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Abstract  Running popularity has increased significantly since the 1990’s due to the well-known health benefits. While 
the number of participants has increased, there has also been a concomitant increase in running-related injuries. One of the 
most common running-related injuries is patellofemoral pain syndrome. Although the cause appears to be multifactorial, 
several different strategies have been researched and implemented as treatment. Gait retraining is relatively new and 
research has shown it reduces pain and improves function in runners affected by patellofemoral pain. Due to the many 
suggested biomechanical benefits associated with a forefoot strike pattern, it is possible to change foot strike patterns 
through a gait-retraining program and reduce pain and improve function in affected runners. Because of the increased load 
at the ankle during forefoot striking, future research should address whether changing foot strike patterns negatively affects 
ankle function.   
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1. Introduction 
Running popularity has increased dramatically since the 

1990’s [1]. More than 15 million people participated in 
running events in 2012 compared to 4.6 million participants 
in the 1990’s [2]. Much of this increase has been due to the 
numerous reports about the health benefits associated with 
cardiovascular exercise [3-5]. However, as the number of 
participants increase, so does the incidence of 
running-related injuries.  

It has been reported that 19.4% to 79.3% of runners 
sustain running-related injuries [6-7], with recreational and 
novice runners showing a higher incidence compared to 
competitive endurance runners [8-9]. There are many risk 
factors associated with running and the most common risk 
factors are reported to be age, running experience, and injury 
history [6, 8-11]. One of the most commonly reported 
injuries with a high incidence among runners is 
patellofemoral pain [7, 11]. Because the cause of 
patellofemoral pain is largely unknown [12], it is difficult for 
clinicians to provide preventative strategies to runners that 
will help decrease the incidence and severity of this 
condition. This review will briefly examine patellofemoral 
pain and introduce a strategy that runners may employ to 
decrease their risk of developing this condition and other 
running related injuries. 
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2. Gait Cycle 
Running has a distinct gait cycle, which is different than 

that of walking. Commonly, running is described as having 
two phases termed stance and swing. These events have been 
further separated into four sub-phases: stance phase, early 
float, swing phase, and late float [13]. Stance phase begins 
with foot contact and ends with toe off. One complete cycle 
begins at initial contact of one foot and ends with contact of 
the same foot; therefore, as running speed increases, the gait 
cycle occurs faster.  

When analyzing running, stance phase is of particular 
interest as this is the phase where most injuries are thought to 
occur. Stance phase can be broken down further into initial 
contact, loading response, midstance, and terminal stance / 
preswing [13]. Initial contact is when a portion of the foot 
(i.e. rear, mid- or forefoot) initially hits the ground. The 
loading response occurs as the muscles of the thigh and leg 
contract [14] and the knee flexes to absorb the forces 
produced from contact with the ground. The center of mass 
velocity decreases in the horizontal direction and the kinetic 
and potential energy increases [14]. As the runner transitions 
to midstance, peak knee flexion occurs. The horizontal 
velocity of the center or mass increases to prepare the runner 
for terminal stance/preswing and the transition into swing 
phase. 

Typically, musculoskeletal injuries occur at initial contact 
due to the transient, passive impact peak. The passive impact 
peak results from the vertical ground reaction force that is 
applied to the lower extremity while the lower extremity is 
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not considered under muscular control [15]. Therefore, the 
force is thought to be distributed among the non-contractile 
properties of the lower extremity during this phase and may 
cause structures such as ligaments to absorb a large 
percentage of the collision forces produced at initial contact; 
however, additional research is needed to confirm this idea.  

3. Patellofemoral Pain 
Patellofemoral pain (PFP) is one of the most commonly 

reported running injuries [7, 11], particularly as running 
distance increases [16]. PFP diagnoses are not made with any 
specific testing, and therefore, definitive diagnosis can be 
elusive due to the variation in interpretation of knee pain by 
individuals reporting to clinicians. However, for the purpose 
of this review, PFP is defined as pain originating from 
contact between the posterior surface of the patella and the 
femur. There are other symptoms that are associated with 
PFP, including crepitus, catching and giving way, swelling 
and stiffness [12, 17]; however, the most common complaint 
is pain during and/or after running. PFP is commonly 
diagnosed in runners yet the etiology is relatively unclear 
[12], but several factors have been investigated. Readers are 
directed to previous reviews [12, 17-19] for an in-depth 
analysis of PFP as this review will give just a brief 
description of the pathophysiology of PFP. 

The pathophysiology of PFP appears to be multifactorial 
in nature with several dynamic abnormalities of the lower 
extremity involved [12, 17-18, 20]. Although many 
mechanisms have been associated with PFP, it is well 
established that several factors have been consistently linked 
with PFP.  Specifically, thigh muscle imbalances [12, 18, 
20], patellar maltracking due to functional malalignment or 
dynamic knee valgus [12, 17], and overuse [12] appear to 
have the strongest evidence as elements of the multifactorial 
cause of PFP. 

There have been several interventions suggested for the 
treatment and prevention of PFP [12, 17-18], including gait 
retraining [20-21]. Gait retraining, in its simplest form, is 
learning how to ambulate again after injury. This concept can 
be applied to runners with PFP to teach them how to run in 
such a way that they decrease their risk for exacerbating PFP. 

4. Gait Retraining 
Gait retraining is a relatively new technique that has been 

used to correct gait perturbations that lead to injuries in 
runners. To our knowledge, the literature is limited on the 
effects of gait retraining on PFP in runners, however several 
recent studies have been published.  

Noehren and Davis [22] conducted one of the initial gait 
retraining investigations. Researchers performed a case 
study on two female runners who presented with a history of 
PFP. Following gait retraining sessions, they determined that 
the subjects reduced hip adduction and knee pain. They 
subsequently followed up with a similar gait retraining study 

that involved real-time feedback on dynamic knee alignment 
[23]. Eight subjects with clinical malalignment (tibial 
mechanical axis ≥ 11°) performed eight gait-retraining 
sessions while walking on a treadmill at a self-selected pace. 
Subjects received real-time visual feedback on knee 
alignment in a fading feedback design. Over-ground gait 
analysis was performed pre- and immediately post-retraining 
with a one-month follow-up analysis. Barrios and colleagues 
reported a 20% average reduction in the knee external 
adductor moment and an increase of hip internal rotation by 
an average of eight degrees immediately post- and 
one-month post-retraining compared to baseline [23]. Their 
results indicate that gait retraining improved the dynamic 
knee alignment while walking and that the modified gait was 
internalized through the retraining sessions. These data are 
similar to the results of Noehren et al. [24], who determined 
that gait retraining in individuals with PFP using real-time 
feedback on hip alignment decreased hip adduction 
immediately post- and one-month after gait retraining using 
a similar retraining protocol. They also found that pain was 
significantly decreased immediately post- and one-month 
post retraining (86% mean decrease). Hunt et al. [25] 
achieved similar results when they utilized gait retraining 
with an increased trunk lean. They determined that there was 
a significant reduction in the peak knee adductor moment 
and the peak external hip adduction moments. However, 
subjects reported difficulty in learning the new gait pattern 
and complained of joint discomfort as a result. Therefore, 
this protocol, although shown to decrease frontal plane joint 
moments, may not be an appropriate recommendation for 
some individuals. 

Crowell & Davis [26] implemented gait retraining with a 
protocol similar to those previously described [23-24] using 
subjects with high peak tibial acceleration values. Real-time 
feedback was provided to the subject through the usage of an 
accelerometer attached to the distal tibia. Researchers 
demonstrated that subjects were able to significantly reduce 
tibial acceleration and vertical force loading with the 
modified gait immediately post- and one-month post 
retraining, also concluding that learning occurred through 
internalization. 

Since real-time feedback requires the usage of a motion 
analysis system and other expensive equipment, a simpler 
method was tested to determine its effect on gait retraining in 
runners with PFP. Willy and colleagues [27] had subjects 
perform eight gait-retraining sessions with mirror and verbal 
feedback during treadmill running with a fading feedback 
design. Researchers determined that there was a significant 
reduction in peak hip adduction, contralateral pelvic drop, 
and hip abduction moment during running post-retraining. 
Additionally, subjects maintained these changes at the 
one-month and three-month follow-up analyses with 
reported improvements in pain and function.  

Most recently, gait retraining was investigated for its 
effect on the knee adduction moment and pain [28]. 
Individuals with medial-compartment knee osteoarthritis 
were subjected to six weeks of gait retraining using real-time 
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feedback. Researchers determined that at the end of the 
retraining sessions, subjects decreased the knee adduction 
moment and maintained this decrease one-month post 
retraining. Subjects also reported improvements in pain 
reduction and function. However, this study was conducted 
with subjects walking and therefore, caution should be used 
when interpreting these data and applying the results to 
runners. 

Collectively, these outcomes demonstrate that gait 
retraining has been successful in internalizing a modified 
gait pattern and maintaining changes in measured variables, 
reported decreases in pain and improvements in function. 
However, these studies have focused on gluteal and hip 
mechanics (tibial acceleration for those prone to stress 
fractures) and have not examined the effects of changing 
footstrike patterns on pain and function in runners with PFP. 
Different foot-strike patterns may cause various gait 
perturbations and may put the runners at risk for other 
running-related injuries. In a case series, Cheung et al. [29] 
reported that switching from RFS to FFS reduced vertical 
impact peak and rates of loading in addition to reduced knee 
pain, providing preliminary data to warrant further 
investigation into gait retraining with foot strike patterns. 

5. Forefoot Strike vs. Rearfoot Strike 
Rearfoot strike (RFS) during running is the most common 

foot strike pattern among runners. It has been reported that 
upwards of 75% of runners tend to RFS, with approximately 
24% using a midfoot strike (MFS) and 1% using a forefoot 
strike (FFS) gait pattern [30-32]. Typically, researchers 
either combine MFS and FFS or negate MFS during 
experimental procedures due to the minor biomechanical 
differences between MFS and FFS, which can affect 
interpretation of results. There are many kinematic and 
kinetic differences between RFS and FFS patterns during 
running that result in different injury risks [33]. This review 
identifies salient variables that are distinctly different 
between foot strike patterns. 

5.1. Kinematics 

Many studies have investigated the kinematic differences 
between FFS and RFS. Most of the differences observed are 
at initial contact, although there is some different stance 
phase characteristics possibly resulting from differences in 
foot contact time [34] or in the methodological definition(s) 
of foot strike pattern.  

Classically, foot strike has been determined using a strike 
index (SI) with the use of a force platform and location of the 
center of pressure (COP) within the foot at initial contact 
[35]. RFS was measured as initial contact with 0%-33% of 
the foot or the posterior third of the foot. MFS was measured 
as initial contact with 34%-67% of the foot or the middle 
third of the foot. FFS was measured as initial contact with 
68%-100% of the foot or the anterior third of the foot. 
However, more contemporary methods have been developed 

and validated to identify foot strike patterns. Altman and 
Davis [36] determined that calculating the foot strike angle 
(FSA) was significantly correlated (r = 0.92, p < 0.01) with 
the strike index. Researchers reported that the FSA was 
calculated by subtracting the angle of the foot while standing 
from the angle of the foot at foot strike. The results were that 
RFS = FSA > 8°, MFS = -1.6° < FSA < 8°, and FFS = FSA < 
-1.6°. Therefore, use of FSA may be acceptable when there is 
limited access to a force platform to measure COP. More 
recently, it was determined that identifying foot strike 
patterns through measurement of heel and metatarsal 
accelerations was highly correlated (r = 0.916, p < 0.0001) 
with the FSA in the sagittal plane [37]. Giandolini et al. 
positioned two uniaxial accelerometers on the foot and 
measured the time between the heel and metatarsal 
acceleration peaks. Foot strike classification was: FFS < 
-5.49 ms< MFS < 15.2 ms< RFS. Each of these methods 
arevalid in identifying foot strike patterns and researchers 
should choose which method to use based on available 
equipment in the study location (i.e. laboratory setting versus 
outdoor running track).  

There is a significant difference in ankle angle at initial 
foot contact with the ground between FFS and RFS [34, 
38-40]. It has been shown that RFS resulted in ankle 
dorsiflexion at initial contact while FFS resulted in ankle 
plantarflexion while running along a 20-m runway at a fixed 
running speed [40], which is similar to results from Shih et al. 
[39] who determined that there was increased dorsiflexion in 
RFS, both barefoot and shod, compared to FFS. 

Currently, the results shown in the research are equivocal 
as to whether there is a significant difference in knee and hip 
angles at initial contact between FFS and RFS patterns [40]. 
While running along a runway at a fixed running speed, 
several researchers determined that there were no significant 
differences in knee and hip angles at initial contact [34, 38, 
40]. Conversely, others [39, 41-42] have determined that 
there was a greater degree of knee flexion at initial contact 
with FFS, while there was a greater amount of hip extension 
at initial contact with FFS compared to RFS. 

Delgado and colleagues [43] determined that changing 
runners from RFS to FFS decreased range of motion (ROM) 
in the lumbar spine, but did not change sagittal plane spine 
position during running. Similarly, it was determined that 
knee and ankle ROM was not significantly different between 
foot strike patterns, although hip ROM was significantly 
different between the foot strike patterns [39]. Conversely, it 
has been demonstrated that knee ROM was significantly 
different between RFS and FFS [38]. Very few studies have 
measured these variables and thus, results remain equivocal.  

5.2. Kinetics 
Loading rate (LR) is the rate at which forces are applied to 

the body. More specifically, it is the slope of the vertical 
ground reaction force (vGRF) typically defined from initial 
contact to the first impact peak maximum [39, 44]. However, 
there are other methods employed to compute LR, 
specifically with and without the presence of an impact peak 
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that occurs during RFS and FFS, respectively. Although LR 
is typically defined from initial contact to impact peak during 
RFS running, some researchers use only 20% to 80% of the 
ground contact time leading to the impact peak to compute 
LR [34, 44], while others have used a threshold value of 200 
N to 90% of the impact peak [42]. During FFS running, due 
to the absence of the impact peak, researchers typically use a 
percentage of stance phase with some using 3% - 12% of 
stance phase [44] and others using a threshold value of 200 N 
to 6.2 ± 3.7% of stance phase [42]. It is not common that that 
the same calculation is used to determine LR in RFS and FFS, 
although it has been done successfully with significant 
differences between results [39]. However, the different 
methods of calculating LR can influence the results when 
comparing RFS to FFS due to the varying amount of data 
that is included. Comparing the differing methodologies for 
calculating LR is an area of future research that needs to be 
addressed.  

Nevertheless, it appears that a lesser LR is more favorable 
in terms of injury prevention [45-46]. Shih et al. [39] 
determined that in both barefoot and shod conditions, FFS 
pattern resulted in a lesser average and peak LR compared to 
RFS. Similarly, it was established that FFS was associated 
with a lesser LR compared to RFS while running at a fixed 
speed [34, 42, 44]. 

Shock attenuation during running is the act of absorbing 
energy due to foot impact with the ground (or contact 
surface), which reduces the shock wave magnitude between 
the head and the foot [47] and varies with running speed [48], 
knee flexion angles and different foot contact patterns [49]. It 
has been shown that RFS had greater shock attenuation 
compared to FFS [43]. This is likely due to the lesser peak 
leg impact at contact with FFS, suggesting that use of a FFS 
decreases shock while running [20, 42-43, 50-53]. This is a 
feasible conclusion as it has been shown that vGRF and 
vertical loading rate are both significantly smaller in FFS 
compared to RFS [34], and RFS would have increased shock 
absorption due to the greater stride length [47, 52]. Stride 
length may be greater during RFS because there is more 
cushioning in the shoe underneath the heel, which absorbs 
some of the impact force experienced with running. There is 
less cushioning underneath the forefoot, suggesting that the 
impact forces associated with FFS would not be absorbed by 
the shoe to the same extent as with RFS. Runners using FFS 
would then adjust stride length to limit the impact forces 
experienced during running [52]. 

Knee moments during running with FFS compared to RFS 
have been found to be significantly different [34]. 
Specifically, it has been shown that the patellofemoral 
contact force and patellofemoral stress were significantly 
less during FFS compared to RFS [34]. Additionally, the 
knee abduction moment was significantly less during FFS 
compared to RFS, possibly due to the decreased stride length 
and subsequent shock absorption associated with FFS [47, 
52]. 

However, recent research has shown that while running at 
a self-selected speed, runners exhibited greater peak contact 

forces at the ankle during FFS, but similar peak contact 
forces at the knee and hip [54]. It was also determined that 
habitual use of FFS resulted in increased contact forces at 
each joint compared to habitual use of RFS and those 
increased contact forces occurred in the first 40% of the 
stance phase [54]. Similar results were found when several 
research groups determined that FFS was associated with an 
increased Achilles tendon force [34, 55] and plantarflexion 
moment [34, 56]. Together, these results suggest that usage 
of a FFS pattern during running may increase the risk of 
developing injuries at the ankle due to the increased force 
and loading rate. The anteroposterior component of the GRF 
during FFS has two impact peaks during the first 40% of 
stance phase, with the first peak being a transient, increase in 
force in the negative direction (braking). This peak is similar 
to the first impact peak in the vGRF component that is 
evident with RFS and could result in injury. During running 
with a FFS, an excessive braking impulse may be present 
which results in increased repetitive tensile forces on the 
muscles of the posterior lower extremity [13, 53] and may 
partially explain why an increased Achilles tendon force and 
plantarflexion moment may increase ankle injury risk [34, 
55-56]. 

5.3. Muscle Activity 

Muscle activity has not been well researched regarding 
differences between foot strike patterns. However, recently 
Rooney & Derrick [54] determined that there were increased 
gastrocnemius, soleus, and peroneal forces with a FFS 
during the first half of stance phase, which contributed to the 
increased contact forces at the ankle. Similar results were 
found when researchers evaluated the muscle activity of 
runners using a FFS and RFS while barefoot [39, 55] and 
shod [39]. 

5.4. Running Economy and Performance 

Running economy is a measure of how efficiently a person 
uses oxygen at a given running speed. Therefore, typically, 
the lower the oxygen consumption (VO2) at a given running 
pace, the more economical the individual. Limited research 
exists on the variability in running economy between FFS 
and RFS, however a few studies will be reviewed on the 
economy differences between the foot strike patterns.  

Gruber and colleagues [57] investigated the difference in 
economy while running at three different fixed speeds using 
FFS and RFS patterns. They determined that runners using 
their habitual foot strike pattern showed no difference in VO2 
between groups, which is similar to the results of a 
subsequent study [58]. However, when running at a fast 
speed (4.0 m/s), FFS pattern resulted in higher VO2 
compared to the RFS pattern. This happened specifically 
when RFS runners were switched to FFS, suggesting that 
FFS is not more economical than the RFS when runners 
switch to a non-habitual foot strike pattern [57]. Similarly, 
Ogueta-Alday et al. [59] determined that RFS runners were 
more economical at various fixed running speeds compared 
to midfoot strikers. The differences observed in running 
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economy in these studies may be due to the increased muscle 
activity associated with FFS [54], which will increase 
oxygen consumption. To our knowledge, no evidence exists 
on whether running economy will return to pre-training 
levels after implementation of a gait retraining protocol 
switching from RFS to a FFS during running, and remains to 
be an area of future research. 

Cost of transport (CoT) is the energetic cost to travel a 
given distance and has also been measured for its differences 
between foot strike patterns. Perl et al. [60] determined that 
there was no significant difference in the CoT between RFS 
and FFS. This suggests that the energy expenditure for a 
given distance will be the same for a runner using either foot 
strike pattern, signifying that switching foot strike patterns 
will not change energy expenditure over a given distance.  

Kasmer and colleagues [30] examined whether there was a 
difference in performance between footstrike patterns in 
subelite runners during a marathon. Among the 1991 runners 
that were evaluated, they determined that the more elite 
runners were more likely to use a FFS or midfoot strike and 
have a better finishing position in the race, likely due to the 
decreased ground contact time and increased stride 
frequency associated with FFS [32, 38, 52-53, 58, 61]. 
Similarly, it was determined that as running speed increased, 
the likelihood of FFS or midfoot strike pattern during 
running increased as well [32, 50, 61]. However, other work 
has shown that there was no significant difference between 
footstrike patterns and race times [31]. This discrepancy in 
findings may be due to the specific type of race, as one was a 
qualifier for the Boston marathon [30] and the other was not 
as competitive.  

5.5. Injury Rates 

Before making recommendations regarding usage of foot 
strike patterns, it is necessary to evaluate the injury rates 
associated with each. Daoud and colleagues [62] determined 
that RFS runners have significantly higher rates of injury 
from repetitive stress compared to FFS runners. Similarly, it 
was determined that RFS runners were 3.41 times more 
likely to report injuries compared to FFS runners [33]. 
Collectively, these studies suggest that FFS reduces the 
likelihood of injury in runners, and its usage during running 
is a clinical recommendation that can be made to individuals 
[63]. 

6. Conclusions 
Many runners are affected by PFP and the cause appears to 

be multifaceted. There have been a number of strategies 
utilized to aid in decreasing the occurrence and severity of 
PFP, including gait retraining. Several studies have 
addressed gait retraining and collectively, the results suggest 
that it is a successful strategy to employ. These studies 
focused on hip and gluteal mechanics; however, usage of 
footstrike patterns with gait retraining may be an appropriate 

alternative due to the benefits associated with FFS compared 
to RFS. Future research should investigate the effects of gait 
retraining utilizing footstrike patterns and determine the 
magnitude of internalization of the new footstrike pattern. 
Additionally, future research should address whether 
switching from a RFS to a FFS significantly increases pain 
and/or injuries at the ankle, due to the increased force and 
loading at the ankle associated with FFS. 
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