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Abstract

Purpose: The optimal approach to hamstring training is heavily
debated. Eccentric exercises reduce injury risk; however, it is
argued that these exercises transfer poorly to improved
hamstring function during sprinting. Some argue that other
exercises, such as isometric exercises, result in better transfer to
running gait and should be used if when training to improve
performance and reduce injury risk. Given the performance
requirements of the hamstrings’ during the terminal swing
phase, where they are exposed to high strain, exercises should
aim to improve the torque production during this phase. This
should improve the hamstrings’ ability to resist over-
lengthening consequently improving performance and limiting
strain injury. Most hamstring training studies fail to assess
running kinematics post intervention. Of the limited evidence
available, only eccentric exercises demonstrate changes in
swing phase kinematics following training. Studies of other
exercise modalities investigate effects on markers of
performance and injury risk, but do not investigate changes in
running kinematics. Conclusions: Despite being inconsistent
with principles of transfer, current evidence suggests that
eccentric exercises result in transfer to swing phase kinematics.
Other exercise modalities may be effective, but the effect of
these exercises on running kinematics is unknown.
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1. INTRODUCTION

Current hamstring training approaches emphasize eccentric
exercises (e.g., Askling L-protocol and the Nordic hamstring
curl)!*-2. Eccentric hamstring exercises are used on the basis
that they increase fascicle length and eccentric knee flexor
strength >, Adaptations from eccentric training shift the
hamstring torque-joint angle relationship to longer muscle
lengths, improving their ability to resist over-lengthening
during the swing phase of gait'®. While the benefits of eccentric
exercise for hamstring injury rehabilitation are well researched,
there is debate whether adaptations from eccentric training
transfer to improved running gait performance (improved
swing phase mechanics/greater eccentric knee flexor moment)
and reduce hamstring strain injury risk>*>"’. In fact, some
studies report no association between eccentric knee flexor
strength and hamstring strain injury risk?®62,

The Nordic hamstring curl is a common strength exercise®>#¢

and programs using this exercise are related to reductions in
injury rates'. The use of this exercise during hamstring injury
rehabilitation is also encouraged in rehabilitation guidelines®*
including rehabilitation principles used by British Athletics®.
However, some performance staff question the ‘functionality’
of this exercise (i.e. it may not mimic the contraction velocity,
contraction mode and hip/knee actions observed during
sprinting)?!"?2. There are suggestions that the action of the
hamstrings during the swing phase of sprinting is quasi-
isometric instead of eccentric’’. This has resulted in the
recommendation of training the hamstring muscle group
isometrically’’.

Noting functionality as a barrier to uptake of eccentric
exercises such as the Nordic hamstring curl, other modes of
exercise have been popularized. For example, high intensity
isometric exercises at optimum muscle lengths involving
appropriate patterns of intermuscular coordination (co-
activation of hamstring and gluteal muscles) have been
proposed as a more functional alternative to eccentric
exercises’’. Van Hooren and Bosch (2017)”” argue the
hamstrings act quasi-isometrically during gait, and eccentric
exercises may have limited transfer (although further research
is needed to verify such claims). Progressive agility and trunk
stabilization (PATS) is another proposed approach to
training®”%°. This approach emphasizes pelvic control, limiting
unintended increases in hamstring muscle tendon unit length
(due to increases in anterior pelvic tilt) during sprinting.
Despite the suggestion that these approaches improve
hamstring function during running gait, there are limited
studies investigating changes running kinetics/kinematics
following these programs.
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In rehabilitation, it is important to determine if training
exercises improve the hamstrings’ ability to generate torque at
long muscle lengths during swing, given the impact this may
have on performance and injury risk. There is limited evidence
discussing exercises that result in optimum transfer to running
gait performance (i.e., whether exercises improve eccentric
knee flexor torque during swing). Understanding the influence
different exercises have on hamstring function during gait will
help inform exercise selection. Therefore, this narrative review
aims to provide practitioners with a better understanding of
contemporary hamstring strain injury rehabilitation by
discussing exercises that improve eccentric knee flexor torque
production during the swing phase of sprinting.

2. HAMSTRING DEMANDS DURING
ACCELERATION AND HIGH-SPEED RUNNING

Before determining which rehabilitation exercises result in
optimum transfer to running gait (improved knee flexor torque
production during swing), it is important to understand the
demands of the hamstring muscle group during running.
Hamstring injury occurs during acceleration and high-speed
running and these phases impose different demands on the
hamstring muscle group (due to differences in stride
length/frequency and duration of flight/braking phases)>*.
Regardless of the running phase, the hamstrings produce high
amounts of eccentric torque and are susceptible to injury during
the swing phase®***, the stance phase** and the transition
between these phases™®.

During acceleration, the horizontal component of ground
reaction force is maximized, helping propel the centre of mass
forward®. Large hip extensor torques are generated during
acceleration and, based on its geometry, the biceps femoris
long head is the primary hip extensor®’. This muscle also
demonstrates the greatest amount of electromyographic activity
during acceleration compared with other hamstring muscles,
with peak activity occurring during the late swing phase®>.
During high speed running, the hamstrings actively lengthen to
decelerate the forward swinging femur and tibia®. Similar to
acceleration, hamstring force production and
electromyographic activity peaks during the swing phase®,
however the medial hamstring muscles (semitendinosus and
semimembranosus) exhibit higher relative levels of
electromyographic activity compared with the biceps femoris
during the mid-swing phase®. The total length change and
elongation velocity is greater during top speed running
compared with acceleration, suggesting top speed running
imposes greater strain on the hamstring muscle group than
acceleration®®. The biceps femoris long head reaches its peak
strain slightly earlier in the gait cycle than other hamstring
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muscles and consequently operates on the descending limb of
its force length relationship during the late terminal swing
phase of gait, possibly increasing risk of strain injury in this
muscle®. The stance phase also exposes the hamstring muscles
to high amounts of stress. The ground reaction force occurring
during early stance generates large knee extension and hip
flexion torques*®. This results in lengthening of the hamstrings,
and large forces must be applied to counteract this ground
reaction force, potentially increasing injury risk during this
phase of gait*.

To optimize training and rehabilitation, it is also important to
understand whether hamstring injury affects hamstring running
kinematics. Compared with controls, athletes with an injury
history demonstrate increased anterior pelvic tilt, greater hip
flexion, and greater thoracic lateral flexion**%. These changes
in kinematics, which occur during the late swing phase of the
gait cycle in previously injured athletes’*%, place the
hamstrings in a longer position during running, increasing the
imposed strain. These differences in kinematics could signify
an inability to resist overlengthening during swing, which is
supported by deficits in biceps femoris electromyographic
activity®*. Additionally, lower levels of horizontal force
production during sprinting are related to future risk of
hamstring strain injury?’. The hamstrings play a major role in
horizontal force production during sprinting with biceps
femoris electromyographic activity during swing and eccentric
knee flexor peak torque related to horizontal force production™.
Deficits in hamstring torque production during swing may
result in running kinematics that impose greater strain on the
muscle, and lower levels of horizontal force production.
Therefore, to minimize injury risk, it is important that
hamstring exercises stimulate increases in eccentric knee flexor
torque during the swing phase to limit changes in swing phase
kinematics?*®° and deficits in horizontal force production.

3. CURRENT APPROACH TO HAMSTRING
EXERCISE SELECTION

Typically, hamstring training programs will include range of
motion, progressive running, strengthening and sport specific
components*?. Many athletes exhibit an eccentric strength
deficit>®, greater neural inhibition'®2°, and decreased biceps
femoris long head activation during late-swing phase at high-
speeds** following a hamstring strain injury. As a result, the
strengthening component of rehabilitation plays a key role
during the return to play phase of the rehabilitation continuum.

There are several approaches to hamstring injury prevention
discussed in the literature>*331¥277 Among common hamstring
training approaches, the Nordic hamstring curl is the most
researched hamstring exercise®™!339:46.60.68 and its use is
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supported by hamstring rehabilitation guidelines****. Many
studies report reductions in injury risk following Nordic
hamstring training, with a relative risk of 0.59 [95%CI 0.27 to
1.29] reported by meta-analysis of randomized controlled
trials®®. Initial Nordic hamstring curl training studies describe a
10-week program progressing from 2 sets of 5 repetitions once
per week to 3 sets of 8-12 repetitions three times per week>?,
although beneficial adaptations can occur with shorter training
periods (2 sets of 4 repetitions, once per week)®. The Nordic
hamstring curl potentially reduces injury risk by increasing
eccentric knee flexor strength and biceps femoris long head
fascicle length”®, which improves the ability of the muscle to
resist overlengthening during the swing phase of gait®.

Other exercises, despite sound theoretical basis, have not been
included in prospective training studies and/or randomized
controlled trials. Cross-sectional studies have examined
patterns of hamstring activity during the stiff leg deadlift!®, 45°
hip extension!#, supine bridge'? and flywheel leg curl®. The
aim of these investigations is to determine which exercises
optimally activate the biceps femoris long head- the most
frequently injured hamstring muscle®®. Many of these
investigations suggest hip-based movements preferentially
recruit the biceps femoris long head!® and these exercises
should be used during rehabilitation. However, more recent
evidence reports greater relative levels of biceps femoris
activity during the Nordic hamstring curl compared with other
hamstring muscles!®, particularly at knee angles closer to full
extension®’. Additionally, there is between participant
variability in the hamstring muscle most heavily recruited
during the Nordic hamstring curl and stiff leg deadlift
exercises, but those favouring a specific hamstring muscle
during one exercise also favour this muscle during other
exercises'”. In-vivo investigations report estimated peak muscle
force produced by the biceps femoris is greater during the
Nordic hamstring curl compared with other common hamstring
exercises’s.

Given the potential for hamstring injury during eccentric
actions (late swing and early stance), there has been a focus on
accentuated eccentric training when training the
hamstrings!”**%2 It is suggested this mode of training results in
superior adaptations compared with conventional resistance
training®®%2. Flywheel training- where athletes create inertial
torque by pulling a cable attached to a flywheel during the
concentric phase of the exercise, which they must resist as it
pulls against them during the eccentric portion of the
movement®!!- is a popular mode of loading the eccentric phase
of a movement. Typically, these machines have many
attachments, meaning users can perform many conventional
resistance training exercises (e.g. stiff leg deadlift, leg curl)
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with accentuated eccentric load’>’. Training with the stiff leg
deadlift on a flywheel device increases eccentric strength and
lengthens biceps femoris long head fascicles'® and the degree
of change is similar to Nordic curl training”>. This mode of
training also has a positive uptake from practitioners with many
reporting a perceived ‘functional” benefit and a reduced
likelihood of future non-contact muscular injury*!*?,

The Askling L-protocol (the extender, diver, and glider
exercises) is another highly cited training program’. This
program involves eccentric exercises, and compared with
programs including concentric-eccentric exercises, results in a
shorter return to play time and fewer reinjuries at follow-up’.
Despite the L-protocol aiming to reduce injury incidence and
risk through similar mechanisms as the Nordic hamstring curl,
these exercises lack the appropriate overload to stimulate
fascicle length increases®. When overload (extra weight 5 — 20
kg) is added to these exercises, increases in eccentric strength
and biceps femoris fascicle length are reported®. Therefore,
although lower injury incidence is observed in participants
following training using the L-protocol, it is difficult to
determine whether these exercises have the same efficacy as
the Nordic hamstring curl, given studies typically only use
bodyweight as the load.

Despite the benefits of eccentric hamstring training, van
Hooren & Bosch’ argue there is no transfer to running due to
differences in contraction velocity, range of motion and
intermuscular coordination between the two exercise modes.
Additionally, some propose a quasi-isometric contraction of the
hamstrings during swing’’ and suggest eccentric exercises are
ineffective when aiming to improve hamstring function during
running gait. Proponents of isometric training suggest that
exercises should mimic the action and intermuscular
coordination of the hamstrings during running’’. Hamstring
exercises incorporating multiple joints where the aim is to resist
hip flexion while emphasizing control of the pelvis (e.g., single
leg roman chair hold, split squat with forward lean) have been
recommended’’. The rationale behind these types of exercises
is to teach appropriate pelvic control, consequently limiting
unintended pelvic tilt’’. A similar rationale is used to support
other hamstring training approaches such as PATS”%°. Such an
approach is supported by biomechanical modelling, which
demonstrates an increase in hamstring strain with increases in
anterior pelvic tilt>>. While the theoretical basis for these
exercises is sound, there is minimal evidence demonstrating the
changes in running performance (and minimization of injury
risk) following these training methods. Although one recent
study has reported increases in biceps femoris long head
fascicle length following isometric knee flexor training’*.
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Training programs should aim to improve running performance
and limit injury risk through exercises that increase eccentric
knee flexor torque production during the swing phase of gait. It
is suggested that sprint training is included in these programs’,
partly based on higher levels of hamstring surface
electromyography observed during sprinting compared with
conventional exercises (e.g., the Nordic Hamstring curl)’?, and
the perceived likelihood of transfer to competition. However,
contraction speed (which is high during running) influences the
electromyographic signal despite no changes in muscle
activation and comparison between movements of different
speeds is discouraged’®. Biomechanical modelling studies
report similar force production during running and
conventional hamstring exercises (peak forces of 23 and 26
N/kg produced by the biceps femoris long head during a stiff
leg deadlift and sprinting respectively)®*’8. Additionally,
fascicle length excursions of ~23mm have been reported during
the stiff leg deadlift’®, a length increase of approximately 20%
from the reported resting fascicle length (~10cm)*. The peak
hamstring muscle strain observed during sprinting (compared
with upright posture) is approximately 10%%. Therefore,
despite the ecological validity of running, it is likely other
hamstring exercises expose the muscle group to similar levels
of force production and lengthening, and likely result in
beneficial transfer (improved eccentric knee flexor moments
during swing) and should be considered during training.

Transfer occurs when the training activity represents the
untrained action®’, in this case, improved eccentric knee flexor
moments during the late swing phase in sprinting.
Representative hamstring exercises would therefore maximize
force production of the semitendinosus and biceps femoris
while in lengthened positions®’ and involve rapid unilateral
eccentric knee flexor contraction while the hip is flexed®**?
(e.g., pulley hip extension exercise’’). There are many exercises
that are inconsistent with the principles of transfer yet
demonstrate beneficial adaptations (for performance and injury
prevention) and reduce future injury risk. Additionally, there
are many exercises employed during rehabilitation that are
theoretically sound but have not been investigated in the
context of running performance improvement or future
hamstring injury risk’’. To reduce injury risk, athletes must
perform exercises that stimulate the necessary adaptations in
the hamstring muscle group that allow them to counteract the
high levels of stress and strain occurring during running gait. It
is essential to understand which groups of exercises result in
these adaptations (regardless of whether they are consistent
with transfer principles) to best prepare athletes for return to
competition.
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4. DO COMMONLY USED REHAB EXERCISES
TRANSFER TO IMPROVED RUNNING GAIT
PERFORMANCE?

Although inconsistent with principles of transfer, training with
exercises like the Nordic hamstring curl results in adaptations
that are beneficial for running performance and reduce injury
risk>3046:60 Most studies report an improvement in (i.e., faster)
sprint time over short distances (5-30 m)*#%%® and increases
(approx. 10-15%) in eccentric hamstring strength following
short term (4-6 weeks) training*®®. One study reports small
increases in sprint times (i.e., slower times) following Nordic
training®?. Additionally, despite the relatively slow contraction
velocity during the Nordic hamstring curl, studies report
increases in eccentric strength when assessed during fast
contractions on an isokinetic dynamometer>®®. For example,
one study controlled the contraction velocity during Nordic
training (15°-sec™!) and reported increases in eccentric strength
(+12%) during knee flexor contractions on a dynamometer at
150°-sec! following training®. This suggests training induced
eccentric strength gains may transfer to different contraction
velocities. Only one study has investigated the transfer of
Nordic hamstring curl training to swing phase mechanics
during sprinting’. Following training, increases in eccentric
hamstring moment recorded during Nordics were related to
increased knee (R? = 0.83) and hip (R? = 0.72) joint moments
during the terminal swing phase of gait’. This demonstrates that
adaptations occurring as a result of training using the Nordic
hamstring curl have a positive transfer on swing phase
kinematics, which likely improves the hamstrings ability to
produce torque at long muscle lengths®. Overall, training
studies using the Nordic hamstring curl demonstrate
improvements in running performance**°*®, adaptations
associated with reduced injury risk>*%° and improvements in
hamstring function during the swing phase of gait®.

In contrast to the Nordic hamstring curl, flywheel training is
more consistent with principles of transfer. Flywheel devices
are also effective for applying eccentric overload during
exercises in lengthened positions- where the hamstrings are
likely to sustain injury during sprinting (see Suarez-Arrones
and colleagues’® for an example exercise). Like the Nordic,
flywheel resistance training emphasizes the eccentric
contraction. Additionally, the contraction velocity can be
increased or decreased depending on the performer’s intent, the
characteristics of the device used (moment of inertia and shaft
type -cylinder or cone-), and the type of exercise selected.
Therefore, flywheel training can be considered an adaptable
resistance modality to obtain hamstring adaptations (both
neural and morphological)®. Training studies involving
flywheel training report increases in braking and propulsive
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forces during a change of direction task®’, faster change of
direction performance®! and faster 40 m sprint times’!. Lower
hamstring injury rates have been reported in football players
performing flywheel training compared with controls in one
small scale study (n = 30)®, however, no studies to date have
investigated the biomechanical mechanisms behind these
findings. Although promising, more studies are needed to
determine the effect of this training mode on injury incidence
and hamstring function during sprinting.

In addition to eccentric training, the effect of lumbopelvic
training on sprinting kinematics has been investigated®'.
Lumbopelvic training involves employing a multimodal
intervention to improve an athlete’s ability to minimize
disruptions to pelvic position during running gait. Recently, it
has been shown that this type of training results in reduced
anterior pelvic tilt by ~5° during swing, reduced hip extension
of the rear thigh during toe off, and less hip flexion during
swing!. These changes in kinematics theoretically reduce the
strain imposed upon the hamstrings during running. Although
this study”' did not report changes to knee moments following
the training intervention, the observed changes in pelvic
position would result in smaller hamstring length changes
during sprinting, imposing less strain upon the muscle group.
While this training approach can result in changes in running
performance, there are no randomized controlled trials
demonstrating improvements in lumbopelvic control result in
reduced risk of future injury.

5. CAN WE IMPROVE TRANSFER FROM
REHABILITATION TO RUNNING GAIT?

To improve performance and reduce the risk of hamstring
injury during sprinting, rehabilitation exercises should aim to
improve the eccentric knee flexor torque production during
terminal swing®. Improving this capacity will allow hamstring
muscle fibres to resist overlengthening and limit the risk of
strain injury'®. Therefore, to improve the transfer of hamstring
rehabilitation exercises to running, it is necessary to understand
which exercises result in this adaptation. Eccentric exercises
have shown some merit in this capacity, but other exercises
also have theoretical merit (although lack supporting evidence
from randomized controlled trials). For example, ‘catch’
exercises (see Krommes and colleagues® for an example)
involving rapid hamstring force production while lengthening
and overcoming inertia are consistent with principles of transfer
and may stimulate improved eccentric hamstring moments
while running (although the effect of training with these
exercises on running kinematics has not been studied).
Additionally, the ‘catch’ can be applied to several commonly
used rehabilitation exercises (e.g., a prone leg curl, a stiff leg
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deadlift where the weight is ‘dropped’ and quickly ‘caught’ by
the performer). While these exercises possess theoretical merit,
cross-sectional studies demonstrate that although a hamstring
‘catch’ exercise results in greater angular velocity at the knee,
the rate of rise of electromyographic activity is slower when
compared with a Nordic hamstring curl®. This suggests that
while the ‘catch’ exercise was designed to stimulate rapid
activation of the hamstrings, the Nordic hamstring curl (a
comparatively slower exercise) results in a faster rate of
development of electromyographic activity. This is an
important consideration as the rate of muscle recruitment
during training may stimulate adaptations that allow muscles to
better resist deformation during a stretch shorten cycle (e.g.
increased stiffness)*’:%®. Researchers should be cautious when
making inferences regarding the degree of muscle activation
when assessed with electromyography®®8!, but this study is the
only current evidence available providing any indication
whether these types of exercises are effective for improving
hamstring function during running gait. Employing these types
of exercises in an acute rehabilitation setting may also be risky
as it is difficult to control weight/tension and force production
(abrupt changes in force production in long positions may
aggravate injury).

Sprint training- typically involving periodised running drills,
with volume progressively increased over time- is also used to
prepare and rehabilitate the hamstrings®*32. The main
supporting argument for this mode of training is that it closely
mimics the intensity and frequency of actions during a
competitive fixture, and that the length/tension demands and
high levels of electromyographic activity observed during
sprinting will result in optimal architectural adaptations>2.
Sprint training typically results in improvements (faster) short
sprint (5 — 20m) times and sprint kinetics>>. Additionally, sprint
training results in lengthening of biceps femoris long head
fascicles® and increased eccentric knee flexor strength™,
possibly resulting in reduced injury risk’>. It is also worth
noting that, in one study, sprint training resulted in greater self-
reported soreness (compared with the Nordic hamstring curl)
within participants®°- soreness is typically seen as a barrier to
uptake for eccentric exercises®!*2,

Other exercises consistent with the principles of transfer
include bounding type exercises. Again, there is limited
evidence for these types of exercises resulting in improved
hamstring function during gait. Interestingly, despite their
consistency with principles of transfer, ‘bounding’ exercises do
not result in a reduction in hamstring injury incidence
compared with a control group (who continued to perform
regular training)*®. This suggests these types of exercises do not
stimulate the muscular adaptations necessary to withstand the

10
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high amounts of strain during terminal swing. Although the
length, and possibly contraction velocities during bounding
exercises may better represent sprinting (compared with
traditional resistance exercises), peak hamstring muscle force
production occurs at speeds >80% of maximum?3. Therefore,
the slower running that occurs during bounding may not
produce the necessary hamstring muscle forces to stimulate
adaptations that prevent injury. Together, current evidence
from studies of exercises consistent with transfer principles
(although sparse) suggest that the Nordic hamstring curl,
despite being inconsistent with transfer principles, stimulates
beneficial adaptations and results in greater protection from
injury®®’>. However, prospective studies are required to
understand whether alternative exercises result in beneficial
adaptations to running kinematics.

Optimizing transfer from training exercises to running gait may
require better understanding and incorporation of different
types of running drills and high-speed running programming.
For example, studies of hamstring function during running
demonstrate that as speed progresses from 80% to 100%,
musculotendon length of the biceps femoris long head remains
relatively constant, while force production increases linearly
(peaking at maximum speed)?. This finding demonstrates the
need for exposure to high-speed running during rehabilitation
to prepare athletes for return to competition. A failure to
regularly expose athletes to >80% of maximum running speed
means the biceps femoris muscle is not trained to withstand
high amounts of strain. While there are some recommendations
for incorporating running into rehabilitation based on expert
opinion’, there is a need for prospective studies to determine
how to best integrate acceleration and top speed running into
rehabilitation within the constraints of pain. Additionally, other
rehabilitation guidelines, including when to initiate sprint
training (at speeds >80% of maximum), optimal sprint
distances and the rate of progression (e.g. speed and
distance/volume) also require consideration. Acceleration and
top speed running drills (while they should not form the only
activity during rehabilitation) are consistent with transfer
principles and may help restore/improve hamstring function
during the swing phase of gait.

Accounting for individual variability in muscle activity during
exercises'> may also help improve the transfer to running gait.
There is individual variation in electrical activity of specific
hamstring muscles during the Nordic hamstring curl and stift-
leg deadlift'>. Recent evidence demonstrates the muscle
favoured during hip and knee movements varies between
individuals'®. Biases towards a particular hamstring muscle
persist across different movements (i.e. those who favour the
recruitment of the biceps femoris during the Nordic also favour

11
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its recruitment during a stiff leg deadlift)!°. These biases may
limit the efficacy of conventional rehabilitation approaches. For
instance, if an injured athlete sustained an injury to the biceps
femoris, yet this athlete demonstrated preferential recruitment
of the semitendinosus during conventional rehabilitation
exercises, the injured biceps femoris may not be appropriately
stimulated during rehabilitation and could be susceptible to re-
injury. Determining whether individualised rehabilitation (by
assessing an athletes’ pattern of muscle activity using
electromyography) improves post-injury outcomes requires
investigation. Such evidence would encourage therapists to
prescribe exercises that address the muscle involved in the
injury (e.g., if the biceps femoris is injured and this muscle
displays low levels of activity during conventional exercises,
the therapist could investigate alternate exercises that favour
recruitment of this muscle). Although this approach may not be
suitable for all levels of practice given the cost requirement and
user expertise associated with electromyography, there is a
need to understand the clinical relevance of individual
differences in patterns of hamstring muscle activity during
different movements'>.

PRACTICAL APPLICATIONS

Exercise selection is an important consideration when
preparing the hamstrings for competition and the practitioner
has many options to choose from when programming exercises.
As injury likely occurs when the hamstrings are actively
lengthening during running gait, exercises should improve the
hamstrings’ ability to resist over lengthening during the stance
and swing phase of gait. Of the exercises commonly
investigated in the literature, there is only evidence supporting
eccentric exercises (specifically the Nordic hamstring curl) for
improving torque production of this muscle group during
running gait. Lumbopelvic exercises demonstrate theoretical
merit in limiting over lengthening of the hamstring muscle
group during running gait, however, these exercises are not
supported by the same level of evidence as eccentric exercises.
As a result, if the aim of these exercises is to improve the
capacity of the hamstring muscle group to produce torque
during active lengthening, or limit over lengthening while
running, lumbopelvic exercises cannot be prescribed with the
same level of confidence as eccentric exercise. Similarly,
flywheel training is a promising training method, overcoming
some of the perceived limitations of other eccentric exercises'!.
However, until such devices are widely available for routine
rehabilitation training and these exercises are investigated using
kinematic studies and randomised controlled trials, they cannot
be prescribed with the same level of confidence as other
eccentric exercises. Overall, eccentric exercises (such as the
Nordic hamstring curl) are supported by evidence from
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prospective studies analysing running kinematics and can be
prescribed with more confidence than other modes of exercise
if the goal is to improve the torque generating capacity of the
hamstring muscle group during running gait. Randomized
controlled trials are required before other approaches to
rehabilitation (e.g. isometric exercises’’) can be prescribed with
the same level of confidence.

6. CONCLUSION

Although inconsistent with principles of transfer, Nordic
hamstring curl training studies demonstrate lower hamstring
injury rates in intervention compared with control groups.
Prospective studies incorporating the Nordic hamstring curl
also demonstrate improvements in hamstring strength and field-
based performance measures, increases in fascicle length and
associations with beneficial changes in swing phase kinematics,
although there is only a small number of these studies. Other
modes of training (e.g. flywheel training) are more consistent
with principles of transfer and warrant investigation. To
improve hamstring rehabilitation and determine whether
principles of transfer must be obeyed for an exercise to be
effective, prospective training studies assessing running
kinematics are required to determine the effects of different
exercises on running gait and whether this reduces the risk of
injury. Until such evidence, and randomized controlled trials
investigating the effects of alternate training interventions on
injury rates and performance are available, practitioners should
prioritise the use of eccentric exercises for hamstring
rehabilitation as there is evidence showing these exercises
improve performance and reduce injury rates.
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