CHAPTER 4

HOW TO DEVELOP THE IDEAL RUNNING
FORM FOR ENDURANCE, SPRINTING,

AND/OR INJURY PREVENTION

From a biomechanical perspective, it makes

sense that nearly every runner has some slight
anatomical imperfection that can detract from
optimal performance. Think of how automakers
have to blow streams of smoke over a car’s
exterior in a wind tunnel to identify subtle design
flaws that could affect gas mileage and/or speed.
In regard to running, by far the most common
factor that can result in less than optimal
performance is prior injury. A perfect example

of this is how a damaged Achilles tendon fails to
store and return free energy, thereby significantly
decreasing efficiency. Muscle weakness is also
notorious for causing problems with performance.
This is especially true for weakness of the external
hip rotators, which may allow the entire lower
extremity to rotate inward too far. This inward
rotation not only detracts from performance but
also greatly increases the risk of injury.

It’s not just prior injuries that can create
problems. The routine use of heavy motion
control sneakers reduces the range that your
toes bend during push-off, gradually weakening
the intrinsic muscles of the arch. Arch weakness
correlates with the development of plantar
fasciitis and impaired athletic performance,
particularly as we age. Given the potential for
creating movement patterns associated with

less than optimal performance, it’s essential you
identify each and every risk factor potentially
affecting performance.

Assuming you've read Chapters 1-3 and

you're working on correcting your specific
biomechanical glitches, the next step is to develop
the ideal running form to maximize efficiency
and reduce your overall risk of injury. The specific
running form you choose depends upon how

fast you plan on running. Because the running
form of sprinters is different to that of endurance
runners, which in turn is different to that of
recreational runners, you'll need to select the
running form that matches your desired speed.
For example, the world’s fastest sprinters require
larger ranges of hip motion than distance runners
in order to achieve the 16-foot stride lengths
necessary for top performance. The neuromotor
coordination necessary to attain a sprinting
cadence of 250 foot strikes per minute is nearly
unimaginable and needs to be addressed with
specific running drills. Conversely, elite marathon
runners require less overall mobility than
sprinters, but their tendons need to be extremely
resilient to store and return the free energy
needed to run 26.2 miles at a sub-five-minute
mile pace. Over the course of a marathon,

elite runners must absorb and attempt to return
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over 6,500 tons of impact force, and so they need
to focus on maximizing their shock absorption
systems. Finally, the movement patterns of elite
sprinters and distance runners are very different
from those of slower recreational runners,

who have stride lengths of about 5 feet (1.5 m),
cadences of 150 foot strikes per minute, and often
avoid the airborne phase of running altogether
by ground running with one foot or the other
constantly on the ground. Avoiding an airborne
phase won't allow you to run fast, but it will
greatly decrease your risk of injury.

The following section reviews the biomechanical
differences between elite long-distance runners
and sprinters, and applies this information to
ways in which you can improve performance
and efficiency yourself. The chapter concludes
by explaining how to perform a detailed video
gait analysis, with recommendations for visual
and auditory gait retraining. Lastly, you will
find a list of specific exercises and agility drills
that can help you run faster and more efficiently
regardless of your running level.

THE MAKING OF A GREAT ENDURANCE RUNNER

According to the exercise physiologist Tim
Anderson (1), the best male long-distance
runners tend to be slightly shorter than average,
while females tend to be slightly taller than
average. Male or female, the best long-distance
runners possess muscular hips, thin legs, and
small feet. Distance runners with muscular hips
and relatively thin lower legs are more efficient
because accelerating and decelerating heavy
legs contributes greatly to the metabolic cost of
locomotion. Since the feet and legs have long
levers to the hips, even a slight increase in weight
applied to the foot will greatly reduce efficiency.
To prove this, researchers measured oxygen

consumption before and after adding weights to
either the foot or thigh of recreational runners,
and determined that while adding weight to the
thighs had little effect on efficiency, the same
weight added to the feet more than doubled the
metabolic costs of locomotion. Other studies have
confirmed that every 100 grams (3.5 oz.) of weight
you add to a running shoe increases the metabolic
cost of running by 1%. These findings explain

why endurance runners with small feet are more
efficient than their large-footed rivals (2).

One of the most important factors that separates
the world’s best distance runners from their

less successful peers is that successful distance
runners plantar flex their ankles 10° less during
propulsion, and this reduced movement occurs

at a faster velocity (Fig. 4.1) (3, 4). The decreased
range and increased speed of ankle plantar flexion

Fig. 4.1. The best runners plantar flex their ankles more
rapidly, through a smaller range of motion.
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is most likely the result of the Achilles tendon
rapidly snapping back during early propulsion
when it shortens to return stored energy.

In a paper published in the European Journal

of Applied Physiology, world-class Kenyan
endurance runners were found to have longer
Achilles tendons that more effectively stored and
returned energy compared to height-matched
control subjects (5). According to the authors, the
longer, more resilient, Achilles tendons present

in the Kenyan runners were “optimized to favor
efficient storage and recoil of elastic energy”’

The only flaw with this paper is that the authors
compared world-class Kenyans to non-world-class
controls. It is likely that all world-class endurance
runners have longer, more resilient, Achilles
tendons compared to controls. As mentioned in
the previous chapter, you can improve the ability
of your Achilles tendon to store and return energy
by performing isometric contractions with the
tendon maintained in a lengthened position.
While you can’t make your Achilles tendon longer,
you can easily make it more resilient.

In an interesting study of efficiency in middle-
and long-distance runners competing in a 5K
race, researchers from Japan determined that
the center of mass in the best runners moved
with a vertical displacement of only 2% inches
(6 cm), while the less efficient runners averaged
vertical displacements of 4 inches (10 cm) (6).
The authors also noted that the good runners
ran 5K in 2,825 steps, while the poor runners
required 3,125 steps. The added work associated
with lifting the center of mass the additional

1% inches (4 cm) with each stride produced an
increased workload roughly the equivalent to the
cost of running up a 50-story building.

In what is without doubt the most thorough
paper on running economy and performance

to date, researchers from the United Kingdom
evaluated 97 experienced distance runners

(47 females) to determine exactly which
biomechanical factors were associated with
improved running economy and which factors
were related to performance (7). To evaluate
economy, the authors analyzed a range of
respiratory gases and the velocity of lactate

turn point (a marker of fatigue). The correlation
between running performance and running form
was determined by measuring three-dimensional
motion of the spine, pelvis, and lower extremity
during all phases of gait, and then analyzing
which specific movement patterns correlated
with each runner’s season’s best running time.
The authors looked at stride length normalized
to height, cadence, vertical oscillation of the
pelvis, braking forces, posture, and the position
of the hip, knee, and foot during different phases
of the running cycle.

Surprisingly, even though all participants were
experienced distance runners, including 29 elite
runners, there were huge variations in all aspects
of running form. For example, vertical oscillation
of the pelvis varied twofold and braking forces
differed by 280%. Cadence ranged from 144 to
222 foot strikes per minute, while stride length
normalized to height was between 1.04 and 1.49
times the runner’s height. Runners also showed
significant differences in the positions of their
feet, legs, and hips at touchdown. Some runners
made initial ground contact with their foot plantar
flexed 11°, while others hit the ground with their
foot dorsiflexed 24°. The position of their lower
legs varied from 1 to 16° relative to vertical, and
the forward lean of the trunk varied by 20°.

After analyzing all the data, the authors found
that the most economical runners had reduced
vertical oscillation of the pelvis, lower braking
force, stiffer knees, shorter stride lengths, and a
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more vertical leg during initial ground contact.
Running performance was predicted by lower
braking forces, a more vertical leg during contact,
reduced spinal motion, and reduced ground
contact times. The best part of this study was

the conclusion that simply positioning your leg
in a near vertical position at initial touchdown
could improve both economy and performance.
In fact, having a nearly vertical leg at touchdown
explained 10% of a runner’s performance, and
this is one of the easiest changes in running form
you can make. Fig. 4.2 summarizes the various

Fig. 4.2. Biomechanical measurements associated with
improved performance and efficiency. fFolland et al. (7)
proved that the most economical runners presented with
reduced vertical oscillation of the pelvis (A), lower braking
forces (B), shorter stride lengths, and a more vertical leg
during initial ground contact (C). Runners with the fastest
running times presented with decreased braking forces,
shorter ground contact times, a more vertical leg at initial
contact (C), and a reduced range of spinal motion (D).
Reduced vertical oscillation of the pelvis and a more vertical
leg at touchdown most strongly correlated with both
improved economy and faster running times.

joint interactions associated with improved
performance and efficiency. The authors point
out that their study provides “novel and robust
evidence” that running form strongly influences
running economy and performance.

FACTORS RESPONSIBLE FOR SUCCESSFUL
SPRINTING

In a classic study published in the Journal

of Applied Physiology, Peter Weyand and
colleagues proved that the fastest sprinters
spend less time on the ground and generate
significantly more force while they are making
ground contact (8). Interestingly, fast and slow
sprinters spend about the same amount of
time in the air and reposition their swinging
limbs at about the same rate. These authors
demonstrate that increasing the force applied
to the ground by %, body weight will increase
the top speed of running by 1 m/s. While
stride length increases significantly with faster
running, each runner has an upper limit to the
length of his/her stride, after which continued
increases will actually lessen speed. For the

30 sprinters in their study, stride length was
maximized at 8 m/s (a 3:20 mile pace), while
cadence gradually increased to the maximum
speed of 9 m/s (3:00 mile pace). In all of the
sprinters, the aerial phase of running continued
to increase until the 4:30 mile pace, at which
time it decreased slightly until the maximum
sprint speed was achieved.

To understand stride mechanics, researchers
from the United Kingdom (9) studied stride
lengths in different sprinters and noted that
some sprinters self-selected excessively long
strides with low cadences, while others ran with
short strides and high cadences. The authors
suggest that the sprinters with the longest
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strides may have chosen long stride lengths
because of an inability to rapidly turn their

legs over. Conversely, the sprinters that self-
selected high cadences may have done so
because of an inability to lengthen their stride.
These researchers propose that athletes who are
overly reliant on long strides should do drills to
increase their leg turnover (such as pool running
with a high cadence), while athletes dependent
upon high cadences should focus on improving
flexibility and strength in order to achieve
longer strides. By giving the athlete the option of
increasing cadence and/or stride length, faster
running times may be possible.

Anatomical studies have shown that sprinters
have significantly longer muscle fibers in their
gastrocnemius muscles compared with non-
sprinters (10, 11). The longer fibers might allow
these muscles to behave like large rubber bands
that store and return energy more effectively
than short fibers. The longer fibers can be
inherited but more likely result from training,
since muscles rapidly adapt to high-intensity
training by increasing muscle fiber length.
Research in 2006 showed that muscle fiber
length can be increased by exercising muscles in
their lengthened positions (12).

Unlike distance runners, sprinters flex their

hips and knees through larger ranges during
swing phase, and these motions occur at faster
velocities. As a result, the trailing knee of the
fastest sprinters is farther forward when the lead
foot touches the ground (Fig. 4.3).

According to some experts, recovering the
back leg more quickly allows sprinters to
immediately pull the lead foot backward upon
impact. Excessive knee flexion during swing
phase is essential to sprint rapidly because
flexion of the knee shortens the relative length

Fig. 4.3. The best sprinters flex their knees and hips
through large ranges of motion, and the trail knee
is farther forward (A) when the lead foot contacts
the ground.

of the lower extremity, which decreases
muscular strain on the hip flexors (the lever
arm to the hip is shorter when the knee is
flexed). You can demonstrate this on yourself
by placing an exercise band around your ankle
and pulling forward: When your leg is straight
you can feel the hip flexors strain, but when you
bend your knee, there’s a significant decrease

in stress placed on the hip flexors. The world’s
fastest sprinters take advantage of the reduced
lower extremity lever arm associated with knee
flexion by pulling their heels up toward their
hips as they pull their knees forward. Since
marathon runners occasionally need to sprint
toward the finish line, the best coaches suggest
that endurance runners learn to move their
hips and knees like sprinters. Watch a few slow-
motion videos of elite marathon runners and
you’'ll notice that during swing phase, the best
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Non-sprinter X

Sprinter

Fig. 4.4. Because the distance from the Achilles tendon is 25% longer in non-sprinters (compare A and B),
the gastrocnemius and soleus muscles must move through larger ranges of motion to plantar flex the ankle
(compare C and D). Notice that the toes of sprinters are 7 inch (10 mm) longer than those of non-sprinters.

elites move their hips and knees similarly
to sprinters.

In an interesting study of foot shape in sprinters,
Lee and Piazza (13) determined the distance from
the back of the heel to the center of the ankle is
25% shorter in elite sprinters than in the non-
sprinter controls. Conversely, sprinters possess
toes that are almost % inch (10 mm) longer than
the toes of the non-sprinter controls. While
counterintuitive, the 25% shorter lever arm allows
the Achilles to plantar flex the ankle effectively,
with little change in length occurring in the
gastrocnemius and soleus muscles (Fig. 4.4).

The reduced lever arm may decrease mechanical
efficiency of the Achilles tendon, but it allows the
gastrocnemius and soleus muscles to move the
ankle with a nearly isometric contraction.

On the opposite side of the fulcrum, the longer
toes result in greater force production in the
forefoot because the increased toe lengths
provide the toe muscles with significantly longer
lever arms that allow a more powerful push-

off. Even though the added metabolic cost of
accelerating and decelerating the longer, heavier
toes would lessen efficiency while walking

and running long distances (which is why

evolution has favored shorter toe lengths), the
longer toes provide increased force production
during propulsion, thereby allowing the elite
sprinter to run at the fastest speed possible.

The combination of a short Achilles lever arm
coupled with long toes is also found in nature;
e.g., cheetahs, which are capable of sprint speeds
exceeding 70 mph, have shorter heels and longer
toes than lions. While you can’t change your toe
length, you can significantly improve sprinting
speed by increasing toe strength.

THE BEST DRILLS AND EXERCISES FOR IMPROVED
PERFORMANCE

Whether you're a sprinter, distance runner,

or recreational runner trying to get faster,

you should consider incorporating specific
plyometric drills designed to improve the storage
and return of energy. My favorite plyometric
drills are illustrated in Fig. 4.5.

One particular study showed a 5% improvement
in VO, and a 3% improvement in 3K race
performance after just six weeks of plyometric
training (14). The authors attributed the
improved performance and speed to an
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Fig. 4.5. Dynamic stretching drills. (Modified from Turki et al. [15].)
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enhanced ability of the muscles and tendons to
store and return energy following the completion
of the plyometric drills. By increasing the speed
of force production without increasing muscle
size (large muscles consume more calories and
are therefore less desirable for distance running),
plyometric drills may allow athletes to spend
less time on the ground while simultaneously
producing greater force. Bounding drills that
encourage rapid ankle plantar flexion during
propulsion are especially helpful when trying to
improve efficiency.

In another interesting paper (16), researchers
from New Zealand had high-level distance
runners perform a series of six ten-second strides
while wearing a weighted vest (loaded with 20%
of their body weight). A control group of runners
performed the same running drills without

the weighted vests. The researchers noted that
shortly after performing the drills, the runners
with the weighted vests had huge improvements
in peak running speed and economy. Apparently,
the weighted vests allowed for faster running
times and improved efficiency because the
runners were forced to stiffen their knees and
hips in order to absorb the forces associated
with carrying the added weight. The increase

in leg stiffness resulted in big improvements in
performance and economy because stiff muscles
are more efficient at storing and returning
energy. The improved form persisted even after
the weights were no longer worn.

I really like that study, as the added weight allows
your central nervous system to analyze impact
forces at contact and modify limb position and
stiffness accordingly. For example, if you had
excessive up-and-down oscillation of the center
of mass and/or were overstriding, you might not
notice this if you're strong and healthy, but the
amplified impact force associated with wearing

the weighted vest would make it more obvious.
My only concern is that the weighted vests used in
this study were pretty heavy, which could increase
the risk of injury. Less fit or inexperienced runners
should definitely start out with lighter weights

and gradually increase the load based on comfort.
Runners who don’t want to experiment with
weighted vests can also increase their efficiency
and performance with plyometric training and/

or high-intensity uphill interval training. As with
weighted vests, plyometrics and high-intensity
training can increase the risk of injury so these
drills should be initiated cautiously.

Lastly, because isometric contractions performed
with muscles maintained in their lengthened
positions have been proven to enhance tendon
resiliency, I've outlined a few simple exercises that
you can do in five minutes or less to keep your
muscles and tendons strong and supple (Fig. 4.6).
Whether you run a marathon in two hours or

six hours, these exercises can help improve
performance and reduce your risk of injury.

To improve resiliency in your glutes and
quadriceps tendons, warm up with 25 lateral
step-ups (Fig. 4.6, A). Next, move into a long-
step forward lunge position and hold this
position with your back knee held slightly off
the ground (Fig. 4.6, B). This exercise places less
stress on your knee than conventional lunges
(17), and in addition to placing the glutes and
quads in the forward leg in their lengthened
positions, the rectus femoris in the back leg is
isometrically tensed in a lengthened position.
Maintain this position for 20 seconds and repeat
four times. A resilient rectus femoris tendon is
essential for fast running, as it snaps the trail leg
forward to initiate swing phase.

Your Achilles and calf tendons can be made more
resilient using the ToePro platform. Warm up by
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Fig. 4.6. The best exercises to improve tendon
resiliency.

doing 25 repetitions on the ToePro (Fig. 4.6, C)
and then slowly lower your heels so they are "
from the ground (Fig. 4.6, D). Hold this position
isometrically for 20 seconds and repeat that
routine four times. With each set, alternate
between raising and lowering your arch to isolate
different tendons: Your peroneals are lengthened
when your weight is on the outside of your foot,
while your tibialis posterior tendon is lengthened
when your foot is rolled inward. If you don’t
want to use a ToePro, you can do this exercise by
leaning forward into a wall while standing on an
AIREX balance pad. With all of these exercises,
you need to be fatigued when you finish, and so
stronger runners may need to wear a weighted
backpack or hold a dumbbell.

The most effective exercise to improve resilience
in the glutes and hamstrings is the single-leg
push-down. Before performing this exercise,
warm up with a standing windmill exercise,
illustrated in Fig. 4.6, E. After you're warmed
up, lie face up on the floor with your arms out
for stability, then place your foot on a physioball
or workout bench and push-down with your
heel (Fig. 4.6, F) with enough force to raise

your pelvis off the ground (Fig. 4.6, G). Try to
duplicate the position your hip is in during initial
contact, which is typically between 20 and 30°
of flexion. Hold this position for 20 seconds and
repeat four times on each leg. If this exercise is
too difficult, bring the opposite knee toward the
chest. Conversely, if you're not fatigued after

20 seconds, straighten the opposite leg so it is
closer to the leg that is pushing down, which
makes the exercise significantly more difficult.
This exercise duplicates the position your foot
is in just before initial ground contact and
markedly strengthens the hamstring tendons,
which are important for both shock absorption
and storing and returning energy.
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MODIFY YOUR RUNNING FORM TO AVOID INJURY

Because the best predictor of future injury is
prior injury, the most effective way to avoid
future running injuries is to accommodate your
prior running injuries. The easiest way to do

this is to select either a heel or forefoot contact
point depending upon your prior injuries. While
studies comparing impact forces associated
with different contact points consistently show
that the same force is absorbed by your body,
regardless of how your foot strikes the ground,
it is possible to shift the location of the impact
force simply by changing your contact position.
If you have been plagued with chronic knee
pain, transitioning to a forefoot strike pattern
can reduce load on the back of your knee by
50%. Conversely, if you been struggling with
plantar fascial or Achilles injuries, definitely
consider switching to a lateral heel strike, as

this will significantly reduce stress on the back
of your calves and arches. The same is true

for runners with a history of recurrent ankle
sprains, since forefoot contact points increase
the risk of inversion ankle sprains. As a general
rule, midfoot and forefoot contact points tend
to be more comfortable in runners with neutral
arches and wide forefeet, while runners with low
arches and narrow forefeet tend to prefer making
ground contact along the outer heel.

If you have been dealing with an injured knee
and you don’t want to switch to a forefoot contact
point, an alternate technique to offload your

knee is to lean slightly farther forward at the hips
during initial contact. This slight forward lean has
been shown to redistribute pressure away from
the knee and into the hamstrings (Fig. 4.7).

While not an option for fast runners, ground
running is absolutely the easiest way to avoid
ever being injured. The problem is, you have

Fig. 4.7. By leaning slightly forward at the hips
(arrows A and B), runners use their upper hamstring
muscles (C and D) to absorb force that would normally
be absorbed by the knee. Some great research proves
that the world's best runners make initial ground contact
with their upper bodies tilted slightly forward, while less
efficient runners contact the ground with their spines
almost vertical (2).

to run slower than a 13-minute mile pace.

If you're a faster runner less concerned with
performance and more concerned with staying
healthy, the easiest way to avoid injury is

to reduce your stride length. In addition to
reducing impact forces, slight reductions in
stride length cause you to strike the ground
with your feet slightly farther apart. Researchers
from Iowa State University (18) demonstrated
in 2015 that reducing stride length by 5 to

10% caused runners to strike the ground with
their feet almost % inch (10 mm) farther apart.
The increased distance between their feet was
accompanied by slight decreases in pelvic drop
and reduced strain on the iliotibial band. Prior
research has shown that increasing the distance
between your feet while running may also be an
effective way to decrease the risk of developing
tibial stress fractures (19).

In an astute study of runners with patellofemoral
pain, researchers from the United Kingdom
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had runners with chronic knee pain increase
their cadence by 10% with the aid of an audible
metronome (20). The training consisted of a
single session of changing cadence to match
the metronome and the outcomes were pretty
impressive: Metronome training resulted

in significantly less pelvic drop, decreased
adduction of the thigh, and decreased

knee flexion upon contacting the ground.
These changes persisted when the runners were
reevaluated three months later, and during
that time, runners were able to increase their
weekly mileage and reported significantly less
knee pain. You can download any of a variety
of running metronome apps from the iOS App
Store for an iPhone or from Google Play for an
Android device.

An important fact to remember is that because
runners come in all shapes and sizes, there is
no one form that is ideal for everyone and each
runner should develop a style of running that
suits his or her own specific biomechanical
needs. A perfect example of this is how some
people naturally run with a toe-out running
form. While most running experts will tell you
that runners should keep their feet straight and
aligned, runners with external tibial torsion
would be chronically injured if they ran with
their feet pointing straight. Given the high
impact forces associated with running and

the nearly 90% annual injury rate, the best

way to remain injury free is to accommodate
your specific biomechanical alignment
patterns, improve strength, flexibility, and
endurance, and analyze your gait to identify
subtle problems that might be increasing

your risk of injury; e.g., excessive inward
rotation of the hip, overstriding, excessive
pelvic drop, and/or running with a crossover
gait pattern.

PUTTING IT ALL TOGETHER: PERFORMING
AN AT-HOME GAIT ANALYSIS

Although gait evaluation is complex and often
requires the skilled eye of an expert, there are
specific measurements that can be taken with
an at-home gait analysis to help you improve
performance and prevent injury. While it is
usually possible to correct gait asymmetries
with specific stretches, exercises, and/or gait
retraining, runners with complex movement
patterns should consider setting up a time
with a local running expert, as there are

many variables in neuromotor coordination
and/or soft tissue contracture that are difficult
to figure out on your own. For most runners,
however, a thorough at-home gait evaluation
can reveal obvious alignment problems that,
when corrected, can make a huge difference
in performance and in running longevity.

To perform your gait evaluation, find a treadmill
that has enough space around it to place a
camera in front, at the side, and behind while
you're running. If possible, borrow a friend’s
camera or phone so you can capture all three
angles at once. It’s not necessary to use three
cameras, but it makes the process quicker.
Ideally, each camera should be mounted on a
tripod, but you can also have a friend with a
steady hand record the videos. The videos should
capture your entire body from the back and side
cameras, but you'll only need a view from the
hips down for the front view. The front and back
cameras should be placed along the midline of
the treadmill, while the side camera should be
placed at 90° to the location where the center of
your hips will be while running. If you're using
the camera on your phone, go to the settings
and select 120 frames per second. Next, get on
the treadmill and run at a self-selected pace for
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Fig. 4.8. Still frame images taken from each camera, corresponding to precise phases of the gait cycle. Image A
represents the position of your body at initial contact, while images B, C, and D are views from the side, back, and front

during midstance.

about five minutes. After you're warmed up,
you'll only need a few minutes to perform the
gait analysis.

Once the cameras are recording, you'll need

about two minutes of video from each of the

three positions. Again, it’s not necessary to have
all three cameras going at once, but it does make
things simpler. When finished, you'll need to
extract specific still frame images from each
camera that correspond to precise phases of the
gait cycle (Fig. 4.8). You can import the videos into
any of a variety of software programs that allow
you to mark specific angles on the selected shots.

In the following sections, the clinical significance
of each measurement is described, and
recommendations are then made for improving
your running form by means of specific exercises,
stretches, and/or gait retraining. Even though
every runner has his or her own unique running
style, almost all running styles fall within the
parameters of this gait assessment. Information
gleaned from completing your gait analysis will
hopefully help you run faster and more efficiently
as well as greatly reduce your overall risk of injury.

Initial Ground Contact

On the side view of the initial contact image
(Fig. 4.8, A), draw a vertical line from the
center of your hip to the treadmill (Fig. 4.9).
Now measure the distance between the back
of your heel and the vertical line (Fig. 4.9, A).

While most running experts tell you to make
initial contact with your foot directly beneath
your center of mass, this is only possible at
extremely slow running speeds. Researchers
from the University of Wisconsin proved that
the location where your foot makes initial
ground contact is dependent upon not just your
stride length but also your cadence (21). These
researchers took 45 recreational runners and had
them vary their cadence from 5-10% above and
below their preferred running cadence. The table
on the right of Fig. 4.9 summarizes their results.
Notice how the heel to center of mass distance
decreased from 4% to 2% inches (11.5 to 7 cm)
when runners transitioned from their lowest
cadence and highest stride length to their highest
cadence and lowest stride length. The vertical
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Fig. 4.9. Initial ground contact. Measure the distance A from the back of your heel to a vertical line drawn from the center

of your hip to the treadmill.

excursion of the center of mass also flattened out
as the runners increased their cadence.

One of the most fascinating parts of the study
was how drastically and consistently the foot
angle at touchdown changed as stride length
increased. When initial ground contact was
made with the foot 2% inches (7 cm) in front

of the center of mass, the foot was at a near
midline position relative to the ankle. As stride
length increased and cadence decreased, the
foot angle at touchdown consistently increased
until it hit almost 8° when running at 10% below
the preferred cadence. I feel the increased
touchdown angle represents an attempt by
these runners to decrease the braking forces by
using their ankles to absorb shock as their stride
lengths increased. Remember, extremes of foot
position correlate with reduced impact forces
while running (22). The forward-most position of
4% inches (11.5 cm) associated with the longest
strides wasn’t even that large of a number.

In a study of elite runners participating in a 5K
road race (23), both men and women made initial
ground contact with the foot 13 inches (33 ¢cm)
in front of their center of mass. This extreme
forward foot position was necessary in order to
achieve the 11- to 12-foot stride lengths present
in these athletes.

Sagittal Plane Angle at Initial Contact

From the side view at initial contact image
(Fig. 4.8, A), measure the important sagittal
plane angles A—D indicated in Fig. 4.10.

Angle A represents the foot touchdown angle.
As mentioned in the previous section on
initial ground contact, higher angles are often
associated with excessively long stride lengths.
The fastest most efficient runners typically
make ground contact with the ankle in a near
midline position. Subtle changes from slightly
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Fig. 4.10. Important sagittal plane angles taken
from the side view at initial contact. Measure the
foot touchdown angle (A), the tibial inclination angle (B),
the angle of the thigh relative to the vertical (C), and the
forward lean of the trunk (D).

plantar flexed to slightly dorsiflexed are a
matter of individual preference, although most
recreational runners are more efficient with

a slight heel strike.

The most important angle in Fig. 4.10 is the
tibial inclination angle B. This is the angle

formed between the vertical and the longitudinal

axis of the tibia and should be 7° or less. High
angles correlate with inefficiency, decreased

performance, and exaggerated braking forces (7).
Runners with high tibial inclination angles often
make a lot of noise when their lead foot hits the
ground. An effective tool for gait retraining is to

focus on hitting the ground softly and quietly.

Angle C is the angle of the thigh relative to

the vertical at initial contact, and recreational
runners tend to have between 20 and 25° of hip
flexion at initial ground contact, while elite men
and women have between 25 and 35°. The more
forward position of the hip in elite athletes is
related to their incredible stride lengths.

Angle D represents the forward lean of the
trunk at initial ground contact. A slight forward
lean offloads the knee, while a backward lean
increases the risk of developing low back pain.

Peak Knee Flexion During Midstance

From the side view at midstance image
(Fig. 4.8, B), measure the peak knee flexion
angle (Fig. 4.11, A).

Most recreational runners tend to reach a
peak knee flexion of around 40° by midstance.
Slower hybrid runners tend to keep their knees
a little stiffer, and it is not uncommon for a
slow runner with a short stride to only flex

the knee 25 to 30°. As long as you are keeping
your stride length short, the smaller degree

of knee flexion is not a problem and, in fact,
can improve efficiency.

Because fast runners have such long stride
lengths, greater degrees of knee flexion are
necessary for adequate shock absorption.
As mentioned, recreational runners typically
bend their knees about 40° by midstance,
but elite male and female distance runners
average a little over 50° of knee flexion by
midstance, with some runners bending their
knees more than 65°. While excessive knee
flexion can improve shock absorption, it is
metabolically expensive and correlates with
decreased efficiency.
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Fig. 4.11. Peak knee flexion during midstance.
Measure the angle of peak knee flexion (A).

Thigh Extension During Toe-Off

Measuring thigh extension during toe-off
(Fig. 4.12, A). In my opinion, this is one of the
most important measurements to take during
the gait evaluation.

Slower recreational runners average 15 to 20° of
hip extension by toe-off, while faster recreational
runners extend their hips 20 to 30°. Because

they have to generate so much force during
midstance and propulsion, elite distance runners
consistently average between 35 and 40° of

hip extension by toe-off. This high number

is necessary for the glutes and hamstrings

to propel the center of mass forward as the

hips extend through a larger range of motion.

Fig. 4.12. Thigh extension during toe-off. Measure the
amount of thigh extension (A).

Greater force generated through a larger range
allows these athletes to accomplish the 10- to
12-foot stride lengths necessary to run sub-five-
minute miles. While essential for elite marathon
runners, almost all runners will benefit from
strengthening their glutes and hamstrings and
lengthening their hip flexors, which will allow
them to generate more force as the leg extends
farther behind them.

Knee Flexion of Swing Leg

Because 20% of all energy is spent to bring

the swing leg forward while running, bending
your knee (Fig. 4.13, A) improves efficiency by
effectively shortening the length of the lever
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Fig. 4.13. Knee flexion of swing leg. Measure the angle of
knee flexion (A).

arm that your hip flexors have to work against
(refer back to Fig. 4.3).

While recreational runners tend to flex their
swing phase knee around 90°, elite male and
female distance runners average 135° of knee
flexion by midswing. Most recreational runners
are fine with approximately 90° of flexion, but
faster runners are encouraged to flex their knee a
minimum of 130° during swing phase.

Vertical Excursion of Center of Mass
During Stance Phase

The vertical excursion of the center of mass
during stance phase is one of the most
important predictors of speed and efficiency (7).
To take this measurement, place a 2-inch (5 cm)

Fig. 4.14. Vertical excursion of center of mass during
stance phase. Stick a 2-inch (5 cm) strip of duct tape on the
side of the hip (A). Mark a horizontal line along the top edge
of the tape when at the lowest point and compare it to its
position at the highest point (arrow).

piece of duct tape along the side of your hip,
as shown in Fig. 4.14, A. Next, go through the
side view video and freeze the frames where
your center of mass is at its highest and lowest
points. Place a horizontal line along the top
edge of the tape when at the lowest point and
compare it to its position at the highest point
(Fig. 4.14, arrow).

In Fig. 4.14, the vertical excursion of the center
of mass is 2 inches (5 cm) (1.0 times the length
of the tape). If the upper distance was 1.5 times
the length of the tape, the vertical excursion
would be 3 inches (7.6 cm). This sounds
complicated but it’s really easy. Typical values
for the vertical excursion of the center of mass
vary between 1%, and 4%, inches (5-10 cm),
with the average vertical excursion being about
3 inches (7.5 cm) (7).
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As mentioned, an excessive vertical excursion
correlates with inefficiency and decreased
performance. Like runners with an excessive
tibial inclination at contact, those with too much
vertical movement often make a lot of noise when
striking the ground. This is especially apparent
with treadmill running. The best way to reduce
the vertical excursion of the center of mass is to
stiffen your knees during contact, and focus on
striking the ground softly. Learning how to run
quietly is one of the most important things you
can do to avoid injury and improve performance.

Side Bending of the Trunk

From the back view at midstance image
(Fig. 4.8, C), measure the side bending of the trunk
(Fig. 4.15, A). Ideally this angle will be less than 5°.

Runners with gluteus medius tendon problems
and/or early hip arthritis will lean slightly toward
the involved hip. Treatment in that situation is
to strengthen the hip abductors, improve hip
flexibility, and perform core exercises.

Lateral Pelvic Drop

The lateral pelvic drop is represented by the angle
between a line drawn through the top of the
pelvis and the horizontal (Fig. 4.16, A). Typical
ranges of this angle for males are between 3 and
5° and for females, between 4 and 7°.

Excessive pelvic drop correlates with a wide
range of injuries, including iliotibial band,
anterior knee pain, and lateral hip pain (24).
My favorite way to correct excessive pelvic
drop is with the exercises illustrated in Fig. 3.36
(the isometric contractions in Fig. 3.36, B are
particularly effective).

While excessive drop is almost always blamed
on weakness of the hip abductors, new research
suggests that some runners compensate for a
weak gluteus maximus by firing the adductor
magnus excessively during initial ground

contact (25). The inappropriate co-contraction of
the adductor magnus pulls the pelvis downward
(Fig. 4.16, B), creating a pelvic drop that does

not respond to conventional exercises. Because
the adductor magnus functions as a hip extensor
when the hip is flexed (Fig. 4.16, C), exercises to
strengthen the glutes are ineffective because the
adductor magnus takes over. That being the case,

Fig. 4.15. Side bending of trunk. Measure the amount of
side bending of the trunk (A).
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Fig. 4.16. Lateral pelvic drop. Measure the angle between a line drawn through the top of the pelvis and the horizontal (A).
Inappropriate co-contraction of the adductor magnus pulls the pelvis downward (arrow B), creating a pelvic drop. When the
hip is flexed, the adductor magnus functions as a hip extensor (C), so it is recommended to perform glute exercises from
neutral to extension only (D). When the hip is extended, the adductor is forced to behave as a hip flexor (E).

I recommend runners perform glute exercises
from neutral to extension only (Fig. 4.16, D),
which forces you to fire just the gluteus maximus.
The reason this exercise targets the gluteus
maximus is that when the hip is extended, the
insertion of the adductor magnus is displaced
behind the axis of motion for the hip, forcing the
adductor to behave as a hip flexor (Fig. 4.16, E).
By exercising the gluteus maximus from neutral
to extension, the adductor is unable to participate
and the weak gluteus muscle eventually gets

stronger. Performing 4 sets of 25 repetitions, four
times a week for four weeks, is usually sufficient
to strengthen the gluteus maximus so that the
adductor magnus no longer takes over.

Arm Motions During Stance Phase

Typically, during stance phase the shoulder is
extended 45° (Fig. 4.17, A), while the elbow is
flexed about 70° (Fig. 4.17, B).
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Fig. 4.17. Arm motions during stance phase. Note the
angles of shoulder extension (A) and elbow flexion (B).
The hand should never cross the midline (C).

There can be significant variation in the degree
of elbow flexion, however, as typical ranges vary
between 42 and 102° (23). While the degree

of shoulder extension and elbow flexion don’t
correlate that strongly with efficiency, your hand
should never cross the midline (Fig. 4.17, C),

as excessive rotation of the torso does correlate
with inefficiency (7).

Position of Center of Knee

A line drawn between the center of your hip and
the center of your Achilles tendon should bisect
the middle of the knee (Fig. 4.18, A).

In bowlegged runners, the line will bisect the
inner side of the knee, while in knock kneed

Fig. 4.18. Position of center of knee. Observe where the
center of the knee lies relative to a line drawn from the center
of the hip to the Achilles tendon (A).

runners, the bisection line will traverse the
outside of the knee. Bowlegged runners should
do everything they can to strengthen the hip
abductors, as strong hip abductors correlate with
reduced progression of knee arthritis in these
individuals (26). Knock kneed runners should
strengthen their hip abductors and rotators.

My favorite exercises are illustrated in Fig. 3.36.
Lateral step-ups are important for both knock
kneed and bowlegged runners because these
exercises place less stress on the knee than squats
and target the hip muscles more effectively.
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Knee Separation During Midstance

When viewed from behind, there should be a
slight separation of the knees during midstance
(Fig. 4.19, A). Excessive narrowing correlates
with valgus collapse of the knees, while an
increased degree of knee separation is usually
seen in bowlegged older males. When viewed
from the front, the center of the patella should
be in the middle of the knee during midstance
(Fig. 4.19, B).

Excessive inward rotation of the knee

(Fig. 4.19, C) decreases efficiency and greatly
increases the risk of sustaining a running injury.
The excessive rotation can be the result of
anteverted hips, external tibial torsion, weak hip
external rotators, and/or excessive pronation,

and it is important to identify the exact cause of
the issue and correct the faulty movement. This
can be accomplished with hip strengthening
exercises, accommodating external tibial torsion
by landing with a slight toe-out running pattern
while running, and/or using varus posts or
orthotics to control excessive pronation.

Foot to Center of Mass Position

The inner aspect of the foot should always

be lateral to a vertical line dropped from the
center of mass to the treadmill (Fig. 4.20, A).

An alternate way to take this measurement is to
use a piece of chalk and place it down the center
of the treadmill while it’s running. This creates

a temporary chalk line down the middle of the

Fig. 4.19. Knee separation during midstance. Determine the amount of knee separation (A). The center of the patella
should be in the middle of the knee (B). Excessive inward rotation of the knee (C).
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Fig. 4.20. Foot to center of mass position. Check the
position of the foot relative to a vertical line from the center
of mass to the treadmill (A).

treadmill, and the inner aspects of your running
shoes should never cross this line.

In crossover gait patterns, the foot lands medially
to the bisection line, which increases the risk of

a wide range of injuries, including medial tibial
stress syndrome, Achilles tendinitis, plantar
fasciitis, and especially tibial stress fractures.
Crossover gait patterns are problematic because
the striking of the ground with the tibia at an
angle increases the bending strains on the tibial
cortex (27), which explains the connection

between tibial stress fractures and crossover
gait patterns (19). Common causes of crossover
gait patterns include long stride lengths, low
cadences, and/or weakness of the hip abductors.

In addition to reducing your stride length and
strengthening your hip abductors, correcting a
crossover gait pattern almost always includes gait
retraining, which involves the runner focusing
on not letting either foot cross the midline

while running on a treadmill positioned in

front of a mirror. Most gym owners don’t mind
you putting a chalk mark along the center the
treadmill belt, as it gradually disappears over
time. Start out by running slowly and make

sure each foot consistently lands on the outer
side of that centerline. In difficult cases, I have
runners place a Triple Stick Strap just below their
hips and have them run slowly on a treadmill.
The strap forces them to fire their hip abductors
constantly during the gait cycle, which allows for
rapid resolution of a crossover running pattern.
Of course, you have to run slowly as you're
getting used to the strap.

Position of Foot During Midswing
and Midstance

During midswing, the longitudinal bisection of
the foot should be straight. When external tibial
torsion is present, this bisection rotates out
(Fig. 4.21, A). If you do not have external tibial
torsion and the foot rotates out, this could be
the result of excessive pronation, a weak tibialis
posterior, and/or a tight gastrocnemius.

In addition to stretching your calves and
strengthening your hips and feet, outward
rotation of the foot almost always requires gait
retraining, where you consciously modify the
position of your foot during push-off. You should
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Fig. 4.21. Position of foot during midswing and
midstance. The longitudinal bisection of the foot should be
straight, but rotates out if there is external tibial torsion (A).
Identifying the rearfoot position during midstance (B).

know your specific degree of tibial torsion on
each side and try to match that degree while
running. It’s fine to land with your feet at angles
less than your degree of torsion as long as your
knees point straight forward.

Fig. 4.21, B illustrates how to identify the
rearfoot position during midstance. Typically, the
bisection of the heel should be vertical during
midstance, but when excessive pronation is
present, the vertical bisection of the heel rolls
inward. Excessive pronation correlates with
the development of Achilles injuries, medial
tibial stress syndromes, and anterior knee pain.
In contrast, runners with high arches present
with their heels inverted and are more likely to
develop stress fractures, lateral knee pain, and
outer hip pain.

Overpronators should consider performing
foot strengthening exercises and/or wearing
minimalist shoes throughout the day, since
overpronators who are strong are less likely to
be injured (28). Runners who are overpronators
almost always prefer stability running shoes,
while high-arched runners prefer soft running
shoes (see Chapter 5 for details regarding

the selection of running shoes). High-arched
runners should also consider doing gait
retraining, where they try to reduce impact
sounds during initial contact. As mentioned in
Chapter 3, high-arched runners should work
on maintaining adequate range of foot and
ankle motion and learn to strike the ground
with the tibia nearly vertical in order to reduce
braking forces.
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