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INTRODUCTION

Running is an extremely common form of exercise, whether recreational or competitive.
However, running injuries are also quite common. In particular, running injuries such as
patellofemoral pain, iliotibial band syndrome, and stress fractures to the tibia and
metatarsals have been identified as highly prevalent in runners.? Although causative factors
of running injuries are undoubtedly multifactorial, most agree that running biomechanics
play a key role in injury development.

Numerous recent studies have identified abnormal biomechanics in persons with specific
running injuries.2~> However, the vast majority of these studies used advanced technological
methods, which are expensive and uncommon in standard clinical practice. Although some
variables associated with running injuries require high-tech equipment, such as instrumented
treadmills and 3-dimensional (3D) motion capture systems, many of the kinematic
abnormalities identified in runners with injuries can be measured using a simple 2-
dimensional (2D) video-based running analysis using readily available and fairly
inexpensive tools.

The objective of this article is to provide a framework for a systematic video-based running
biomechanics analysis plan based on the current evidence on running injuries. Although
some of the proposed variables of interest ill have an impact on running performance, the
primary focus of this analysis plan is to identify biomechanical factors related to common
injuries in runners. Furthermore, there are many other factors that may be related or even
causative for injuries while running, including training errors, current health status (ie,
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recent injury), and/or structural abnormalities (ie, leg length discrepancy, pes planus foot
deformity etc).6.7 However, the focus of this review is restricted to running kinematics,
particularly those in the sagittal and frontal plane, which may be easily viewed with standard
2D video. A running biomechanics analysis should be an integral component of the
evaluation, either for the injured runner or for screening for injury prevention, to
complement a physical examination and thorough history.

ANALYSIS SETUP

Treadmill Setup

Although some studies have identified small differences in treadmill running when
compared with overground running, these differences have mostly been associated with
muscle activation patterns and joint forces.®9 In general, kinematic patterns during treadmill
running are very similar to those observed during overground running.10-12 As such,
performing a video-based analysis of joint kinematics while running on a treadmill should
provide valuable insight into running kinematics during overground running and is more
practical for performing this evaluation.

Running velocity affects lower extremity kinematics.13 Therefore, matching treadmill speed
to a similar speed at which an injured runner experiences symptoms should be
accommodated if possible. When evaluating a symptom-free runner, 1 strategy that can be
used is to set the treadmill speed to match the running velocity of the runner when
performing a “long run,” which is a common term used for the longest distance run in the
recent past. The rationale for selecting this speed is that if runners are demonstrating
abnormal biomechanics while performing longer runs, these faults will accumulate over the
longer exercise period and may contribute to running injuries.

Cameras

Many high-definition cameras are available at varying price points. Both image resolution
and temporal resolution should be considered when selecting cameras for video-based
movement analysis. Many video cameras have excellent image resolution, but are limited to
30 frames per second. Cameras with higher frame rates (eg, =120 Hz) can provide cleaner
images that are easier to evaluate and more appropriate for the evaluation of running
kinematics. More recently released smartphones and tablets can be adjusted to acquire video
at high frame rates and provide adequate video for this purpose.

Views

When performing a video-based analysis it is recommended that, at a minimum, 2
orthogonal (at right angles to each other) views are included. The analysis provided in this
article uses a lateral view and a posterior view. Others may include an anterior view or
lateral views from both sides. Multiple views from each camera, including zoomed-in views
on the foot and ankle as well as zoomed-out views of the entire body, can be helpful. Many
of these preferences will need to be madified to work within the constraints of the clinical
environment. Maintaining a reproducible camera location and a fixed orthogonal angle to
the treadmill is important to performing a reliable analysis. Recent studies have found the

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Souza Page 3

reliability of a single camera analysis to vary significantly, with some metrics showing
excellent reproducibility (knee flexion, rear foot kinematics) and others demonstrating poor
reproducibility (heel-to-center of mass distance).1* There is also evidence that experience
can improve the reliability of measurements made on video-based kinematic evaluations, so
it is important for the clinician to practice running evaluations regularly to improve
reliability.1®

Markers

Application of markers for identification of anatomic landmarks can be useful when
performing a video-based running analysis. These markers need not be expensive
retroreflective tape-based markers. Any bright colored tape can be used for this purpose.
Whenever possible, tape should be applied directly to the runner’s skin. This is imperative
when performing research-level 3D motion analysis. However, adapting these methods for
use in a clinical setting may require markers over clothes. In these situations, it is
recommended that the runners wear tight-fitting running sportswear to minimize the
movement of the markers from clothing during running. In the images presented throughout
this article, the following landmarks are identified and marked: C7 spinous process,
posterior superior iliac spines, anterior superior iliac spine, greater trochanter, lateral knee
joint line, lateral malleolus, midpoint of the calf, superior and inferior portions of the heel
shoe counter, and head of the fifth metatarsal. This is an example of a common set of
anatomy landmarks that are useful to evaluate during running and can be modified to suit the
needs to the evaluation.

Warmup and Analysis Plan

It is advisable to allow for a period of time for the runner to run on the treadmill at the target
speed to accommodate to the environment. Studies have identified changes in kinematics
deviating from normal running mechanics with treadmill running up to the initial 6
minutes.18 Therefore, an acclimation period of 6 to 10 minutes should be used when
possible before evaluation. It is also important consider the nature of symptom provocation
in an injured runner. If a runner experiences symptoms after a number of minutes or miles, it
may be necessary to acquire video with the runner in a fatigued state, after a period of
running and consistent with their symptom history.

When performing a movement analysis of any type, it is critical to execute the analysis
systematically. We present a distal-to-proximal analysis plan. The order of the evaluation is
not critical. However, it is extremely important to perform the entire evaluation, including
all segments, joints, and whole body variables consistently, to avoid missing subtle yet
potentially important kinematic abnormalities. Although numerous freeware options exist
with extremely helpful tools for measuring biomechanical variables on running video
(angles, distances, etc), it is generally not necessary. Most of the metrics in this article can
be easily identified visually on slow motion video, or evaluation when progressing through
the video frame by frame. To date, cutoffs for kinematics to be identified as abnormal, or
predictive of injury, do not exist. As such, the analyses included here does not provide the
reader with specific angles or measures that are “abnormal.” Each metric is described, and
indicators of normal kinematics are provided. It is the responsibility of the evaluator to
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determine what threshold for normal and abnormal should be applied to an individual runner
and associated with the biomechanical contributor to injury.

Phases

It is important to identify specific moments within the running cycle that can be used for
evaluation. Many of the phases of the running cycle are clear. However, particularly for
evaluating stride mechanics, it is important to differentiate between video frames of rapidly
evolving events. Take, for example, the images provided in Fig. 1. Fig. 1A is the final frame
of the swing phase, Fig. 1B displays initial contact, and Fig. 1C displays loading response
(which is identified by the presence of shoe deformation in the image). Different kinematic
variables are evaluated on images from different phases of running. It is important for the
evaluator to become familiar with identifying each of these phases (and others as described
elsewhere in this article). Inconsistent identification of phases of running in evaluating
biomechanics of running gait will make performing a reliable analysis impossible.

SIDE VIEW

Foot Strike Pattern

Identification of foot strike pattern can be easily performed on slow motion video or by
evaluating video in a frame-by-frame manner (Fig. 2). It is recommended to always confirm
foot strike pattern in this fashion, because even after considerable practice, it is not
uncommon to misidentify a foot strike type when observing running at full speed. Foot
strike types can be categorized as forefoot strike (FFS), midfoot strike, and rear foot strike.
Recent literature suggests that video-based identification of foot strike patterns by a single
rater are highly reliable, although interrater measures was found to be less reliable.1” At this
time, there is limited evidence that any 1 foot strike pattern is more or less likely to cause a
runner to sustain an injury. However, this is an area of active research and data on this issue
are emerging.1819 One study on competitive collegiate runners suggested that runners with a
rear foot strike pattern developed more repetitive overuse injuries when compared with
runners with an FFS pattern.29 And although these finding suggest possible association
between foot strike patterns and running injuries, more work is necessary before broad
conclusions on foot strike recommendations can be made to modify injury risk.

Foot Inclination Angle at Initial Contact

The angle created by the sole of the shoe and the treadmill belt is noted as the inclination
angle of the foot (relative to a global coordinate system, not the tibia) at initial contact (Fig.
3). This variable is not applicable for midfoot strike and FFS runners.

A recent study by Wille and colleagues?! found inclination angle to be particularly
important in estimating ground reaction forces and joint kinetics during running.
Specifically, increased foot inclination angle was found to be related to higher peak knee
extensor moments, increased knee energy absorbed, higher peak vertical ground reaction
force, and greater braking impulse during running. Each of these variables has been
implicated in injury biomechanics, suggesting that a very high foot inclination angle at
initial contact may not be desirable. This may be a source for intervention in runners who
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experience injuries associated with high ground reaction forces or excessive joint kinetics.
There are no cutoffs at which this angle is determined to be abnormal. Rather, it is likely on
a sliding scale, where lower values are generally associated with lower ground reaction
forces and joint kinetics, and higher values as associated with increased forces. However, it
should be noted that a high foot inclination angle in isolation may be a benign finding and
needs to be evaluated in the context of the entire running evaluations (see Overstriding).

Tibia Angle at Loading Response

The vertical alignment of the lower leg during loading response can be a valuable indicator
of stride mechanics. Video of the runner should be evaluated using freeze-frames at the
moment of loading response (as the shoe begins to deform just after initial contact). The
alignment of the lower leg relative to a vertical line in the video field of view can be
evaluated easily. An extended tibia is identified when the lateral knee joint marker is
posterior to the lateral malleolus marker (Fig. 4A). Conversely, a flexed tibia is identified
when the lateral knee marker is anterior to the lateral malleolus (Fig. 4C), and when these 2
markers are directly vertical to one another, this would be identified as a vertical tibia (Fig.
4B). For a runner that suffers from impact-related running injuries, an extended tibia is not
ideal. A vertical or flexed tibia allows the runner to dissipate impact more readily though
knee flexion.

Similar to foot inclination angle, the tibia angle in itself may not be meaningful in isolation.
It is a variable that can be grouped in a series of stride mechanics variables to better describe
the characteristics of the runners stride and biomechanical risk profile.

Knee Flexion During Stance

Peak knee flexion angle during stance may occur at slightly different phases in different
runners. It is recommended to scroll through stance phase frames to identify maximum knee
flexion. Key aspects of knee flexion during stance include the peak amount of knee flexion
and the knee joint excursion during stance (difference in angle from initial contact to peak
knee flexion). In general, normal peak knee flexion approaches approximately 45° at
midstance (Fig. 5). Although explicit cutoffs have not been developed for this variable, a
runner who demonstrates considerably less than 45° of knee flexion may suggest reduced
shock absorption, and intervention may be warranted. Some data exist suggesting that lower
knee flexion (<40°) may be associated with certain subgroups of patients with
patellofemoral pain.22 Knee stiffness, a variable that includes both reduced knee flexion
and/or increased knee flexion moment during stance phase, may be associated with tibial
stress fractures.23

Hip Extension During Late Stance

Reduced hip extension during late stance is a common observation in the recreational runner
(Fig. 6). It is traditionally believed that lack of hip extension may be associated with reduced
flexibility of the iliopsoas muscle. However, the optimal amount of hip extension during
running remains elusive. It is possible that the required amount of hip extension is not the
same for each runner, but related to other characteristics of their running form. For example,
a fairly slow runner may have a very compact stride, demonstrate approximately 10° of peak
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hip extension and not require any intervention. However, a different runner, with a long
stride and perhaps a faster pace, may also have approximately 10° of hip extension, but also
concurrently demonstrate a significant overstride pattern (landing with the foot out in front
of the center of mass) with higher impact loading and braking forces. The latter runner may
require stride modification or improved hip extension during running to modify these forces
that could contribute to injury. Commonly observed compensations for persons with reduced
hip extension include (1) increased lumbar spine extension, (2) bounding, a strategy to
increase float time to increase overall stride length in the absence of adequate hip extension,
(3) increased overstriding, including excessive reaching during initial contact as a strategy to
increase stride length, and (4) increased cadence to increase running speed in the presence of
a limited hip extension.

Trunk lean is a variable that has received little attention in the scientific literature. However,
this is not the case in the popular running non—peer-reviewed literature. Many running
styles, including ChiRunning, pose running, and even barefoot running have included cues
for novice runners to increase trunk lean. A focus on leaning “from the ankles,” rather than
increasing hip flexion to achieve the trunk lean, seems to be a priority for some styles. Many
running experts suggest that trunk lean is a key component to correct running posture.
However, very little has been done on the research side of this issue. A recent article by
Teng and Powers2* demonstrated that a small increase in trunk lean (~7°) resulted in a
significant lowering of the stress across the patellofemoral joint without a significant
increase in ankle demand, suggesting that this strategy may be important for runners with
patellofemoral pain. The overall findings were that reduced trunk flexion (more upright
posture) was associated with greater knee loads. In contrast, increased trunk flexion shifted
demand away from the knee joint, and to the hip and ankle (although the latter was not
statistically higher).2> However, the authors warn that this study was performed in healthy
subjects and more work is necessary to understand the relationship between trunk lean and
running injuries. Furthermore, the authors noted that the trunk lean in these subjects was not
purely from the ankles, as is recommended by some running styles, but rather a combination
of hip flexion, pelvis anterior tilt, and other small kinematic adjustments. Nonetheless,
evaluating trunk lean in runners may become an important variable as additional research
emerges (Fig. 7).

Increased stride length has been found to be associated with an increased risk of tibial stress
fractures in runners.> However, it is likely that a long stride is not the cause of high impacts
associated with stress fractures and other running injuries. Rather, the presence and
magnitude of overstriding may be the key risk factor. Many accomplished runners with very
long strides have large amounts of hip extension without the presence of overstriding. It can
be argued that these runners are not at risk for the injuries associated with high impacts.26 It
is important to differentiate stride length from overstriding in this context. Overstriding is a
description of a running pattern in which the foot lands in front of the person’s center of
mass, and is associated with reaching, including hip flexion with knee extension, before
initial contact. A recent study by Wille and colleagues?! identified a metric that is closely
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related to overstriding—the distance from the heel at initial contact to the runners center of
mass—is a significant predictor of knee extensor moment (the sagittal plane torque across
the knee joint during stance) and braking impulse (an important contributor to shock
attenuation and running energetics) during running. These data strongly suggest that
overstriding is an important kinematic metric to consider when advanced technology, such
as force platforms or tibia accelerometers, are not available.

As discussed, overstriding can be evaluated through a variety of metrics. Supportive
measures such as the foot inclination angle at initial contact, tibial angle at loading response,
and knee flexion at initial contact can inform the clinician about the tendency for
overstriding. Ultimately, 1 strategy for determination of overstriding on video can be
assessed by evaluating the runner at loading response.2” By drawing a vertical line from the
runner’s lateral malleolus and extending upward, the relationship between the ankle position
and the pelvis can be evaluated. Ideally, the vertical line will fall within the runner’s pelvis,
indicating that the foot is landing under the center of mass of the runner (Fig. 8A). If the
vertical line is observed anterior to the pelvis (Fig. 8B), this indicates an overstride. Note
that this dichotomous metric is not without limitations. In particular, it does not account for
trunk flexion angle, which impacts the actual center of mass of the runner, and may be less
useful for runners with a midfoot strike or FFS. Nonetheless, it is a very useful tool for
identifying the presence of overstriding in runners.

Vertical Displacement of the Center of Mass

The vertical displacement of the center of mass is a very important metric to evaluate in
runners. It is easily measured by comparing frames of video from the runner’s highest point
during float, to the lowest point during stance (Fig. 9). There are inherent errors in
measuring this variable, because the actual location of the center of mass is impossible to
assess on video. One strategy is to identify a location on the runner’s pelvis and then to use
this as a surrogate for the center of mass. Vertical displacement during running has key
implications for injury mechanics as well as energetics. Increased excursion of the center of
mass vertically has been found to be predictive of the peak knee extensor moment, the peak
vertical ground reaction force, as well as braking impulse during running, all very important
variables in running mechanics.?! This variable can become a problem in “bounders,”
runners who increase float time, often in response to other deficits (eg, reduced hip
extension). The end result is increased work required by the runner to perform this type of
running. It has been found that increasing cadence by 10% during running can reduce
significantly the vertical displacement of the center of mass.28

Additional Variables

Auditory—A lot of information can be gathered from the sounds made during running.
Certainly, auditory information differs between treadmills and runners of varying sizes.
However, the clinician can quickly calibrate the normal or typical impact sounds of their
treadmill, and this can be very useful in gathering information about impact during running.
Greater noise with striking the treadmill may be associated with higher impact forces. In
addition, asymmetries can quickly be identified by listening to the foot strike patterns of the
runner. All of this information can be very valuable for a biomechanics running analysis.
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Shaking of the treadmill—In addition to auditory information, the reaction of the
treadmill at the time of impact can also provide important information. Some large, sturdy
treadmills may not provide this information, but many models provide differing amounts to
shaking or giving way in response to impact, and this can be very informative to the
observant evaluator.

Cadence—The step rate, or cadence, should be evaluated in all runners. This variable is
easily measured in a variety of ways. One strategy is to count the number of right heel
strikes over a 1-minute period. This number is equivalent to the “stride rate.” Multiplying
this number by 2 equates to the “step rate.” Several recent studies have evaluated the
biomechanical consequences of manipulating cadence.28-32 These data suggest that an
increase in cadence can result in several biomechanical changes in running form, many of
which may be desirable in specific runners. For example, it has been demonstrated that
increasing cadence by 10% can reduce center of mass vertical excursion, braking impulse,
and mechanical energy absorbed at the knee, as well as decrease peak hip adduction angle
and peak hip adduction and internal rotation moments during running.28 The optimal
cadence has been an area of debate, with some suggesting that approximately 180 steps per
minute being ideal. However, the majority of support for this comes from running economy
studies, not studies on injury mechanics.33:34 Although it may be too early to suggest that all
runners should run at a specific cadence, it is becoming clear that cadence is an important
biomechanical running variable, and one that can be easily manipulated in runners when
appropriate.

POSTERIOR VIEW

Base of Support

Evaluating the base of support can be an important variable to make note of in specific
runners. Running step width can vary as a function of running speed, but may also be related
to common running injuries. A general rule can be followed that, when viewed from a
posterior video, the left and right feet should not overlap in their ground contact location. It
is not necessary that there be a large gap between the foot placement locations of the left and
right feet, but there should be some space. A narrow base of support has been linked to tibial
stress fractures, iliotibial band syndrome, and several kinematic patterns that have been
associated with running injuries, such as excessive hip adduction and overpronation.35-37 As
such, this variable should be evaluated in all runners, and runners with a “cross-over sign” or
“scissoring gait,” characterized by an overly narrow base of support, may consider
modification.

Heel Eversion

Foot pronation in runners is a variable that has received considerable attention over many
years.38-41 However, measuring foot pronation on 2D video presents significant challenges.
One component of foot pronation that can be evaluated is heel eversion. By placing markers
at the top and bottom of the shoe heel counter (Fig. 10), evaluation of the vertical
relationship of the hindfoot can be assessed easily. It is important to evaluate not only the
peak magnitude of heel eversion (ie, the relationship of the superior marker to the inferior
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marker), but also the rate of pronation (Fig. 11). The image in Fig. 11B occurs 5 frames after
Fig. 11A, equating to approximately 20 milliseconds (collected at 240 frames per second).
This rapid heel eversion is worthy of note as eversion velocity may play a role in specific
running injuries. Several studies have linked excessive heel eversion to various running
injuries, such as tibial stress fractures, patellofemoral pain, and Achilles tendonopathy.41-43
Furthermore, it has been suggested that runners with excessive calcaneal eversion be
prescribed orthotics,* or higher level of support shoes; however, the effectiveness of these
strategies has been questioned, and current evidence is inconclusive.45:46

Foot Progression Angle

Heel Whips

The foot progression angle is the transverse plane position of the foot during stance phase.
As a transverse plane variable, it is not easily quantified on 2D video using our suggested
setup. However, a general assessment can be made from a posterior video. A typical amount
of toe-out observed during running results in the lateral aspect of the shoe being visualized
from the posterior view (Fig. 12A). This usually equates to approximately 5° to 10° of toe-
out. A mild toe-in abnormality and severe toe-in abnormality are displayed in Fig. 12B, C,
and can be identified by the visualization of the 1st ray and medial aspect of the shoe.
Abnormally toe-in foot progression angle may be associated with hip internal rotation, knee
internal rotation, ankle internal rotation, or some combination of these. Several studies have
identified these motions in connection with various running injuries, suggesting that this
variable should be considered in a biomechanics running analysis.#"49 Excessive toe-out is
also not uncommonly seen. Although fewer studies have linked excessive toe-out or lower
extremity external rotation to running injuries, it is reasonable to speculate that abnormal
flexibility, including tight hip external rotators, may play a role in excessive toe-out while
running. Further research is need in this area.

A heel whip is another transverse plane variable that can be challenging to measure
accurately on 2D video. However, a recent study has found this metric to be reliably
measured from a posterior approach.3? The whip angle is measured by comparing the angle
of the plantar surface of the shoe at initial contact with the plantar surface at the point of
maximum rotation (Fig. 13). Although very little has been published on this variable, and
the significance of this metric remains unknown, data suggest that an angular rotation of
more than 5° in either the medial (see Fig. 13A, B) or lateral (see Fig. 13C, D) is observed in
more than one-half of recreational runners.

Knee Window

Excessive hip adduction, excessive hip internal rotation, and excessive knee valgus have all
been implicated in running injuries.349:51.52 Each of these variables has the potential to
impact the runner’s “knee window.” Evaluation of the knee window is a simple,
dichotomous assessment of the presence or absence of a space between the knees at all times
of the running cycle, and is a measure of the alignment of the hip, knee, and ankle from a
posterior (or anterior) view (Fig. 14). The knee window does not need to be large—an
excessively large knee window may suggest a varus deformity, an alignment issue that also
presents with potential problems. However, the vast majority of recreational runners who
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fail to demonstrate a normal knee window or lose the window during the gait cycle,
associated with the kinematic pattern described—namely, excessive hip adduction and
internal rotation, and knee valgus. Although identification of this variable is quite simple, it
should be noted that correcting an abnormally “closed” knee window is not as simple.>3
There are some limitations to this measurement. It is important for runners to wear shorts or
tight-fitting pants so that this variable can be assessed. In runners with excessive soft tissue
on the medial aspect of the knee, this measurement can be inaccurate. Finally, swing limb
hip adduction can also create the impression of a closed knee window, even in the presence
of good hip—knee-ankle alignment. Nonetheless, this measurement can be a valuable
component of a biomechanics running evaluation, and several recent studies have found this
variable to be modifiable through a variety of methods.>4-56

Assessing the amount of pelvic drop, or maximum pelvic obliquity during stance phase, can
be augmented with the application of markers on the posterior superior iliac spines (Fig. 15).
By comparing stance limb and swing limb marker positions, the amount of pelvic drop can
be estimated. Excessive pelvic drop during running contributes to excessive hip adduction, a
variable that has been linked to numerous running injuries.#%:51 A recent study found that a
2D quantitative assessment of this variable demonstrated excellent reliability but was poorly
correlated with a 3D measurement of pelvic drop.>’ However, the clinical significance of
3D-measured pelvic drop has also been called into question.228 It is possible that pelvic
drop may serve as a surrogate measure for hip and/or core muscle weakness. Pelvic drop
during running has been reported to be significantly related to both hip abductor strength
and hip extension strength, and fatiguing of these muscles have been observed to result in
excessive pelvic drop.59:89 Looking for side to side differences can be helpful in detecting
excessive pelvic drop and correlation with associated kinetic chain deficits should be
performed to see how this contributes to injury. Although further research is necessary in
this area, pelvic drop remains as a variable of interest in a biomechanics running analysis.

SUMMARY

Running biomechanics play an important role in the development of injuries in
recreationally active individuals. Performing a systematic, video-based running
biomechanics analysis rooted in the current evidence on running injuries can allow the
clinician to develop a treatment strategy for injured runners. The majority of the current
literature has not risen to the level of proven injury prevention strategies in correcting each
aspect of running gait detailed in this review, suggesting that recommendations for
modification of running form in uninjured runners would not be evidence based. However,
when the patient presentation and physical examination findings are in agreement with
abnormalities observed in a biomechanics running analysis, it serves as a potential for
intervention.

The analysis plan described is not intended to be taken as a “gold standard” or a
comprehensive running evaluation. Numerous other running evaluations from a
biomechanics perspective are available and should be incorporated into each clinician’s
protocol.62:62 |t is simply a well-tested and frequently revised evaluation plan that has been
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successful in evaluating recreational runners. Furthermore, it is expected that this analysis
plan will continue to evolve as future research emerges. Certain variables will likely
materialize as critical to injury development and prevention, and others will turn out to be
unrelated. Nonetheless, the components outlined in this review may serve as a template for a
systematic evaluation plan to be improved upon by others, as more information about
running biomechanics surfaces. Running biomechanics play a key role in injury
development and prevention. Identifying simple 2D surrogates for 3D biomechanic variables
of interest will allow for widespread translation of best practices, and have the best
opportunity to impact this highly prevalent problem.

Acknowledgments

The author thanks Nicole Haas, PT, OCS, and Suzanne Souza, PT, OCS for reviewing this article, and providing
invaluable clinical input.

References

1.

Taunton JE, Ryan MB, Clement DB, et al. A retrospective case-control analysis of 2002 running
injuries. Br J Sports Med. 2002; 36(2):95-101. [PubMed: 11916889]

. Noehren B, Pohl MB, Sanchez Z, et al. Proximal and distal kinematics in female runners with

patellofemoral pain. Clin Biomech. 2012; 27(4):366-71.

. Noehren B, Schmitz A, Hempel R, et al. Assessment of strength, flexibility, and running mechanics

in men with iliotibial band syndrome. J Orthop Sports Phys Ther. 2014; 44(3):217-22. [PubMed:
24450366]

. Milner CE, Hamill J, Davis |. Are knee mechanics during early stance related to tibial stress fracture

in runners? Clin Biomech. 2007; 22(6):697-703.

. Edwards WB, Taylor D, Rudolphi TJ, et al. Effects of stride length and running mileage on a

probabilistic stress fracture model. Med Sci Sports Exerc. 2009; 41(12):2177-84. [PubMed:
19915501]

. Johnston CA, Taunton JE, Lloyd-Smith DR, et al. Preventing running injuries. Practical approach

for family doctors. Can Fam Physician. 2003; 49:1101-9. [PubMed: 14526862]

. Fields KB, Sykes JC, Walker KM, et al. Prevention of running injuries. Curr Sports Med Rep. 2010;

9(3):176-82. [PubMed: 20463502]

. Nigg BM, De Boer RW, Fisher V. A kinematic comparison of overground and treadmill running.

Med Sci Sports Exerc. 1995; 27(1):98-105. [PubMed: 7898346]

. Sinclair J, Richards J, Taylor PJ, et al. Three-dimensional kinematic comparison of treadmill and

overground running. Sports Biomech. 2013; 12(3):272-82. [PubMed: 24245052]

10. Fellin RE, Manal K, Davis IS. Comparison of lower extremity kinematic curves during overground

and treadmill running. J Appl Biomech. 2010; 26(4):407-14. [PubMed: 21245500]

11. Lee SJ, Hidler J. Biomechanics of overground vs. treadmill walking in healthy individuals. J Appl

Physiol. 2008; 104(3):747-55. [PubMed: 18048582]

12. Riley PO, Dicharry J, Franz J, et al. A kinematics and kinetic comparison of overground and

treadmill running. Med Sci Sports Exerc. 2008; 40(6):1093-100. [PubMed: 18460996]

13. Brughelli M, Cronin J, Chaouachi A. Effects of running velocity on running kinetics and

kinematics. J Strength Cond Res. 2011; 25(4):933-9. [PubMed: 20703170]

14. Kotecki K, Rolfing J, Justman M, et al. Reliability of a standardized single-camera running gait

analysis in active adults. J Orthop Sports Phys Ther. 2015; 43(1):A68.

15. Brunnekreef JJ, van Uden CJ, van Moorsel S, et al. Reliability of videotaped observational gait

analysis in patients with orthopedic impairments. BMC Musculoskelet Disord. 2005; 6:17.
[PubMed: 15774012]

16. Lavcanska V, Taylor NF, Schache AG. Familiarization to treadmill running in young unimpaired

adults. Hum Mov Sci. 2005; 24(4):544-57. [PubMed: 16176843]

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Souza

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 12

Damsted C, Larsen LH, Nielsen RO. Reliability of video-based identification of footstrike pattern
and video time frame at initial contact in recreational runners. Gait Posture. 2015; 42(1):32-5.
[PubMed: 25920964]

Gruber AH, Umberger BR, Braun B, et al. Economy and rate of carbohydrate oxidation during
running with rearfoot and forefoot strike patterns. J Appl Physiol. 2013; 115(2):194-201.
[PubMed: 23681915]

Mann R, Malisoux L, Nuhrenborger C, et al. Association of previous injury and speed with
running style and stride-to-stride fluctuations. Scand J Med Sci Sports. 2014 Epub ahead of print.

Daoud Al, Geissler GJ, Wang F, et al. Foot strike and injury rates in endurance runners: a
retrospective study. Med Sci Sports Exerc. 2012; 44(7):1325-34. [PubMed: 22217561]

Wille CM, Lenhart RL, Wang S, et al. Ability of Sagittal kinematic variables to estimate ground
reaction forces and joint kinetics in running. J Orthop Sports Phys Ther. 2014; 44(10):825-30.
[PubMed: 25156183]

Dierks TA, Manal KT, Hamill J, et al. Lower extremity kinematics in runners with patellofemoral
pain during a prolonged run. Med Sci Sports Exerc. 2011; 43(4):693-700. [PubMed: 20798656]
Milner CE, Ferber R, Pollard CD, et al. Biomechanical factors associated with tibial stress fracture
in female runners. Med Sci Sports Exerc. 2006; 38(2):323-8. [PubMed: 16531902]

Teng HL, Powers CM. Sagittal plane trunk posture influences patellofemoral joint stress during
running. J Orthop Sports Phys Ther. 2014; 44(10):785-92. [PubMed: 25155651]

Teng HL, Powers CM. Influence of trunk posture on lower extremity energetics during running.
Med Sci Sports Exerc. 2015; 47(3):625-30. [PubMed: 25003780]

Hreljac A, Marshall RN, Hume PA. Evaluation of lower extremity overuse injury potential in
runners. Med Sci Sports Exerc. 2000; 32(9):1635-41. [PubMed: 10994917]

Maschi, R. How to perform a video analysis of a runner. Proceedings of the pre-conference course
from the combined sections meeting of the American Physical Therapy Association; San Diego,
CA. February 16, 2010;

Heiderscheit BC, Chumanov ES, Michalski MP, et al. Effects of step rate manipulation on joint
mechanics during running. Med Sci Sports Exerc. 2011; 43(2):296-302. [PubMed: 20581720]
Hobara H, Sato T, Sakaguchi M, et al. Step frequency and lower extremity loading during running.
Int J Sports Med. 2012; 33(4):310-3. [PubMed: 22383130]

Chumanov ES, Wille CM, Michalski MP, et al. Changes in muscle activation patterns when
running step rate is increased. Gait Posture. 2012; 36(2):231-5. [PubMed: 22424758]

Lenhart RL, Thelen DG, Wille CM, et al. Increasing running step rate reduces patellofemoral joint
forces. Med Sci Sports Exerc. 2014; 46(3):557-64. [PubMed: 23917470]

Lenhart R, Thelen D, Heiderscheit B. Hip muscle loads during running at various step rates. J
Orthop Sports Phys Ther. 2014; 44(10):766—74. A1-4. [PubMed: 25156044]

Hunter I, Smith GA. Preferred and optimal stride frequency, stiffness and economy: changes with
fatigue during a 1-h high-intensity run. Eur J Appl Physiol. 2007; 100(6):653-61. [PubMed:
17602239]

de Ruiter CJ, Verdijk PW, Werker W, et al. Stride frequency in relation to oxygen consumption in
experienced and novice runners. Eur J Sport Sci. 2014; 14(3):251-8. [PubMed: 23581294]
Meardon SA, Campbell S, Derrick TR. Step width alters iliotibial band strain during running.
Sports Biomech. 2012; 11(4):464-72. [PubMed: 23259236]

Brindle RA, Milner CE, Zhang S, et al. Changing step width alters lower extremity biomechanics
during running. Gait Posture. 2014; 39(1):124-8. [PubMed: 23831430]

Meardon SA, Derrick TR. Effect of step width manipulation on tibial stress during running. J
Biomech. 2014; 47(11):2738-44. [PubMed: 24935171]

Buchbinder MR, Napora NJ, Biggs EW. The relationship of abnormal pronation to chondromalacia
of the patella in distance runners. J Am Podiatry Assoc. 1979; 69(2):159-62. [PubMed: 762389]
Tiberio D. The effect of excessive subtalar joint pronation on patellofemoral mechanics: a
theoretical model. J Orthop Sports Phys Ther. 1987; 9(4):160-5. [PubMed: 18797010]

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Souza

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 13

Boling MC, Padua DA, Marshall SW, et al. A prospective investigation of biomechanical risk
factors for patellofemoral pain syndrome: the Joint Undertaking to Monitor and Prevent ACL
Injury (JUMP-ACL) cohort. Am J Sports Med. 2009; 37(11):2108-16. [PubMed: 19797162]

Barton CJ, Bonanno D, Levinger P, et al. Foot and ankle characteristics in patellofemoral pain
syndrome: a case control and reliability study. J Orthop Sports Phys Ther. 2010; 40(5):286-96.
[PubMed: 20436240]

Milner CE, Hamill J, Davis IS. Distinct hip and rearfoot kinematics in female runners with a
history of tibial stress fracture. J Orthop Sports Phys Ther. 2010; 40(2):59-66. [PubMed:
20118528]

Silbernagel KG, Willy R, Davis . Preinjury and postinjury running analysis along with
measurements of strength and tendon length in a patient with a surgically repaired Achilles tendon
rupture. J Orthop Sports Phys Ther. 2012; 42(6):521-9. [PubMed: 22282229]

Kannus VP. Evaluation of abnormal biomechanics of the foot and ankle in athletes. Br J Sports
Med. 1992; 26(2):83-9. [PubMed: 1352474]

Yeung SS, Yeung EW, Gillespie LD. Interventions for preventing lower limb soft-tissue running
injuries. Cochrane Database Syst Rev. 2011; (7):CD001256. [PubMed: 21735382]

Ferber R, Hreljac A, Kendall KD. Suspected mechanisms in the cause of overuse running injuries:
a clinical review. Sports Health. 2009; 1(3):242-6. [PubMed: 23015879]

Souza RB, Powers CM. Predictors of hip internal rotation during running: an evaluation of hip
strength and femoral structure in women with and without patellofemoral pain. Am J Sports Med.
2009; 37(3):579-87. [PubMed: 19098153]

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(1):
12-9. [PubMed: 19131677]

Noehren B, Davis |, Hamill J. ASB clinical biomechanics award winner 2006 prospective study of
the biomechanical factors associated with iliotibial band syndrome. Clin Biomech. 2007; 22(9):
951-6.

Souza RB, Hatamiya N, Martin C, et al. Medial and lateral heel whips: prevalence and
characteristics in recreational runners. PM R. 2015; 7(8):823-30. [PubMed: 25758531]

Willson JD, Davis IS. Lower extremity mechanics of females with and without patellofemoral pain
across activities with progressively greater task demands. Clin Biomech. 2008; 23(2):203-11.

Herrington L. Knee valgus angle during single leg squat and landing in patellofemoral pain
patients and controls. Knee. 2014; 21(2):514-7. [PubMed: 24380805]

Willy RW, Davis IS. The effect of a hip-strengthening program on mechanics during running and
during a single-leg squat. J Orthop Sports Phys Ther. 2011; 41(9):625-32. [PubMed: 21765220]

Willy RW, Scholz JP, Davis IS. Mirror gait retraining for the treatment of patellofemoral pain in
female runners. Clin Biomech. 2012; 27(10):1045-51.

Noehren B, Scholz J, Davis I. The effect of real-time gait retraining on hip kinematics, pain and
function in subjects with patellofemoral pain syndrome. Br J Sports Med. 2011; 45(9):691-6.
[PubMed: 20584755]

Barrios JA, Crossley KM, Davis IS. Gait retraining to reduce the knee adduction moment through
real-time visual feedback of dynamic knee alignment. J Biomech. 2010; 43(11):2208-13.
[PubMed: 20452595]

Maykut JN, Taylor-Haas JA, Paterno MV, et al. Concurrent validity and reliability of 2d kinematic
analysis of frontal plane motion during running. Int J Sports Phys Ther. 2015; 10(2):136-46.
[PubMed: 25883862]

Foch E, Milner CE. Frontal plane running biomechanics in female runners with previous iliotibial
band syndrome. J Appl Biomech. 2014; 30(1):58-65. [PubMed: 23677835]

Ford KR, Taylor-Haas JA, Genthe K, et al. Relationship between hip strength and trunk motion in
college cross-country runners. Med Sci Sports Exerc. 2013; 45(6):1125-30. [PubMed: 23274608]
Tsatalas T, Giakas G, Spyropoulos G, et al. The effects of eccentric exercise-induced muscle
damage on running kinematics at different speeds. J Sports Sci. 2013; 31(3):288-98. [PubMed:
23046390]

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Souza Page 14

61. Heiderscheit, B. Sports Physical Therapy Section. American Physical Therapy Association,
Independent Study Course; 2012. Running mechanics and clinical analysis.

62. Heiderscheit, B. Orthopaedic Physical Therapy Section. American Physical Therapy Association,
Independent Study Course; 2013. Biomechanics of running.

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Souza

Page 15

KEY POINTS

Running biomechanics play an important role in the development of injuries in
recreation-ally active individuals.

Performing a systematic video-based running biomechanics analysis rooted in
the current evidence on running injuries can allow the clinician to develop a
treatment strategy.

The current literature has not risen to the level of proven injury prevention,
suggesting that recommendations for modification of running form in uninjured
runners would not be evidence based.

When the patient presentation and physical examination findings are in
agreement with abnormalities observed in a biomechanics running analysis, it
serves as a potential for intervention.
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Fig. 1.
Key phases of running. (A) The end of terminal swing is identified as to the foot remains

elevated from the treadmill, just before initial contact. (B) Initial contact is identified as the
first frame when the foot hits the ground. (C) Loading response is identified as the first
frame in which the runner’s weight is being transferred onto the lead leg and is characterized
by the presence of shoe deformation.
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Fig. 2.
Foot strike patterns. (A) Forefoot strike. (B) Midfoot strike. (C) Rear foot strike.
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Fig. 3.
Foot inclination angle. (A) A relatively high foot inclination angle in comparison with a

horizontal line. (B) A relatively low foot inclination angle.
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Fig. 4.
Tibia angle. (A) Extended tibia. (B) Vertical tibia. (C) Flexed tibia.
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Fig. 5.
Knee flexion during stance. (A) A runner demonstrating limited knee flexion during stance

and (B) a normal amount of knee flexion during stance.
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Fig. 6.
Hip extension during late stance. (A) Runner with normal hip extension. (B) Runner with

limited hip extension.
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Fig. 7.
Trunk lean. (A) A relatively upright trunk posture and (B) a runner a forward trunk lean.
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Fig. 8.
Overstriding, measured at loading response. (A) A runner demonstrating normal stride

mechanics and (B) a runner demonstrating an overstride, characterized by a vertical line
through the lateral malleolus falling anterior to the runners pelvis.
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Fig. 9.
Vertical displacement of the center of mass. (A) A bounding runner characterized by a large
vertical displacement and (B) a relatively efficient runner with less vertical displacement.
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Fig. 10.
Heel eversion. (A) A runner with normal alignment of the heel during running and (B) a

runner with mildly excessive heel eversion during running.
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Fig. 11.
Rate of heel eversion. A runner demonstrating excessive heel eversion and a high rate of

heel eversion excursion. (A) Initial contact with the runner’s heel in an inverted position and
(B) 20 milliseconds later the heel has rotated more than 20° into eversion.
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Fig. 12.
Foot progression. (A) Normal foot progression angle. (B) Mild toe-in abnormality. (C)

Severe toe-in abnormality.
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Fig. 13.
Heel whips. Medial heel whip at initial swing (A) and maximum whip angle (B) and lateral

heel whip at initial swing (C) and maximum whip (D).
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Fig. 14.
Knee window. (A) Normal knee window and (B) “closed” knee window.

Phys Med Rehabil Clin N Am. Author manuscript; available in PMC 2016 February 01.

Page 29




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Souza

Page 30

Fig. 15.
Excessive pelvic drop. (A) At initial contact the runner’s pelvis is fairly level and (B) during

stance demonstrating excessive pelvis drop.
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