not
insert on segment k)

vector from centre of rotation of joint at proximal end of segment & to point of action of muscle i on segment k (zero if
muscle does not insert on segment k)

vector representing x, y and z components of reaction force acting at proximal end of segment &
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vector representing x, y and z components of reaction force / acting at proximal end of segment k&

vector from centre of rotation of joint at proximal end of segment & to point of action of ligament j on segment k (zero if
ligament does not insert on segment k)

inter-segmental force acting on proximal end of segment &

inter-segmental moment acting on proximal end of segment &

inertia tensor of segment k&

ratio of patella to quadriceps tendon forces for muscle i (zero if the muscle is not part of the quadriceps muscle group)
angular velocity of segment k&

angular acceleration of segment k&
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