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Relative to peak Purpose: The aim of this investigation was to determine the reliability of normalizing rapid force
force; (RF) production to peak force assessed during an isometric knee flexor assessment, and to pres-
Hamstring injury; ent a novel method of classifying athletes' potential training needs within the 90—90 isometric
Training; hamstring assessment.

Monitoring; Procedures: Twenty elite female soccer players (age: 20.7 + 4.7 years; height: 168.2 +5.5cm;
Force at set time body mass: 62.8 +7.0kg), with no recent (>6 months) history of hamstring strain injury, volun-

teered to participate in the study. Following a standardized warm-up, each participant performed
three maximal isometric hamstring contractions, with their heel resting on a force plate, elevated
on a box, to ensure that their hips and knees were at 90° Data was analyzed to determine peak for
(PF), RF was established as force expressed at 100 ms (F100) and force expressed at 200 ms (F200),
with force at each time-point subsequently normalized to a percentage of PF.

Findings: F100 and F200 normalized to PF demonstrated good absolute reliability (%CV = 6.12—7.62)
and moderate relative reliability (ICC=0.689—-0.703). Concurrently observing PF and normalized
F100 and F200 could provide clear training and monitoring goals.

Conclusions: Normalizing measures of RF production, including F100 and F200, to PF can be per-
formed reliability. Therefore, could be tracked overtime to identify changes as an effect of
training or for fatigue monitoring purposes. However, further research is required to determine
how knee flexor force-time characteristics change in relation to focused training and how these
characteristics change in response to fatiguing activities.

© 2024 Published by Elsevier Espana, S.L.U. on behalf of Consell Catalo de U'Esport. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
Introduction
Hamstring strain injuries (HSI) can have a substantial impact in
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of the absence days caused by injury across the sport,'> with an
increasing occurrence rate."” The hamstrings' ability to produce
a large force during the terminal swing phase of running is cru-
cial to mitigating injury risk. However, due to the high knee
angular velocities during the terminal swing phase (>1000°/s),’
the hamstrings also need to produce a large proportion of this
force rapidly. Eccentric exercise has been shown to result in
positive changes in modifiable risk factors for HSI.'> The results
of pre-season eccentric strength testing, however, have pro-
vided minimal insight into HSI incidence,®' with poor adoption
in team sports highlighting the need to consider alternative
hamstring assessment methods and regular monitoring.*'
Hence, there is a gap in the research regarding methods of
assessing peak force (PF) and rapid force (RF) production char-
acteristics of the hamstring to inform practice, while maximiz-
ing compliance, feasibility, and useability. It is worth noting
that the established gold standard for single joint isometric
assessment of force, isokinetic dynamometry could also be used
to inform practice on an individual’s PF and RF.>'®>* However,
despite being gold standard isokinetic dynamometry is expen-
sive and time consuming and lacks feasibility within applied set-
tings including team sports, while force plates can be used
more effectively.

The increased availability of force plate systems is making
single joint isometric strength testing more feasible,'"?%:3°
and can be used to monitor changes in hamstring force produc-
tion characteristics to provide objective training recommenda-
tions.>* Tracking changes in performance and monitoring acute
player fatigue through isometric hamstring strength testing
could identify high risk situations and may help coaches and
practitioners to optimize performance and reduce the likeli-
hood of injury through appropriate training modification and
intervention strategies.*?

The 90—90 isometric hamstring strength assessment (90°
hip flexion and 90° knee flexion) has been found to be reliable
for both PF and RF generating measures (e.g., force at 100 ms
[F100], force at 200 ms [F200] and average rate of force devel-
opment (RFD) over 100 and 200 ms).>> Force at set time points
within single joint tasks (F100 and F200) have been shown to
have a strong relationship with PF."**>* Interestingly, normaliz-
ing RF to PF may enhance the useability of RF measures within
practice, to aid in programme design.” Comfort et al® pro-
posed the no4rmalization of RF to PF to provide potential train-
ing recommendations for the lower body, for instance when
using the isometric mid-thigh pull to observe rapid force
measures. > If practitioners can determine the magnitude of
force an athlete can produce rapidly and relate it to their PF
this could offer insights into training prescription of training
modification. To date, PF and RF within the 90—90 isometric
hamstring assessment have displayed very large relation-
ships,®> however, normalization of RF to PF has not been
reported. Therefore, the purpose of this study was to identify
the reliability of normalizing RF to PF and to present a novel
method of classifying athletes' potential training needs within
the 90—90 isometric hamstring assessment.

Materials and methods

Participants

Twenty elite female soccer players from a single Super League
squad (age: 20.7 +4.7 years; height: 168.2 +5.5cm; body

mass: 62.8 + 7.0 kg) participated in the study, classification of
athletes was based on.?® Participants were required to have
had no hamstring related injuries for >6 months prior to taking
part. All participants provided written informed consent, or
parental/guardian assent where required. Ethical approval
was granted by the institutional ethics committee (HSR1819-
037) in accordance with the declaration of Helsinki.

Experimental design

An observational design was used to assess isometric ham-
string strength of female soccer players, to permit calcula-
tion of PF, RF and normalization of RF to PF (force at set
time points (F100 and F200) made relative to PF). Partici-
pants completed the tests prior to their normal training day.
The assessment session was carried out 72 h after a competi-
tive fixture (match day +3), allowing at least 48 h recovery
prior to their next competitive fixture. A standardized warm
up was performed by all subjects including body weight
squats, lunges, hip thrusts, following which three submaxi-
mal isometric trials was performed prior to any maximal tri-
als, at 50 %, 75 % and 90 % of perceived maximum effort.

The 90—90 isometric assessments were measured using a
force plate (Kistler 9286AA: Kistler Instruments Inc,
Ambherst, NY, USA), sampling at 1000 Hz. Only force in verti-
cal vector was used for analysis which is consistent with uni-
axial force plates which are frequently used within
practice.'"2%3> The force plate was placed upon a wooden
box at an appropriate height to achieve the desired 90°
knee and hip joint angle for each participant using a goniom-
eter with their heel resting on the box (Fig. 1). The test was
performed unilaterally with the non-testing leg being placed
fully extended next to the box and arms placed across the
chest. Three maximal trials for each leg were executed by
instructing the participants to push their heel down into the
force plate “hard and fast” for 3—5s with strong verbal
encouragement. Participants were instructed to remain as
still as possible to permit the calculation of limb weight and
associated force-time data, including the onset of force pro-
duction.

Raw force-time data for each trial were analyzed using a
customized Microsoft Excel spreadsheet (Version 2019,
Microsoft Corp., Redmond, WA, USA), raw force-time data
was down sampled to 250 Hz via a simple filter in order to
reduce noise and improve the reliability of RF measures
(F100 and F200).>¢ PF, F100 and F200 (i.e. RF) following
onset were calculated from the net force values (excluding
limb weight) for each trial. Onset of force was identified as
5 standard deviations (SD) from the one second quiet
period.'® For normalization procedures, RF was expressed as
a percentage of peak force, as previously described.®

Statistical analysis

Normality was verified using the Shapiro—Wilk’s test. Abso-
lute reliability was calculated using coefficient of variance
(CV¥%), interpreted as upper bound 95 % confidence interval
(95 %Cl), <5.00%, 5.00-9.99 %, 10.00—14.99 % and >15% as
excellent, good, moderate and poor, respectively. Relative
reliability was assessed using intraclass correlation coeffi-
cients (ICC), interpreted based on the lower bound 95 %Cl as
poor <0.49, moderate 0.50-0.74, good 0.75-0.89 and
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Fig. 1

excellent>0.90.” The mean PF and F100 and F200 of the
three trials were taken and used for further analysis.

A paired samples t-test and Hedge’s g effect sizes were
used to compare PF, F100 and F200 between limbs to deter-
mine if data could be pooled. Hedge’s g was interpreted using
(0.00—0.19 = trivial, 0.20—- 0.59 =small, 0.60—1.19 = moder-
ate and >1.20 = large. All statistical analyses were conducted
using JASP (Version 0.18.2 [Computer software]) and a cus-
tomized Microsoft Excel spreadsheet (Version 2019, Microsoft
Corp., Redmond, WA, USA).

Pooled scatter plots are presented with the mean PF and
normalized F100 and F200. Each plot is separated into four
quadrants based off the mean value for PF and normalized
F100 and F200. The four quadrants represent force charac-
teristics; Q1: low PF and low RF, Q2: high PF and low RF, Q3:
low PF and high RF, Q4: high PF and high RF.

Results

Good-excellent absolute and moderate relative reliability
were observed for F100 and F200 and normalized F100 and
F200, with excellent absolute and good relative reliability
observed for PF (Table 1). The mean =+ SD PF, F100, F200 and
RF normalized to peak force are presented in Table 1. No sig-
nificant or meaningful differences were observed between
limbs for PF and RF measures (p=0.826—0.919, Hedge’s
2=0.11-0.24)

90:90 Isometric hamstring assessment using force plates.

Left and Right limb data was pooled and individual scat-
ter plots with associated quadrants are presented in Fis. 2&
3, the scatter plots present the potential applications of
training and monitorin.

Discussion

The purpose of this study was to establish the reliability of
normalizing RF (F100 and F200) to PF assessed during the
90—90 isometric hamstring strength assessment and present
a novel method of classifying athletes based off normalized
RF to PF. Good-excellent absolute and moderate relative
reliability were observed for F100 and F200 and normalized
RF to PF (<7.62CV%, ICC >0.689), with excellent absolute
and good relative reliability observed for PF (3.05CV%,
ICC=0.887) (Table 1). Additionally, no significant or mean-
ingful differences were observed between limbs for PF and
RF measures (p=0.826—0.919, ¢=0.11-0.24) (Table 1).
Using a quadrant system to plot individuals PF and RF
(Figs. 2& 3) could enable a rapid decision making by practi-
tioners to inform best practice, if used for training needs
identification or if used for monitoring purpose used for
training modification.

Regular performance assessment is commonplace within
elite sport, however, for the hamstrings currently pre-season
eccentric strength assessment provides minimal insight into
HSI incidence.®' Moreover, the use of Nordic hamstring
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Descriptive statistics for the 90:90 Isometric hamstring assessment.

Table 1

N-F200 Left (%)

68.15

N-F100 Left (%)

52.85

F200 Left (N)

147.24
48.41

F100 Left (N)
113.24
43.84

5.51

PF left (N)
213.09
49.17

N-F200 Right (%)

70.32

N-F100 Right (%)

54.99

F200 Right (N)

153.85
40.25

F100 Right (N)
120.24

34.48

5.62

PF Right (N)
218.51
46.24

2.25

Avg

8.61
7.32

11.54
6.28

9.13
7.62

9.80
6.12

7.12

3.05

7.44

CV% (95CI)

(5.39-9.25)

0.689

(4.68—7.88)
0.703

(5.26—8.98)

0.712

(4.87—6.18)
0.766

(2.18-3.92)

0.887

(5.46—9.78)

0.715

(5.14—7.10)

0.721

(5.64—9.24)

0.711

(4.76—6.48)

0.726

(0.62—3.88)

0.917

ICC (95C1)

(0.595-0.829) (0.589-0.817) (0.547—-0.836)

(0.675—-0.857)

(0.824-0.950)

(0.590—-0.840)

(0.601—0.841)

(0.593-0.829)
force at 200 ms, N-F100

(0.635—0.821)
force at 100 ms, F200

(0.882—-0.952)

=Stan-

average, SD

normalized force at 200 ms to peak force, Avg =

95 % confidence intervals.

=normalized force at 100 ms to peak force, N-F200

peak force, F100 =

PF =

dard deviation, CV% = coefficient of variation percentage, ICC = intraclass correlation coefficients, 95CI

exercise as a monitoring tool or training exercise has poor
adoption in team sports,'*'® highlighting the need to con-
sider alternative hamstring assessment practice. Isometric
hamstring assessments using force plates have consistently
demonstrated sensitivity to detect change following a
fatiguing activity in both PF and RFD.>%?%’ Bettariga et al’
observed a reduction in RFD following a fatiguing protocol,
however, the increased variability in RFD measures should
be considered, hence the use of force at set time points
(e.g. F100 and F200). However, normalizing PF to RF offers a
greater understanding of the implications of fatigue activity
(i.e., match play or training) where there could be differen-
tiating factors in performance including mechanical, neuro-
muscular or metabolic fatigue.*° For instance, as F100
explains around 50-55% of PF; decreases in PF could be
related to decreases in RF, however, if RF can be maintained
but PF is reduced there are potentially other mechanisms
interacting with the hamstrings’ ability to produce force
(e.g. neuromuscular or metabolic fatigue). Tracking changes
in performance could identify high risk situations and may
help coaches and practitioners to reduce the likelihood of
injury through appropriate training modification and inter-
vention strategies.*%*°

The use of faster movement patterns within training and
moving with intent has been shown to be an effective
approach to targeting RF.® Within trained athletes, high
intensity compound resistance training has been shown to
impact RF positively.?' Maximal strength training (MST) and
explosive strength training (EST) can both have positive
impacts on RF development,?®> MST appears to favor late RF,
via positive changes in maximal voluntary contraction and
cross-sectional area.’ EST favors early RF with positive neu-
ral changes.? It is recommended that for performance adap-
tations, the entire force velocity curve must be developed
(MST & EST)."%%° Many exercise types have been identified
to improve hamstring strength, but combined training
approaches have been advocated more recently as a more
effective strategy in tacking common HSI risk factors.®’-3® It
could be potentially effective to prescribe training based on
an athlete's individual needs, specifically to target PF or RF
capabilities. The quadrant system (Figs. 2& 3) based off the
90:90 isometric hamstring assessment allows for identifica-
tion of an athlete’s needs and specific training can be
applied to target those physical qualities. However, further
research is required to determine how knee flexor force
time characteristics change in relation to focused training
and how these characteristics change in response to fatigu-
ing activities.

Currently, the methods used for single joint isometric
assessments using force plates has limited
consistency,>%27-30:35:3¢ with variations in the test set up
where hip and knee angles of 30—30 and standing 90—20
have been used with force plates. Despite this consistently
demonstrated sensitivity to detect change following a
fatiguing activity in both PF and RFD.>®?” Within the pres-
ent study, only the 90—90 isometric hamstring assessment
was used, despite high reliability and the potential for prac-
titioners to use the information for appropriate prescription
for EST or MST. The 90—90 isometric hamstring assessment
may lack specificity to the mechanism of HSI, which are pro-
posed to occur at longer muscle lengths within the descend-
ing limb of the force-length curve.?”?® Therefore, future
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Fig. 2

Scatter plot illustrating peak force (N) and force at 100 ms relative to peak force (%) with four quadrants. Q1: low peak force

and low rapid force, Q2: high peak force and low rapid force, Q3: low peak force and high rapid force, Q4: high peak force and high

rapid force.

research should look to observe the validity of hamstring
force production (though electromyography) within the vari-
ous methods of assessing single joint isometric assessments
using force plates. It is also recommended that future
research observes the reliability of RF and the reliability of
normalizing RF to PF within isometric hamstring assessments
that assess the muscle at linger lengths (e.g. 30—30 and
standing 90—20 assessments). It also worth noting that the
warmup protocol used may not have been sufficient in pre-
paring the participant to maximally perform the assessment,
however, as all participants performed the same standard-
ized warmup protocol it’s influence could be considered neg-
ligible.

The results of the present study indicate that normalizing
RF to PF can be performed reliably, hence it could be used
to monitor changes in RF in relation to PF production

overtime. This could be used to inform specific training prac-
tices (i.e. the inclusion of EST or MST) as required, it could
also be used to inform fatigue monitoring, especially post-
match. As changes in RF could be present without a reduc-
tion in PF could be indicative of specific neuromuscular
fatigue requiring specific recovery strategies. Moreover,
reductions in RF could also be indicative of increased risk
HSI incidence, therefore, signaling to practitioners that
adaptations in training volumes (specifically high-speed run-
ning) maybe required. However, the application of these
applied practices to acute fatigue monitoring does need fur-
ther investigation. Similarly, practioners could use the nor-
malized RF to PF by taking a quadrant approach (e.g. Figs.
2& 3) aiding in the identification of training priorities. The
priority for practitioners should be to ensure athletes that
can produce both high RF and PF (Q4). If an athlete can

100
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v
3% [
H
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Fig. 3

Scatter plot illustrating peak force (N) and force at 200 ms relative to peak force (%) with four quadrants. Q1: low peak force

and low rapid force, Q2: high peak force and low rapid force, Q3: low peak force and high rapid force, Q4: high peak force and high

rapid force.
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produce high force but can only express it slowly (Q2), this
may present an opportunity when programming should focus
on EST. Conversely, if an athlete has a low PF, a focus on MST
appears the most obvious route forward, even if they can
produce force quickly. It's important to note, that as PF has
a strong relationship with voluntary activation, if in doubt
practitioners should focus on PF. Expressing RF as a percent-
age of PF during the 90:90 isometric hamstring strength
assessment is reliable and may go some way to explain tim-
ing related aspects of force production and ultimately help
inform programme design.
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