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    Abstract



Background Patellofemoral pain syndrome (PFPS) is the most common overuse injury in runners. Recent research suggests that hip mechanics play a role in the development of this syndrome. Currently, there are no treatments that directly address the atypical mechanics associated with this injury.





Objective The purpose of this study was to determine whether gait retraining using real-time feedback improves hip mechanics and reduces pain in subjects with PFPS.





Methods Ten runners with PFPS participated in this study. Real-time kinematic feedback of hip adduction (HADD) during stance was provided to the subjects as they ran on a treadmill. Subjects completed a total of eight training sessions. Feedback was gradually removed over the last four sessions. Variables of interest included peak HADD, hip internal rotation (HIR), contralateral pelvic drop, as well as pain on a verbal analogue scale and the lower-extremity function index. We also assessed HADD, HIR and contralateral pelvic drop during a single leg squat. Comparisons of variables of interest were made between the initial, final and 1-month follow-up visit.





Results Following the gait retraining, there was a significant reduction in HADD and contralateral pelvic drop while running. Although not statistically significant, HIR decreased by 23% following gait retraining. The 18% reduction in HADD during a single leg squat was very close to significant. There were also significant improvements in pain and function. Subjects were able to maintain their improvements in running mechanics, pain and function at a 1-month follow-up. An unexpected benefit of the retraining was an 18% and 20% reduction in instantaneous and average vertical load rates, respectively.





Conclusions Gait retraining in individuals with PFPS resulted in a significant improvement of hip mechanics that was associated with a reduction in pain and improvements in function. These results suggest that interventions for PFPS should focus on addressing the underlying mechanics associated with this injury. The reduction in vertical load rates may be protective for the knee and reduce the risk for other running-related injuries.
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Introduction

Running is one of the most popular forms of exercise in the USA. Annually, 50–85% of runners will sustain an injury.1 2 Of these injures, patellofemoral pain syndrome (PFPS) is the most commonly reported.3 PFPS often becomes chronic, with up to 91% of individuals reporting continued knee pain 4–18 years after being initially diagnosed.4 In addition, recent research suggests that having a history of PFPS increases the risk of later developing patellofemoral osteoarthritis (OA).5

The aetiology of PFPS is multifactorial in nature. Most investigators agree that PFPS is related, in part, to faulty lower-extremity mechanics. In particular, there is growing scientific support for the relationship between hip mechanics and patellofemoral joint mechanics. In an early cadaveric study, Huberti et al reported that increasing the Q-angle (which would be associated with increased hip adduction (HADD)) resulted in greater contact pressure on the lateral aspect of the patella.6 In a more recent cadaveric study, Li et al demonstrated that increasing femoral internal rotation resulted in greater lateral patellar contact pressure.7 Over time, the repetitive exposure to these motions may damage the cartilage and lead to greater stress on the highly innervated subchondral bone.8 9

There is also emerging evidence that altered hip kinematics during dynamic activities are present in individuals with PFPS. For example, a recent study has found greater peak hip internal rotation (HIR) during running in individuals with PFPS.10 In addition, Willson et al reported that individuals with PFPS run, jump and squat with greater HADD compared with healthy controls.11 They also found greater contralateral pelvic drop across activities.11 Finally, a recent prospective study has found that runners who developed PFPS had greater HADD compared with their healthy counterparts.12

Several investigators have examined the effect of hip abductor and external rotation strengthening on PFPS.13 14 While they have reported improvements in hip strength and reductions in knee pain, most have lacked any follow-up beyond the completion of the treatment. However, in a study by Blønd et al, it was reported that 80% of individuals who had engaged in a strengthening programme continued to have pain 5 years later. In addition, 74% had to reduce their physical activity as a result of pain.15 This suggests that the underlying mechanics were not addressed directly.

There is increasing evidence that individuals can successfully alter their gait mechanics using real-time feedback.16,–,18 19 As an example, White et al studied a group of individuals with a unilateral hip replacement and associated reduced loading on their involved side.16 After 8 weeks of gait retraining using real-time force feedback from an instrumented treadmill, the subjects were able to significantly improve their loading symmetry. These results suggest that the retraining of motor patterns may be a promising approach to reducing PFPS.

The ultimate goal of gait retraining is to promote learning of new gait patterns. Indications of learning include the retention of new motor skills, as well as their transfer to another unpractised activity.20 Addressing the issue of retention, both Crowell et al (2009) and Barrios et al (2008) reported that gait changes induced using real-time biomechanical feedback were retained at a 1-month follow-up.18 19 However, neither of these studies examined the transfer of the new motor skills to other activities.

In summary, altered hip mechanics have been shown to be related to PFPS. Studies have provided support that individuals can learn to alter their gait mechanics using real-time feedback. However, these techniques have not been applied to runners with PFPS. Therefore, the purpose of this study was to determine the effect of gait retraining using real-time kinematic feedback on hip mechanics for individuals with PFPS. We hypothesised that peak HADD, HIR and contralateral pelvic drop would be reduced following the retraining. We also expected an associated reduction in pain and improvement in function following retraining. We expected all changes to persist at the 1-month follow-up. Finally, we hypothesised that the improvements in hip mechanics seen in running would also transfer to a single leg squat. This activity was chosen because the movement is similar to that which occurs during the first half of stance in running.



Methods

Based on the variability of preliminary data collected in our lab and an a priori power analysis with α=0.05 and β=0.20, we trained 10 subjects in the current study. Male and female recreational runners, between the ages of 18 and 45 years old, were solicited through advertisements and local races. They had to report anterior knee pain during running that had persisted for at least 2 months and were unrelated to overt trauma. Participants had to be running at least three times per week, for a minimum total of 6 miles per week. They also had to currently be free from any cardiovascular condition, any injury other than knee pain and any impairment that could influence their gait. Lastly, subjects could not be receiving any other concurrent treatment for the duration of the study. Prior to inclusion, all subjects provided informed consent according to the institutional review board.

Subjects were evaluated by a licensed physical therapist to determine if they had PFPS. PFPS was operationally defined as pain that was located around or beneath the patella that was rated at least 4 out of 10 on a visual analogue scale during running. In addition, pain had to be reproduced with retro-patellar palpation or patellar compression.

Each potential subject's running mechanics were then assessed to determine if they qualified for the study. First, a video screening during treadmill running was conducted. Subjects who visually appeared to exhibit excessive HADD, indicated by an observable pelvic drop and knees that were nearly touching each other in midsupport, were invited for an instrumented gait analysis. Anatomical markers were placed over the most superior aspect of the iliac crests, the most prominent point of the greater trochanters, the distal aspect of the femoral condyles, the most proximal points of the tibial plateaus, the malleoli, the first and fifth metatarsal heads, and the distal aspect of the shoe. Tracking markers were placed on the bilateral anterior superior iliac spines, L5–S1 and on top of the second metatarsal head. In addition, three markers were placed on the rearfoot of the shoe. Lastly, a rigid clusters of four tracking markers were placed on the distal, posterolateral thigh and distal shank. The positions of the anatomical markers were recorded using a marker placement device.21 These measurements were then used to place the anatomical markers for each subsequent data collection. Use of this device significantly improves the day-to-day reliability of kinematic data, resulting in intraclass correlation values of 0.9 or greater for the hip variables of interest.21 Following the standing calibration trial, a hip motion trial was performed to establish the hip joint centre.22 The anatomical markers were then removed, leaving only the tracking markers for the subsequent collections.

The baseline dynamic motion trials were then collected. Data were first collected as the subject performed five single leg squats to approximately 60°. Then, following a 3 min warm-up on an instrumented treadmill (AMTI, Watertown, Massachusetts), subjects ran for 2 min at 3.35 m/s and 10 trials were recorded. The three-dimensional trajectories were captured at 200 Hz with an eight camera, Vicon motion analysis system (Vicon, Oxford). Force data were collected at 1000 Hz for the primary purpose of identifying stance. A 30 min run then followed to determined baseline pain levels. Subjects reported their pain every 5 min on the verbal analogue scale. If their pain exceeded 7 out of 10 during this run, the test was stopped and the run time recorded.

The data were then processed using Visual 3D (Visual 3D Germantown, Maryland). Joint kinematics were calculated for each stance phase during treadmill running using an X-Y-Z Cardan angle rotation sequence. The variables of interest included peak HADD, HIR and contralateral pelvic drop. Peak values were extracted from 10 individual curves and averaged across subjects. These curves were then time-normalised to create ensemble curves for each variable. Subjects whose HADD during running was excessive (>1 SD above the mean of a database of healthy recreational runners) were invited to participate in the retraining. Joint kinematics for the single leg squat were analysed between 0° and 45° of knee flexion. The single leg squat data were then processed in the same manner as the running data.

The baseline Lower Extremity Functional Index (LEFI) was then completed. This scale involves rating pain during a variety of activities of daily living including squatting, walking and running and has been found to be valid and reliable for patients with PFPS.23



Gait retraining sessions

Subjects then began the retraining sessions. In the presence of bilateral knee pain, the leg with the greatest HADD was the focus of the gait retraining. At the beginning of each visit, markers were placed on the subject as previously described using the marker placement device. During the first visit, subjects were oriented to the real-time system. Their HADD angle was provided in real time on the monitor placed in front of them using Visual 3D Professional (Visual 3D, Germantown, Maryland). After some practice with observing the changes in their hip angle on the monitor as they altered their hip alignment, they began the feedback training. As they ran, the stance phase of their HADD graph was provided in real time on the monitor placed in front of them. They were instructed to keep their hip angle within the shaded region representing ±1 SD of normal HADD (figure 1). They were directed to contract their gluteal muscles and attempt to run with their knee pointing straight ahead, while maintaining a level pelvis.
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Figure 1 Screen images seen by subjects undergoing real-time gait retraining. The grey region represents the mean (±1 SD) of a previously collected normal group. The subject was instructed to lower their curve to match the shaded region.




A faded feedback design was used in order to facilitate acquisition and internalisation of the new gait pattern, thereby improving its persistence.24 Run time was progressively increased from 15 to 30 min over the eight sessions (four visits/week for 2 weeks) (figure 2). Visual feedback was provided continually for the first four sessions. Feedback was then gradually removed over the last four sessions in an equal distribution between the beginning, middle and end of the retraining session. Subjects were instructed not to run outside the training sessions.
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Figure 2 Gait retraining schedule. Runtime is gradually increased from 10 min to 30 min. During the first four sessions, the subject receives continuous feedback. Over the last four sessions, feedback is gradually removed.




Following the eight training sessions, another instrumented gait assessment was conducted. Markers were placed using marker positions previously recorded with the marker placement device. Pain during a 30 min run was again recorded. The LEFI was also administered. Subjects then were encouraged to gradually increase their running over the next month to their desired mileage. Subjects returned for a 1-month follow-up assessment of gait, 30 min run pain and LEFI, as described previously.

A repeated-measures analysis of variance was used to compare hip mechanics, pain and function at baseline, post- training and following the 1-month follow-up. Significant results were explored using post-hoc, two-tailed, pairwise comparisons (α <0.05). All statistical testing were performed using SPSS (SPSS, Chicago, Illinois). While hip kinematics were the focus of this investigation, ground reaction forces were collected concurrently as subjects ran on the instrumented treadmill. Impact loading variables have been shown to be related to other running-related injuries such as tibial stress fractures, plantar fasciitis and knee OA.25,–,27 Therefore, in a post-hoc analysis, changes in vertical impact peak (VIP) and average (VALR) and instantaneous (VILR) load rates were assessed as described in Milner et al25 Effect sizes and percentage differences between baseline and post-training were computed for these variables.



Results

One hundred and seventy subjects were initially evaluated to determine the presence of PFPS. Of these, 85 underwent the video screening. Of the 85, 19 underwent the instrumented gait analysis, and 11 qualified. Of these, 10 agreed to participate. All 10 subjects who qualified were female. The subjects' demographic information is presented in table 1. These subjects had experienced PFPS for an average of 75 months (3–264 months). All data were normally distributed as indicated by the Shapiro–Wilk test.
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Table 1 Mean demographic data for the 10 subjects who participated in the study




During running, there was a reduction in peak HADD, as well as an overall reduction throughout stance, following the retraining (table 2, figure 3). HIR was also reduced throughout stance. Although not a significant reduction, peak HIR was reduced by 2° and associated with a medium effect size (0.50). A significant reduction in contralateral pelvic drop was also found (figure 4). The reductions in both HADD and contralateral pelvic drop persisted at the 1-month follow-up (figures 3, 4). This was not true for HIR, which was increased slightly (0.8°) at the 1-month follow-up (figure 5).
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Figure 3 Mean pattern of hip adduction during running at baseline (pre), following gait retraining (post) and at the 1-month follow-up. Hip adduction is positive.
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Figure 4 Mean contralateral hip drop during running at baseline (pre), following gait retraining (post) and at the 1-month follow-up. Contralateral hip drop is negative.
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Figure 5 Mean pattern hip internal rotation during running at baseline (pre), following gait retraining (post) and at the 1-month follow-up. Hip internal rotation is positive.
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Table 2 Hip kinematic variables during running*




In the single leg squat, peak HADD was reduced by 3° (p=0.055) and was associated with a moderate effect size (0.44) (table 3). However, there was no overall change in HIR and pelvic drop during the squat.
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Table 3 Hip kinematic variables during squatting*




Pain was reduced by 86% at the end of gait retraining and the LEFI improved by 11 points (table 4). These findings persisted at the 1-month follow-up. In addition, all subjects reported running at least at their baseline training volume by the 1-month follow-up. Lastly, all subject were running pain-free at the 1-month follow-up.
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Table 4 Comparison of pain and Lower Extremity Functional Index*




All impact-loading variables were reduced and associated with moderate to large effect sizes (table 5). VALR and VILR were reduced by 18 and 20% respectively.
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Table 5 Comparison of vertical impact loading variables during running






Discussion

The purpose of this paper was to determine whether gait retraining, using real-time kinematic feedback, improves hip mechanics, pain and function in runners with PFPS. In addition, we were interested in whether learning had occurred by assessing the persistence of these changes and their transfer to another activity. We found significant reductions in HADD, contralateral pelvic drop, pain and the LEFI after completion of the treatment. These changes were maintained at the 1-month follow-up and partially transferred to the single leg squat.

Subjects reduced their HADD during running by 5.0° or 23% following gait retraining (figure 3). According to Huberti, this reduction should decrease compression on the lateral aspect of the patella.6 These compressive loads have been reported to overload the subchondral bone and result in pain.9 28 29 It is therefore very plausible that the large reduction in pain seen in this study was related to the altered loading of the patellofemoral joint as a result of reduced HADD.

While not provided as feedback, HIR and pelvic drop were also reduced following the retraining. The 23% reduction in HIR was likely due to its coupled motion with HADD. As with HADD, a reduction in HIR has been shown to increase the load on the lateral patellar facet.7 The reduction in HIR was less consistent across subjects and thus was not statistically significant. However, it was associated with a moderate effect size (0.50) and may have contributed to the reduction in pain experienced by some of these subjects. The significant reduction observed in contralateral pelvic drop may lead to a reduction in tension on the iliotibial band on the stance leg. This, in turn, may reduce the tension in its attachment to the lateral patella, thereby allowing the patella to track more normally.30 31 Reductions in these combined motions likely contributed to the reduction in pain noted.

Results of this study suggest that learning had occurred. Reductions in HADD and pelvic drop during running were maintained at the 1-month follow-up. These results are very significant, as they suggest that the underlying mechanics associated with PFPS have been changed, reducing the risk for recurrence. However, longer-term studies are needed to determine whether these changes persist beyond a 1-month period. Another indicator of learning is the transfer of the new mechanics to another, unpractised skill.36 Based on our results, subjects did reduce their HADD by 2.1° (or 18%) during the single leg squat. These changes were seen in the absence of any instruction or feedback during this activity. There was, however, no reduction in either HIR or contralateral pelvic drop. Therefore, the transfer of the new hip mechanics to the single leg squat was greatest for the variable that was provided as feedback for running.

Most importantly, gait retraining resulted in a significant reduction in pain, as well as improvement in function. On average, a 86% reduction in pain was seen. This is remarkable given the chronic nature of the pain (average 75 months, range 3–264 months) these subjects experienced. This pain reduction was greater than most previously published reports, which ranged between 33% and 72%.13 14 32 33 Additionally, the 2-week training period was shorter than other interventions. The subjects' improvement in the LEFI score surpassed the nine point change that has been deemed clinically significant.23 This would suggest that improvements in the mechanics of running carried over to improvements in other activities of daily living.

The improvements in pain and function were also maintained. At the 1-month follow-up, all subjects reported 0/10 pain during a 30 min run, or a 100% reduction from baseline. By comparison, two recent review articles suggest that the long-term success of many conservative interventions is mixed.32 34 Blønd et al reported that at a 5-year follow-up after a strengthening programme, subjects were still limiting their physical activity (including running) because of chronic pain.15 Retraining studies with significantly longer follow-up periods are needed to determine if this novel intervention is more successful than standard treatments for PFPS.

An unexpected benefit of the retraining was the reduction in the impact loading that has been associated with other types of injuries. Milner et al has shown an association of increased VIPs and vertical load rates with tibial stress fractures associated with running.25 In a more recent study, Pohl et al reported a similar association of impact peaks and loading rates with running-related plantar fasciitis.26 In terms of knee pathology, Mündermann et al reported excessive lower-extremity joint axial load rates during walking in individuals with knee OA.27 While the impact loading, on average, was not excessive in the current study, there were individuals with excessive impact peaks and/or loading rates. The association between these impact loads and PFPS deserves further study. However, at a minimum, reducing impacts in these individuals may be protective from the development of other lower-extremity injuries.

Although the study was open to both males and females, it is interesting to note that only females qualified for the study following the screening. This suggests that females with PFPS have a greater tendency to exhibit excessive HADD and that males with PFPS may present with a different associated movement pattern. Indeed, Dierks et al (2008) recently found a subgroup of males with PFPS who exhibited greater hip abduction than controls.35 Therefore, further study of gender differences in the mechanics of individuals with PFPS is warranted.

This study is not without limitations. First, the intervention required motion analysis equipment and, thus, cannot be readily generalised to most clinics. Future studies will consider possible ways in which gait retraining could be performed in the clinic. Second, we are able to only infer possible changes at the patellofemoral joint from the observed changes at the hip. Imaging studies of three-dimensional patellofemoral joint mechanics during running are needed to provide this direct information. Third, while this initial study suggests a beneficial effect of gait retraining, a larger-scale, randomised control trial with a longer follow-up is needed to further substantiate these findings.



Conclusions

Gait retraining in subjects with PFPS resulted in significant reductions in pain and improvements in function. This suggests that addressing the underlying mechanics associated with this injury will reduce pain. These changes persisted at the 1-month follow-up and transferred over to a different, unpractised skill, suggesting that learning did occur. Finally, improving hip mechanics through gait retraining may have an added benefit of reducing impact loading.


What is already known on this topic

	▶ Excessive hip adduction and internal rotation play a role in the development of patellofemoral pain syndrome (PFPS) in female runners.






What this study adds

	▶ We found that real-time gait retraining in subjects with PFPS resulted in improved hip mechanics, a significant reduction in pain and improvement in function. Gait retraining for individuals who exhibit poor running mechanics should be considered when designing an intervention.






References
	↵	Bovens  AM, 
	Janssen  GM, 
	Vermeer  HG, 
	et al

. Occurrence of running injuries in adults following a supervised training program. Int J Sports Med 1989;10(Suppl 3):S186–90.
OpenUrlCrossRefPubMedWeb of Science


	↵	Lun  V, 
	Meeuwisse  WH, 
	Stergiou  P, 
	et al

. Relation between running injury and static lower limb alignment in recreational runners. Br J Sports Med 2004;38:576–80.
OpenUrlAbstract/FREE Full Text


	↵	Taunton  JE, 
	Ryan  MB, 
	Clement  DB, 
	et al

. A retrospective case–control analysis of 2002 running injuries. Br J Sports Med 2002;36:95–101.
OpenUrlAbstract/FREE Full Text


	↵	Stathopulu  E, 
	Baildam  E

. Anterior knee pain: a long term follow-up. Pead Rheuma 2003;42:380–2.
OpenUrlCrossRef


	↵	Utting  MR, 
	Davies  G, 
	Newman  JH

. Is anterior knee pain a predisposing factor to patellofemoral osteoarthritis? Knee 2005;12:362–5.
OpenUrlCrossRefPubMedWeb of Science


	↵	Huberti  HH, 
	Hayes  WC

. Patellofemoral contact pressures. The influence of q-angle and tendofemoral contact. J Bone Joint Surg Am 1984;66:715–24.
OpenUrlPubMed


	↵	Li  G, 
	DeFrate  L, 
	Zayontz  S, 
	et al

. The effect of tibiofemoral joint kinematics on patellofemoral contact pressures under simulated muscle loads. J Orthop Res 2004:22;801–6.
OpenUrlCrossRefPubMedWeb of Science


	↵	Goodfellow  J, 
	Hungerford  DS, 
	Woods  C

. Patello-femoral joint mechanics and pathology. 2. Chondromalacia patellae. J Bone Joint Surg Br 1976;58:291–9.
OpenUrlPubMedWeb of Science


	↵	Dye  SF, 
	Staubli  HU, 
	Biedert  RM, 
	et al

. The mosaic of pathophysiology causing patellofemoral pain: therapeutic implications. Oper Tech Sports Med 1999;7:46–54.
OpenUrlCrossRefWeb of Science


	↵	Souza  RB, 
	Powers  CM

. Differences in hip kinematics, muscle strength, and muscle activation between subjects with and without patellofemoral pain. J Orthop Sports Phys Ther 2009;39:12–19.
OpenUrlPubMedWeb of Science


	↵	Willson  J, 
	Davis  I

. Lower extremity mechanics of females with and without patellofemroal pain across activities with progressively greater task demands. J Clin Biomech 2008;23:203–11.
OpenUrlCrossRef


	↵	Noehren  B, 
	Davis  I

. Prospective study of the biomechanical factors associated with patellofemoral pain syndrome. American Society of Biomechanics Annual Meeting. Palo Alto, CA, 2007.



	↵	Boling  M, 
	Bolgla  L, 
	Mattacola  C, 
	et al

. Outcomes of weight-bearing rehabilitation program for patients diagnosed with patellofemoral pain syndrome. Arch of Phys Med and Rehail 2006;87:1428–35.
OpenUrlCrossRef


	↵	Nakagawa  TH, 
	Muniz  TB, 
	Baldon Rde  M, 
	et al

. The effect of additional strengthening of hip abductor and lateral rotator muscles in patellofemoral pain syndrome: a randomized controlled pilot study. Clin Rehabil 2008;22:1051–60.
OpenUrlAbstract/FREE Full Text


	↵	Blønd  L, 
	Hansen  L

. Patellofemoral pain syndrome in athletes: a 5.7-year retrospective follow-up study of 250 athletes. Acta Orthop Belg 1998;64:393–400.
OpenUrlPubMed


	↵	White  SC, 
	Lifeso  RM

. Altering asymmetric limb loading after hip arthroplasty using real-time dynamic feedback when walking. Arch Phys Med Rehabil 2005;86:1958–63.
OpenUrlCrossRefPubMedWeb of Science


	↵	Messier  S, 
	Cirillo  K

. Effects of a verbal and visual feeback system on running technique, perceived exertion and running economy in female novice runners. J Spts Sci 1989;7:113–26.
OpenUrl


	↵	Crowell  P

. Gait retraining for the reduction of lower extremity loading. Doctoral dissertation. University of Delaware, Department of Physical Therapy, Newark, Delaware, USA, 2008.



	↵	Barrios  J

. A Biomechanical assessment of young asymptomatic individuals with varus knee alignment: Can gait retraining be beneficial? Doctoral dissertation. University of Delaware, Department of Physical Therapy, Newark, DE, 2008.



	↵	Sherwood  DE, 
	Lee  TD

. Schema theory: critical review and implications for the role of cognition in a new theory of motor learning. Res Q Exerc Sport 2003;74:376–82.
OpenUrlPubMedWeb of Science


	↵	Noehren  B, 
	Davis  I

. Can day to day kinematics reliability be improved? American Society of Biomechanics Annual Meeting, Ann Harbor, Michigan, USA, 2008.



	↵	Hicks  JL, 
	Richards  JG

. Clinical applicability of using spherical fitting to find hip joint centers. Gait Posture 2005;22:138–45.
OpenUrlCrossRefPubMedWeb of Science


	↵	Binkley  JM, 
	Stratford  PW, 
	Lott  SA, 
	et al

. The Lower Extremity Functional Scale (LEFS): scale development, measurement properties, and clinical application. North American Orthopaedic Rehabilitation Research Network. Phys Ther 1999;79:371–83.
OpenUrlAbstract/FREE Full Text


	↵	Winstein  C, 
	Schmidt  R

. Reduced frequency of knowledge of results enhances motor skill learning. J Exp Psyc 1990;16:677–91.
OpenUrl


	↵	Milner  C, 
	Ferber  R, 
	Pollard  C, 
	et al

. Biomechanical factors associated with tibial stress fractures in female runners. MSSE 2006;38:323–8.
OpenUrl


	↵	Pohl  MB, 
	Hamill  J, 
	Davis  IS

. Biomechanical and anatomic factors associated with a history of plantar fasciitis in female runners. Clin J Sport Med 2009;19:372–6.
OpenUrlCrossRefPubMedWeb of Science


	↵	Mündermann  A, 
	Dyrby  CO, 
	Andriacchi  TP

. Secondary gait changes in patients with medial compartment knee osteoarthritis: increased load at the ankle, knee, and hip during walking. Arthritis Rheum 2005;52:2835–44.
OpenUrlCrossRefPubMedWeb of Science


	↵	Fulkerson  JP

. Diagnosis and treatment of patients with patellofemoral pain. Am J Sports Med 2002;30:447–56.
OpenUrlAbstract/FREE Full Text


	↵	Besier  TF, 
	Gold  GE, 
	Beaupré  GS, 
	et al

. A modeling framework to estimate patellofemoral joint cartilage stress in vivo. Med Sci Sports Exerc 2005;37:1924–30.
OpenUrlCrossRefPubMedWeb of Science


	↵	Puniello  MS

. Iliotibial band tightness and medial patellar glide in patients with patellofemoral dysfunction. J Orthop Sports Phys Ther 1993;17:144–8.
OpenUrlPubMedWeb of Science


	↵	Merican  AM, 
	Amis  AA

. Iliotibial band tension affects patellofemoral and tibiofemoral kinematics. J Biomech 2009;42:1539–46.
OpenUrlCrossRefPubMedWeb of Science


	↵	Thomeé  R, 
	Augustsson  J, 
	Karlsson  J

. Patellofemoral pain syndrome: a review of current issues. Sports Med 1999;28:245–62.
OpenUrlCrossRefPubMedWeb of Science


	↵	Crossley  K, 
	Bennell  K, 
	Green  S, 
	et al

. Physical therapy for patellofemoral pain: a randomized, double-blinded, placebo-controlled trial. Am J Sports Med 2002;30:857–65.
OpenUrlAbstract/FREE Full Text


	↵	Bizzini  M, 
	Childs  JD, 
	Piva  SR, 
	et al

. Systematic review of the quality of randomized controlled trials for patellofemoral pain syndrome. J Orthop Sports Phys Ther 2003;33:4–20.
OpenUrlPubMedWeb of Science


	↵	Dierks  T, 
	Manal  K, 
	Hamill  J, 
	et al

. Proximal and distal influences on hip and knee kinematics in runners with patellofemoral pain during a prolonged run. J Orthop Sports Phys Ther 2008;38:448–56.
OpenUrlPubMedWeb of Science


	↵	Salmoni  AW, 
	Schmidt  RA, 
	Walter  CB

. Knowledge of results and motor learning: a review and critical reappraisal. Psychol Bull 1984;95:355–86.
OpenUrlCrossRefPubMedWeb of Science






View Abstract
  


  
  



  
      
  
  
    Footnotes
	

Funding This work has been supported by a scholarship from the Foundation for Physical Therapy, Inc. Additionally, this study was funded by the American College of Sports Medicine Student Research Grant as well as by NIH 1 S10 RR022396 and DOD W911NF-05-1-0097.

	

Competing interests None.

	

Ethics approval Ethics approval was provided by the University of Delaware.

	

Provenance and peer review Not commissioned; not externally peer reviewed.





  


  
  



  





  


  
  



  
        Read the full text or download the PDF:

    
  
  
    
  
    
  
    
    
      
        
  
      
  
  
      


  
  



      

    


    
      
        
  
      
  
  
    Subscribe  


  
  



      

    

    
    
      
        
  
      
  
  
    Log in   


  
  



  
      
  
  
    
  
    
  
      
  
  
    Log in via Institution
Log in via OpenAthens
Log in via your SocietySelect your society
ACMSE
ACPSEM
ACSEP
AMSSM
BASEM
BASRAT
CASEM
CLINICAL EDGE
FSEM
GISSPORT
IOC
OSCA
SASMA
SGMS
SMA
SPC
SPNZ
SSMS
SSPA
SST
SUFT
VSG


  


  
  



  
      
  
  
    Log in using your username and password

 For personal accounts OR managers of institutional accounts



  Username *
 



  Password *
 




Forgot your log in details?Register a new account?

Forgot your user name or password?




  


  
  



  



  


  
  



      

    

  
  
   
  
    



  


  
  



      

      
    

    
    
      
        
  
      
  
  
      


  
  



      

    

  
  
   
    
    
    
      
        
  
      
  
  
    
  
      
  
     
          

          

          

          

          




  


  
  



      

    

  
  
   
  


  



  

          

        


        
        
      

    

   

 


    
    
      
          
    

    
  
    
  
    
  
      
  
  
    	[image: British Association of Sport & Exercise Medicine]

  


  
  



  



  



  

      

    

  
    
    
      
          
    

    
  
    
  	Content	Latest content
	Current issue
	Archive
	Browse by collection
	BJSM e-edition: Female athlete health
	Top Cited Articles
	Most read articles
	BJSM education
	Responses
	Blog
	Podcasts


	Journal	Meet the new editors
	About
	Editorial board
	Sign up for email alerts
	Subscribe
	Thank you to our reviewers


	Authors	Instructions for authors
	Submit an article
	Editorial policies
	Resources
	Open Access at BMJ
	BMJ Author Hub


	Help	Contact us
	Reprints
	Permissions
	Advertising
	Feedback form





  



  

      
            
        
            
    

    
  
    
  
    
  
      
  
  
    	 RSS
	 Twitter
	 Facebook
	 Blog
	 SoundCloud
	 YouTube

  


  
  



  



  



  

        
      

          

  
      
    
      
    

    
      
        	Website Terms & Conditions
	Privacy & Cookies
	Contact BMJ


        
        Cookie Settings
        
        Online ISSN: 1473-0480Print ISSN: 0306-3674

        Copyright © 2023 BMJ Publishing Group Ltd & British Association of Sport and Exercise Medicine. All rights reserved.

      

    

  
      
    
        
    

    
  
    
  
    
  
      
  
  
    


  



  


  
  



  



  



  

    

  

  
  




