Review article

The time has come to incorporate a greater focus on
rate of force development training in the sports
injury rehabilitation process

Matthew Buckthorpe1,2,3
Giulio Sergio Roi1,4
1
2
3
4

Isokinetic Medical Group, FIFA Medical Centre of
Excellence, Education & Research Department,
Bologna, Italy
Isokinetic Medical Group, FIFA Medical Centre of
Excellence, London, UK
Southampton Football Club, Southampton, UK
Department of Neuroscience, Biomedicine and
Movement, University of Verona, Italy

Corresponding Author:
Matthew Buckthorpe
Isokinetic Medical Group
11 Harley Street
WG1 9PF London, United Kingdom
E-mail: M.Buckthorpe@isokinetic.com

Summary
This narrative and literature review discusses the
relevance of Rate of Force Development (RFD)
(the slope of the force time curve) for Return To
Sport (RTS), its determinants and the influence of
training practices on it expression, with the purpose to enhance clinicians’ awareness of how
RFD training may enhance RTS success. RFD is
considered functionally more relevant than maximal muscle strength during certain very fast actions including rapid joint stabilisation following
mechanical perturbation. Deficits in RFD are reported following conventional rehabilitation programmes despite full restoration of maximal
strength, which may contribute to the less than
satisfactory RTS outcomes reported in the literature. RFD determinants vary as a function of time
from force onset with a diminishing role of maximal strength as the time available for force development decreases. Factors such as neural activation, fibre type composition and muscle contractile properties influence RFD also and to a much
greater extent during the early periods of rapid
force development. Conventional resistance training using moderate loads typical of most rehabilitation programmes is insufficient at restoring or
enhancing RFD, thus incorporating periodised resistance training programmes and explosive
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training techniques in the final stages of rehabilitation prior to RTS is recommended.
Level of evidence: V.
KEY WORDS: explosive strength, injury prevention,
maximal isometric voluntary strength, neural activation, rehabilitation.

Introduction

The muscles transform chemical energy into mechanical energy, so they are considered the motors of the
neuromuscular system. The Central Nervous System
is ultimately the controller of muscle activation, as
each individual muscle acts as a slave performing relatively simple tasks in isolation as ordered. Collectively,
the combination of muscle recruitment across multiple
muscles can culminate in eloquent movements, athletic performances, and optimal protection from non-contact type injuries during challenging dynamic tasks.
The ability of the neuromuscular system to produce
static and dynamic actions is defined as strength1 and
its expression depends upon many aspects including
time available in the task at hand, the type of muscular
contraction, the complexity of the movement, as well
as the inertia that it is been applied to.
Developing the neuromuscular system to enhance the
capabilities to produce force is one of the most important goals of athletic development programmes, injury
prevention and rehabilitation. However the concept of
strength is frequently miss-interpreted, and viewed as
the ability to lift heavy objects, typically quantified as
the peak force or torque measured during isometric or
isokinetic testing2,3, or considering a number of lifts of
a weight at a particular heavy load (repetition maximum testing), while in many athletic movement several
dynamic actions are very quickly performed such as
the stance phase in sprint running (100 ms)4, and the
rapid re-stabilisation of joints following mechanical perturbation to prevent injury (<50 ms) 5. These movements involve contraction times which are shorter than
the time that it takes to produce the Maximal Isometric
Voluntary Force (MIVF), that typically is in the order of
300 ms 6. Hence, the capability to produce strength
during rapid sporting tasks (i.e. explosive efforts)7 may
be more dependent upon the ability to produce force
rapidly, which can be measured as Rate of Force Development (RFD) 8, which is considered functionally
more important than MIVF during certain rapid functional movements, including re-stabilizing the body following a loss of balance9-11.
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From the above, it can be distinguished that there are
two forms of strength production by a healthy or injured athlete: I) the maximal strength, that is the maximum amount of strength produced during isometric
or slow dynamic movements with heavy loads, and II)
the strength produced at the fastest rate characterising explosive strength of athletes, elderly individuals
and patients, measured as RFD.
This narrative review discusses the role of RFD in
athletic performance and injury prevention, together
with its determinants and the influence of athletic
training, with the overall purpose to enhance awareness of how the explosive strength capabilities may
contribute to enhanced return to sport outcomes after
injury with some guide as to how to implement RFD
training into clinical practice. This paper complies to
ethical and scientific standards according to the basic
principles and recommendations of Muscle, Ligament
and Tendon Journal7,12.

Relevance of RFD in athletic performance

As previously described, RFD is considered to be an
important aspect of neuromuscular function during
sports activities where time to develop force is limited
(such as balance corrections, sprinting, jumping and
punching)9,10. Tillin, et al.10 have reported that power
athletes with ability for very fast sporting actions
(sprinters and jumpers) displayed two-fold superior
ability to express their available explosive strength
capability during the early phase of muscle contraction compared to untrained participants, but their
MIVF was only 26% superior. Thereby, suggesting
the ability for RFD is of more importance than that of
differences in maximal strength for sporting events
requiring rapid production of force.
The association of RFD and athletic performance depends on both the athletic tasks and the mode of assessment. There is a large body of equivocal findings
concerning relationships between measured RFD and
athletic sporting tasks13-15. It is now becoming clear
that the time allowed for both the athletic task, and
the time over which RFD is measured and interpreted
are of importance in elucidating this shared variance.
Tillin et al.11 reported RFD over distinct time periods
from force onset (50, 100, 150, 200 and 250 ms) during rapid isometric squats and related force production at each time point to both countermovement
jump and sprint performance. It was shown that RFD
in the early phase of the squat (≤ 100 ms) was more
closely related to acceleration capabilities during
sprint running (5-20 m, r= -0.54 to -0.63), whereas
the ability for late phase squat RFD (>100 ms) was
more related to vertical jump height (r=0.51 to 0.61).
This is likely due to the time available for force production during each task (sprint running 80-120 ms vs
jumping, 250 ms). Interestingly, when the athletes in
the study were also split into two separate groups
based on sprint times (one with 5 m sprint times <1s
and the other group >1s), there was no difference in

436

squat MIVF between groups, whilst the faster group
had superior relative RFD. The study demonstrates
the importance of considering the time constraints in
athletic sporting tasks when considering the neuromuscular contributions to performance.

Relevance of RFD for return to sport and
prevention of re-injury

Joint stability is determined by the interaction between the dynamic joint stabilisers (musculature) and
the passive joint structures (including ligaments) 16.
As an injury such as anterior cruciate ligament rupture occurs within 50 ms after ground contact5, it is
likely that the ability to produce force rapidly (~25-50
ms) is of more importance than the MIVF capabilities
to injury prevention. Thus, the role of early phase
RFD as an injury risk factor may be of more clinical
relevance than MIVF, but has yet to any receive any
direct scientific attention.
There is accumulating indirect evidence that suggests that RFD could be an important factor in injury
occurrence. RFD has been shown to be an important determinant of the effectiveness of postural corrections during gait and following a perturbation that
could lead to a fall or injury17. Additionally, although
by no means causative, balance training has been
reported to both separately enhance RFD18 and decrease risk of joint injuries19 particularly in previously injured participants. Furthermore, fatigue has also
been linked to an increased risk of injury 20 and
demonstrated to exert a more pronounced influence
on RFD than MIVF21. Recently, it was reported six
months following anterior cruciate ligament reconstruction that average MIVF had been restored to
97%, whereas RFD at 30, 50 and 90% MIVF were
only 80, 77 and 63%, respectively of pre-injury 22 .
Pre-injury RFD values were only achieved at 12
months after anterior cruciate ligament reconstruction, following a rehabilitation program focusing on
muscle power. These Authors suggested that following an anterior cruciate ligament reconstruction,
RFD criteria may be a useful adjunct outcome measure for the decision to return athletes to sports. Additionally, in a similar fashion, it was shown that
those patients with previous history of hamstring
muscle strain, reported 40% lower early phase (50100 ms) eccentric RFD of their previously injured
versus their contralateral limb23.
Given that a high percentage of patients following
anterior cruciate ligament reconstruction report less
than satisfactory outcomes after rehabilitation with
mediocre return to sport figures24, in addition to the
high reported hamstring re-injury rates in the literature 25, this deficit in RFD on return to sport could
have important clinical implications in re-injury occurrence, and thus, be an important component for
re-injury prevention. Theoretically, enhanced capability for RFD should exert a beneficial effect on injury resistance.
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Measurement of RFD for clinical practice

RFD can be quantified as the force (or torque) produced at specific time points from contraction onset10, the RFD over a particular time period (i.e. the
slope of the force time-curve)7 the force-time integral
(area beneath the force-time curve)9 or reported as
the peak slope of the force-time curve, referred to as
peak RFD. It is thought that reporting RFD over distinct periods (0-50, 50-100 and 100-150 ms) provides
a more reliable measure and clearer understanding of
the determinants of RFD 11,26 or over distinct times
windows, such as 50 ms10. RFD is typically measured
isometrically using isometric dynamometer9, isometric
strength testing rig27 or on a force plate15,26,28. Some
studies have attempted measurement of RFD during
dynamic actions, however, this situation is experimentally problematic, as the mechanics of the system
interact with velocity in a non-linear manner. Based
on Newtonian physics (force = mass × acceleration)
and the force-velocity relationship an increase in
force during the early phase of a dynamic action will
result in an increase in acceleration and therefore a
higher velocity, which will then comprise potential
force production during latter time points of the dynamic action, thereby influencing the observed RFD
throughout the dynamic contraction.
There are certain methodological factors which need to
be considered when assessing RFD. These have been
discussed in great detail previously8. A summary of the
key points and implications for measurement of RFD in
the rehabilitation process will be discussed here. It is
apparent that system compliance negatively influences
RFD but does so it reads RFD but does not necessarily influence MVF. Thus, a stiff measurement system is
needed for accurate interpretation of RFD. Typically,
isokinetic assessment of peak torque of the knee extensors and flexors is undertaken during the rehabilitation of knee injuries such as anterior cruciate ligament
reconstruction. However, the typical configuration of
commercially available isokinetic dynamometers with a
large volume of padding is not suited for RFD measurement. As previously described, force and velocity
are interrelated, and therefore velocity can have a
strong impact on subsequent force production. Consequently, RFD is typically measured isometrically. The
identification of force onsets is pivotal to the valid and
reliable assessment of RFD. Most studies have determined force onset for explosive contractions using automated methods of onset such as absolute force
thresholds or mathematical algorithms (e.g. 3 standard
deviations of mean baseline force). However, manual
(visual) identification of signal onsets is considered the
“gold standard” method for identifying signal onsets.
Therefore, automated detection methods are considerably less valid and relatively insensitive than manual
(visual) identification procedures. Furthermore, the level of pre-tension in the muscle prior to performing an
explosive contraction has been shown to subsequently
affect the level of force that can be applied over the initial rising phase of contraction and so explosive contractions should be performed from a relaxed state (i.e.
Muscles, Ligaments and Tendons Journal 2017;7 (3):435-441

no pre-tension). Counter-movement (a drop-in baseline force) exerts a strong influence on subsequent
recorded values of explosive force production and
therefore a consistent baseline force should be ensured.
As such RFD measurement is not simple and numerous methodological factors can influence its interpretation. Additionally, reliability is a potential problem
with RFD measurement. Buckthorpe et al.26 assessed
RFD measurement and demonstrated that although
MIVF was reliable for both individuals and group between sessions, early phase RFD was highly variable
between sessions (coefficient of variation, 16-19%
depending upon the method of reporting), but consistent for the group. This reliability improved as time
from force onset increased. As such caution is warranted when interpreting early phase RFD.
Whilst functional human movement involves the coordinated actions of multiple joints, given the number of
technical considerations it can be seen why explosive
force production has typically been assessed in isolated muscle groups9,29. A few studies have assessed
RFD in multiple joint situations such as an isometric
squat11 or leg press18. However, this situation is not
ideal for understanding the underlying neural and
morphological factors which may influence the expression of explosive strength between participants
or between limbs following injury. Therefore, measurement of isometric explosive strength in a single
joint isometric situation minimises the potential number of confounding variables that can influence RFD
measurement, and allows for a more controlled situation in which the contributions to variance in RFD or
morphological and neural contributions to changes in
explosive strength following an intervention and/or injury can be more appropriately examined.

Training RFD

There are numerous barriers to the accurate measurement of RFD in clinical practice following injury
prior to return to sport. As such for most clinicians
this will not be possible. However, given the relevance of RFD for athletic performance and injury risk,
consideration of RFD in rehabilitation models is necessary to begin to optimise neuromuscular function
prior to return to sport. The next section will discuss
the determinants of RFD and responses of RFD to
training to aid in best practice.

Evidence for determinants of RFD

Essentially, RFD can be considered a composite
function of a MIVF capabilities multiplied by the ability
to express this available force generating capacity
(i.e., relative RFD) at specific time points. Therefore,
if there was no variability in relative RFD, then explosive strength would simply be scaled to MIVF and be
influenced by the factors which explain this form of
strength.
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The variability in relative RFD and as such the association to MIVF vary throughout the force-time curve
with much higher variability in RFD during the early
phase of contraction. Early phase RFD (0-50 ms)
has been shown to vary by 8-fold30. As such it’s no
surprise that poor relationships with RFD over 50
ms and MIVF have been documented, with explained variance of only 20-25% 30,31. The relationship between MIVF and RFD increases with increasing time from onset with MIVF explaining 50 and
80% of the variability in RFD over 0-100 and 0150/200 ms respectively.
Other factors thought to explain RFD in the early
phase of contraction include the level of agonist activation and intrinsic contractile properties 8,30. The
level of agonist activation has been shown to be
sub-optimal in all individuals, and highly variable.
Typically, most individuals on average can achieve
40% activation over the initial 50 ms from rest (assessed using surface Electromyography and comparison of electrically evoked to voluntary contractions) which ranges between 10-80%30. Twitch contractile properties are thought to explain around 1015% of the early phase variability in RFD, once its
association with MIVF is accounted for30,31. Collectively, the early phase of force development is
thought of as the ability to increase neuromuscular
activation rapidly (explained variability, 50%), the
contractile responses to low levels of activation
(twitch response, 15%) and maximal force generating capacity (20-25%). Mid-phase RFD is explained
largely by MIVF (50%) but with stronger associations with contractile responses to high pulse frequency electrical stimulation (evoked contractions of
8 pulse at 300 Hz which evokes the muscle tendon
units peak evoked RFD), and limited associations
with neuromuscular activation (10-15%) 30 . This is
thought to be due to fact that activation levels are
already high/maximal (generally in excess of EMG
amplitude at MIVF), and that the motor unit frequency required to achieve peak RFD is significantly
higher than for MIVF (300 vs 30-50 Hz)8.
Other factors are considered to play a role in RFD,
for example, both muscle architecture and fibre type
composition are thought to contribute to RFD, but
has received limited research attention. Despite initially considered to contribute to RFD27, muscle-tendon unit stiffness has been shown to report a spurious relationship with RFD though its association
with MIVF32. There is an important consideration of
contraction type influence on observed RFD. Tillin et
al.33 reported RFD across isometric, concentric and
eccentric contraction of the knee extensors on an
acceleration controlled isokinetic machine. Concentric RFD was 60% higher than isometric or eccentric
RFD after 25 ms. Furthermore, participants
achieved concentrically 77% of evoked force capacity after 50 ms compared to 36-46% isometrically
and only 23% eccentrically. The superior ability to
utilise the available force generating capacity during
concentric contraction demonstrates an enhanced
capability for agonist activation during rapid concen-
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tric tasks, which was further supported via elevated
EMG amplitude during concentric versus isometric
or eccentric contractions.

Responses to training

Resistance training utilising moderate to heavy loads
(sustained contractions greater than 2 s) has proved
successful at developing MIVF, but there is equivocal
evidence concerning its effects on RFD 9,34. Resistance training studies using either slow increases in
force and sustained contractions9 or isoinertial resistance training with moderate loads (70% of one repetition maximum, 8-12 repetitions) have reported differential adaptations on the force-time curve with increased late phase RFD (>200 ms) and no change in
RFD during the early phase (<100 ms)34. Tillin et al.6
suggested the enhanced agonist activation which explained enhanced MIVF after 4 weeks, was specific
to the high force component of the force-time curve.
A recent study compared the adaptations in RFD following high intensity resistance training (3 sets at 3-5
repetition maximum with 3 minutes’ recovery between
sets) against that of high volume resistance (3 sets,
10-12 repetitions at 70% 1 repetition maximum),
which can be considered moderate intensity resistance training. The Authors reported that the high intensity group elicited large increases in RFD during
the early periods of force development after training
(78% increase in RFD over 50 ms and trend for increased RFD over 90 ms, +59%, P = 0.052)35 whereas there was no change (-3-4%) in RFD for the moderate intensity resistance training group. The Authors
speculated that high intensity training elicited adaptation in the high threshold motor units, which resulted
in increased RFD. Aagaard et al.9 reported enhanced
RFD and agonist activation after 12 weeks of periodised resistance training in which the last four
weeks involved heavy loads (4-6 repetition maximum). The differential effects versus a similar resistance programme of moderate loads34, which failed to
elicit adaptations in RFD supports evidence to suggest that inclusion of a heavy load lifting (≤ 5 repetition maximum) as part of a periodised resistance programme may be superior for enhancing the whole of
the force-time curve and provide the necessary stimulus to enhance early phase agonist activation.
It is thought that intention to lift the weight or produce
maximal force as quickly as possible is needed to enhance RFD36. Indeed, those studies which have used
rapid maximal contractions from low force levels have
shown enhanced agonist RFD accompanied by increased agonist activation (assessed using surface
electromyography)28,29. Short term training involving
rapid increase in force from rest has been shown to
enhance RFD by 40-50% after only 4 weeks of training, with marked increased agonist activation (+4050%)28,29.
The principle of intention to produce force as quickly
as possible, may not appear to hold true with isoinertial resistance training, as Buckthorpe et al.37 reportMuscles, Ligaments and Tendons Journal 2017;7 (3):435-441
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ed no change in RFD after three weeks of isoinertial
resistance training with maximal intention to lift the
weight during the concentric phase. The Authors suggested that rapid transition in force and activation
might be the stimulus required to elicit changes in activation and RFD rather than merely intention. Isoinertial resistance training involves moderate levels of
activation throughout the concentric and eccentric
phases and does not involve increases in force from
low to high levels and so in line with the principle of
training specifity, so it reads training specifity phenomenon, may not train early phase RFD.
Maximal intention to lift lighter weights referred to as
ballistic training has been shown to be more effective
at enhancing RFD and is typically incorporated into
programmes to train power and explosive strength.
For example, Van Cutsem, et al. 38 demonstrated a
large increase in both RFD and motor unit discharge
properties following 12 weeks of ballistic training at
30% one repetition maximum. Training resulted in no
change in the recruitment sequence of motor units
during ramp contractions (i.e., adhered before and after training to the size principle)39; an earlier onset of
electro-myographic activity; increased maximal motor
unit firing frequency and an increased incidence of
motor unit doublets (inter-spike frequency 2-5 Hz) in
the electro-myographic signal during ballistic contractions. It appears that these may be the underlying
mechanisms responsible for enhanced electro-myographic activity observed following explosive and ballistic training reported above.
As well as explosive strength training, sensorimotor
training (which involves rapid low level contractions to
re-stabilise joint complexes) has been shown to
evoke marked increases in RFD (33%) and agonist
activation during the early phase of contraction (3050 ms) within the knee extensors, with no change in
either MIVF or RFD measured at time periods greater
than 100 ms (measured during isometric leg press)18,
However, the benefits of this type of training are
questionable when combined with resistance training
and appear to be more related to training the ability to
process incoming afferent information from joints,
rather than efferent processing for joint stability.

Summary and implications for rehabilitation
and return to sport

From the above, RFD appears more relevant than
MIVF for short explosive contractions. Given that joint
injury prevention likely is more reliant on rapid low
level muscular contractions to timely re-stabilise
joints and prevent or limit mechanical disruption, this
may have important clinical relevance for injury and
re-injury prevention programmes, whereas some
sporting movements such as vertical jumping, with
contraction times around 250 ms are likely influenced
by late phase RFD and thus, more so the maximal
strength capacity of the muscle. However, rehabilitation and screening prior to return to sport involves little in the way of testing and training RFD. From the
Muscles, Ligaments and Tendons Journal 2017;7 (3):435-441

small research, available it appears conventional rehabilitation fails to adequately restore RFD prior to return to sport and a greater focus on training and testing RFD may be needed to enhance return to sport
outcomes and prevent re-injury risk.
For most, the ability to assess RFD during the rehabilitation period is problematic due to the required
equipment (specifically designed isometric and/or
isokinetic testing rigs) and testing skill. Assessment
of RFD following injury such as anterior cruciate ligament rupture should involve single joint controlled assessment, with close consideration of the factors
which can influence measurement. Limiting measurement error through a stiff measurement system and
careful controlled assessment and interpretation of
force-signals is required.
If RFD assessment is not possible, then appreciation
of the determinants of RFD and responses to training
should aid in enhancing patient outcomes following
rehabilitation. Overall, it is hoped that this information
will inform rehabilitation practices with a greater focus
on RFD in the rehabilitation model. It is well recognised that rehabilitation should follow a phased approach based on criterion progression across five
phases40. The early phases (one and two) should resolve pain and inflammation and restore range of motion, followed by a period of strength and muscular
(and cardiovascular) endurance restoration (phase
three). End stages (phases four) involve restoration
of motor control and coordination, prior to on-field
sports restoration, reconditioning and return to sport
(phase five)41. In this context, RFD training should be
largely a focus of phase four, restoring neural activation and explosive strength prior to beginning sportspecific on-field rehabilitation. As part of a periodised
strength training model, following a period of strength
training to restore muscle physiological cross sectional area and maximal muscle strength, further training
to enhance RFD to develop the functional capability
to express muscle strength capacity explosively during fast sporting movements such as sprint running
and rapid re-stabilisation of joint complexes following
mechanical perturbation is required.
On the whole, it is recommended that return to sport
neuromuscular re-training involve components to develop both maximal and explosive strength. Based on
the determinants of strength, this should include a focus on development of maximal strength, as well as
the explosive contractile responses of the muscle and
the ability to rapidly increase neuromuscular activation. Conventional strength training with moderate
load is effective at restoring maximal strength and a
periodised resistance program with the final phased
focused on heavy load lifting (< 5RM) and eccentric
strength would train both components of strength. Incorporation of partial squat heavy load lifting alongside full range of motion squat training was shown to
result in a larger left and upward shift in the forcetime curve, resulting in increased impulse production
during the early period of force development compared to full range of motion squat training only42 and
could be a strategy to target both components of neu-
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Figure 1. Rehabilitation model43 with increased focus in phase 4 on Rate of Force Development (RFD) through enhancing neural adaptations. ROM: Range of Motion; RTS: Return to Sport.

romuscular function. Heavy load lifting to achieve
high levels of activation, and specifically to target the
largest (and fastest) motor units appears necessary
for maximal strength training to elicit adaptations in
RFD. As such incorporation of heavy/maximal/supramaximal strength training alongside moderate resistance training may complement the neuromuscular
adaptations seen from resistance training during the
rehabilitation program. Further, incorporating explosive strength training to enhance the ability to develop force rapidly from low levels is required, whilst ballistic and plyometric training can further complement
the program.
Obviously such a high load/ explosive strength and
power training after injury must be proposed only after completion of the healing process, recovery of
range of motion and flexibility, and applying the principle of progressive overload 43. In clinical practice,
we follow a periodised neuromuscular re-training programme with phase 4 split into 3 elements involving
functional strength training and eccentric maximal
strength, with a view to enhancing the ability to express isolated strength functionally and involving
heavy load lifting and eccentric strength training; 4.2
explosive strength training and deceleration/landing
control with a view to optimising neuromuscular preactivation and rapid neuromuscular activation at force
onset and 4.3 involving plyometric training to develop
the stretch shortening cycle and eccentric RFD/power. This is undertaken prior the commencement of onfield rehabilitation and return to sport to ensure sufficient explosive neuromuscular performance prior to
commencement of high speed sporting actions
(phase 5) (Fig. 1).
RFD training can be introduced earlier in the model
than phase four with use of pool based rehabilitation,
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including jump and landing techniques in the swimming pool at various depths of water in line with a patient’s functional strength recovery. With maximal intention to jump rapidly, there is a high transition in
force from low to higher levels (as such it is expected
there would also be a rapid transition in activation
levels from low to high levels) which likely serve as
an effective stimulus to develop RFD earlier in the rehabilitation programme (i.e., phase three, alongside a
strengthening programme in the gym) with minimal
ground reaction force. Ultimately optimally restoring
neuromuscular function is a key goal in sports rehabilitation and incorporating a greater focus on RFD is
one ingredient for this approach. Thus, we encourage
clinicians to enhance their understanding of the topic
and expertise at incorporating this aspect of training
into their rehabilitation protocols/programmes.
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