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Background:Despite its apparent functional importance, there is a general lack of data regarding the time-related
changes in explosive strength and the corresponding side-to-side asymmetries in individuals recovering from an
ACL reconstruction (ACLR). The present study was designed to assess changes in the maximum and explosive
strength of the quadriceps and hamstring muscles in athletes recovering from an ACLR.
Methods: Twenty male athletes with an ACL injury completed a standard isometric testing protocol pre-ACLR,
four and six months post-ACLR. In addition to the maximum strength (Fmax), the explosive strength of quadri-
ceps and hamstrings was assessed through four variables derived from the slope of the force–time curves over
various time intervals (RFDmax, RFD50, RFD150 and RFD250). Side-to-side asymmetries were calculated relative
to post-ACLR measures of the uninvolved leg (“standard” asymmetries), and relative to pre-ACLR value of the
uninvolved leg (“real” asymmetries).

Results: Pre-ACLR asymmetries in quadriceps RFD (average 26%) were already larger than in Fmax (14%)
(p b 0.05). Six months post-ACLR real asymmetries in RFD variables (33–39%) were larger than the correspond-
ing standard asymmetries (26–28%; p b 0.01). Average asymmetries in hamstrings' RFD and Fmax were 10%, 25%
and 15% for pre-ACLR and two post-ACLR sessions, respectively (all p N 0.05).
Conclusions: In addition to the maximum strength, the indices of explosive strength should also be included in
monitoring recovery of muscle function following an ACLR. Furthermore, pre-injury/reconstruction values
should beused for thepost-ACLR side-to-side comparisons, providing amore valid criterion regarding themuscle
recovery and readiness for a return to sports.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Evaluation of the quadriceps and hamstrings' maximum strength is
of profound importance inmonitoring recovery following anACL recon-
struction (ACLR) [4–7]. Among a number of methods applied to the
assessment and monitoring of the muscle strength following an ACLR
has been the standard isometric test based on the maximum voluntary
contraction of the tested muscle [6,8–10]. The routinely recorded
dependent variable that depicts the maximum strength has been
the maximum force (Fmax), typically achieved over three–five s of a
sustained maximum contraction [11,12].

In addition to the maximum strength, the so-called explosive
strength (i.e., the ability to quickly exert high muscle force [13,14])
logy and Applied Physiology,
h College Avenue, Newark, DE
.

has been considered an important functional property of tested
muscles. Explosive strength has been typically assessed from the slope
of the force–time curve as the rate of force development (RFD) at vari-
ous time intervals from the onset of the muscle contraction [13]. It has
been previously demonstrated that the RFD could be influenced by
different neurophysiological mechanisms at the early (b100 ms) and
late phase (N100 ms) of the isometric contractions [15]. Specifically,
the indices of explosive strength that obtained from the early phase of
force developmentmay predominantly depend upon the level of neural
excitation. Note that a diminished quadriceps control has been observed
in peoplewith ACL deficiency [1]. Namely, loss of afferent feedback from
knee joint structures leads to suppressed feedback from the ACL to
gamma motor neurons and results in chronic suppression of recruit-
ment of high-threshold motor units during voluntary contraction of
the quadriceps [2,3]. Conversely, the same indices obtained from the
later phase may be more dependent upon the muscle contractile
mechanisms [13,16]. A number of studies have shown that the ability
to quickly exert a high level of muscle force should be more important
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for maximizing movement performance than the maximum strength,
particularly in the movement tasks of limited duration [13,17–19]
where quick and forceful muscle contractions are needed [16,19,20],
such as in athletic activities like jumping and sprinting [14,21]. A high
level of explosive strength may be equally important when stabilizing
the posture during standing, locomotion, or in response to mechanical
perturbations [22,23].

Despite its apparent functional importance, there is a general lack of
data regarding the time-related changes in the explosive strength and
the corresponding side-to-side asymmetries in individuals recovering
following an ACLR. Some aspects of the measures in monitoring
recovery following musculoskeletal injuries have only recently been
addressed [13,18,24]. Thus, the indices of explosive strengthwere intro-
duced for the purpose of a predisposing risk factor for anACL injury [18],
and as a complementary measure to maximum strength aimed to
follow up the recovery of muscle function after an ACLR [17]. Note
that although a positive relationship between themaximum and explo-
sive strength has been documented [19,25,26], the same muscle abili-
ties should also be partly independent [19,20,27]. Namely, previous
studies have suggested that short-term improvements in explosive
and maximum force production may require distinct training stimuli
that elicit specific adaptations (e.g., high-load contractions have proved
effective in increasing maximum strength, while there is equivocal
evidence for its effects on explosive force production). In addition, the
different phases of RFD curves can be differently modified by resistance
training protocols [14,15,19]. Consequently, both an ACL injury and the
post-ACLR rehabilitation process could selectively affect the maximum
and explosive strength. This assumption has been supported by studies
in which mechanisms of quadriceps weakness following an ACLR were
explained by a loss of afferent feedback from the ACL [3,28]. The loss
could have caused a prolonged disuse and hypotrophy of fast-twitch
muscle fibres, which are predominantly responsible for force produc-
tion in fast contractions. This could also lead to a more pronounced
decrease in muscle ability to quickly exert the needed force, than in
providing an overall high strength. Nevertheless, none of the cited stud-
ies have investigated time-related changes in the quadriceps and
hamstrings' maximum and explosive strength during rehabilitation
following an ACLR.

Another problem associated with the assessments of muscle func-
tion in individuals recovering from an ACLR is related to the use of
strengthmeasureswhen assessing an athlete's readiness for their return
to unrestricted athletic activity. Namely, a number of studies have
recommended using the side-to-side asymmetry (i.e., the ratio between
the strength of the involved leg and uninvolved leg in further text
“standard” asymmetries) for that purpose [5,17,29–31]. In particular, a
side-to-side asymmetry below 15% has been accepted as a general crite-
rion for athletes to return to sports activity [4,29,32,33]. However, an
important problem with this approach could originate from the differ-
ences between legs obtained from the period following an ACLR,
which could underestimate the real magnitude of asymmetry. Namely,
an ACL injury typically leads to a cross-over effect in the uninvolved leg
resulting in both strength and functional loss based on various central
and peripheral mechanisms [4,16,33]. Therefore, it has recently been
suggested that the use of pre-injury values could provide a more valid
criterion [4,17,30]. Although the discussed approach has clear advan-
tages over the standard one based on the post-ACLR side-to-side
asymmetries, the pre-injury measures are usually unknown, making
this approach difficult to use in routine procedures. However, in the
absence of pre-injury measures, the muscle function of either both
legs or only the uninvolved leg could be routinely assessed prior to
the ACLR, and thereafter used for the comparison with post-ACLR
measures (in further text “real” asymmetries), which could provide a
potentially more valid assessment of the magnitude of side-to-side
asymmetries.

To address the discussed problems, the current study was designed
to evaluate the changes in the maximum and explosive strength of the
quadriceps and hamstring muscle in athletes recovering from an
ACLR. We hypothesized that 1) the asymmetries in explosive strength
would be larger when compared with the maximum strength, as well
as that 2) real asymmetries (where pre-ACLR value of the uninvolved
leg was used as a control) would be larger than standard asymmetries
obtained from post-ACLR measurements. The obtained results are
expected to contribute to further refinement of the methods used for
muscle function testing in individuals recovering after an ACLR.

2. Methods

2.1. Participants

According to standard guidelines [34] with effect size of 0.5, power
of 0.8 and an alpha level of 0.05 (calculated by G*Power 3.1 free
software [35]), the required sample size was 15. Twenty-three ACLR
participants were initially recruited through the Clinic for Orthopaedic
Surgery and Traumatology, but three were lost to follow-up. The
remaining 20 participants were males soccer (N = 12), handball
(5) and judo (3) competitors engaged in professional sport at the na-
tional level. Their age was 22 ± 0.9 years, body mass 84.0 ± 2.5 kg,
height 180.3 ± 0.9 cm (data presented as mean ± SE). The inclusion
criteria were: first ACL injury and participation in competitive
sports at the national level or higher. The exclusion criteria were:
other knee ligaments injured, history of concurrent fractures, osteoar-
thritis, as well as hereditary and neuromuscular diseases. The ACLR
procedure was performed by the same experienced surgeon, using the
bone–patellar–bone tendon (BPTB) autograft. Following the surgery,
the participants were allocated to a standard postoperative rehabilita-
tion program for athletes. All participants received a complete explana-
tion regarding the purpose and procedures of the study, as well as the
possible risks. Ethical clearance for the study was obtained from the
pertinent institutional review board. In line with the Helsinki Declara-
tion, the institutionally approved informed consents were obtained
from participants and their rights were protected.

2.2. Testing procedure

All measurements were taken from three separate sessions:
pre-ACLR (i.e. within seven days prior to surgery), as well as four
and six months post-ACLR. Standard clinical assessments included
questionnaires (International Knee Documentation Committee (IKDC)
subjective score [36] and Tegner score [37]) and knee laxity test per-
formed with KT1000 instrumented arthrometer (MEDmetric Corpora-
tion, San Diego, CA) at 13.61 kg of force [17]. All clinical assessments
were performed by an experienced orthopedist. At six months post-
ACLR, all participants performed a one-leg hop test for distance as a
functional assessment of the dynamic stability of the knee. The hop
test was performed both with the uninvolved leg and involved leg,
according to the standard procedure [38].

Strength measurements were performed within a university
research laboratory, using a Kin-Com AP125 isokinetic dynamometer
(Chatex Corp., Chattanooga, Tennessee, USA) set to isometric condi-
tions. The subjects were seated in an upright position and fixed to the
testing apparatus, with the straps around the pelvis, the thigh, and
malleoli. The axis of rotation of the dynamometer was aligned with
the lateral femoral epicondyle. The knee anglewasfixed at 45° inflexion
(0° corresponded to full extension) [39,40]. Prior to muscle strength
testing, each subject was given a five min warm-up period on a
stationary bicycle, followed by passive stretching exercises, and
two submaximum isometric contraction trials performed using the
dynamometer. The uninvolved leg was always tested first. A real time
visual feedback of the force–time curve was available during the assess-
ment of the maximum isometric strength [19,41]. The same experi-
enced test leader supervised all the tests. A detailed explanation and a
qualified demonstration were both provided prior to each muscle



Table 1
Descriptive statistics for clinical scores.

Pre-ACLR 4 months post-ACLR 6 months post-ACLR

IKDC 69.1 ± 2.4 76.6 ± 2.3† 83.5 ± 1.6†

Lysholm 76.1 ± 3.3 84.6 ± 3.6† 89.4 ± 2.8
Activity 7.4 ± 0.5 5.2 ± 0.4‡ 6.5 ± 0.4‡

KT1000 6.3 ± 0.5 1.7 ± 0.3‡ 2.1 ± 0.3†

All data are presented as mean ± SE.
† Significantly different from previous session (p b 0.05).
‡ Significantly different from previous session (p b 0.01).
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function test, and standardized verbal encouragement was used. De-
pending on the muscle group tested, subjects were instructed either
to extend or flex the knee “as fast and as hard as possible” aimed to pro-
vide the indices of both the maximum and explosive strength [19,42,
43]. Two trials per each muscle were performed. Each contraction was
sustained for five s and the rest period between them was 60 s. Trials
with visible initial countermovement were repeated [18,19].

2.3. Data acquisition and processing

A custom-made Lab View application (National Instruments Corpo-
ration, Austin, TX, USA) was used for data acquisition and processing.
Force–time signal was sampled at 500 Hz and low-pass filtered (10 Hz)
using a fourth-order (zero-phase lag) Butterworth filter. The onset of
the contractionwas defined as the point in timewhere thefirst derivative
of the force–time curve exceeded the baseline by 3% of its maximum
value. The maximum strength was assessed through the maximum
muscle force (Fmax). The explosive strength was assessed through four
variables derived from the slope of the force–time curves. Specifically,
RFDmax represented the maximum slope of the force–time curve, while
RFD50 ms, RFD150 ms and RFD250 ms represented the average slopes over
time intervals 0 to 50 ms (early phase of strength development), 0 to
150 ms, and 0 to 250 ms (late phase of strength development) relative
to the onset of contraction according to themethod previously described
by Aagaard et al. [13]. RFD during the early phase of muscle contraction
(b100 ms) should represent influence of neural drive and intrinsic
contractile properties of themuscle, whereas RFD during later time inter-
vals (i.e. N100ms) should reflect influence of maximummuscle strength
[15,19]. To control for the possible confounding effects of body size, all
strength variables were normalized with respect to the body mass on
power 2/3 [44–46].

Side-to-side asymmetries between the uninvolved leg and the
involved leg were calculated in two ways. First, they were calculated
as asymmetries for each session (i.e., pre-ACLR, four and six months
post-ACLR) as (UNINVOLVED − INVOLVED) / UNINVOLVED × 100
(standard asymmetries). Second, they were also calculated for the
sessions conducted four and six months post-ACLR with respect to the
data obtained pre-ACLR as (UNINVOLVEDpreACLR − INVOLVEDpostACLR) /
UNINVOLVEDpreACLR × 100 (real asymmetries).

2.4. Statistical analysis

Descriptive statistics (mean and standard errors)were calculated for
all variables. Changes in the mean IKDC, Tegner, and KT1000 scores
were evaluated applying ANOVA with repeated measures (obtained
pre-, four and six months post-ACLR). Mixed model ANOVA [factors
being ‘leg’ and ‘session’ (repeated factor)] was used to evaluate the dif-
ferences in the Fmax and RFD values both between the legs (uninvolved
vs. involved), as well as among three sessions (pre-ACLR vs. four and
six months post-ACLR and 4 months vs. 6 months post-ACLR). Where
significant main effects and their interactions were found, the
Bonferroni post-hoc test was applied [p values were SPSS Bonferroni-
adjusted for the purpose of comparison with an assumed family-wise
alpha level of 0.05 (0.01)]. In case of significant main effects without
interactions, separate simple ANOVAs (factor ‘leg’) were applied to
explore between-leg differences within each session. In addition, to
explore the differences across the sessions within each leg, simple
ANOVA's for each leg (factor ‘session’) were performed [47].

To test the first hypothesis, 5 × 3mixedmodel ANOVA (main factors
being ‘variable’ and ‘session’) was used to compare the limb standard
asymmetries between the Fmax and RFD variables obtained from partic-
ular sessions.Where significantmain effects and their interactionswere
found, the Bonferroni post-hoc test was applied. In case of significant
main effects without interactions, simple ANOVAs (factor ‘variable’)
across variables at pre-ACLR, 4 months and 6 months post-ACLR were
performed. In addition, simple ANOVA (factor ‘session’) were applied
to compare the time related changes in each variable. In case of signifi-
cant factors the Bonferroni post-hoc test was applied. To compare
real asymmetries, simple ANOVA (factor ‘variable’) was performed
separately at 4 and 6 months post-ACLR.Where significantmain effects
and their interactions were found, the Bonferroni post-hoc test was
applied.

To test the second hypothesis, paired-sample T-test was used to
determine the differences between the standard and real asymmetries,
four and six months post-ACLR. Finally, a one-group T-test was used to
compare standard and real asymmetries with the criterion being a safe
return to sport (i.e., the asymmetry below 15%). All analyses were per-
formed separately for quadriceps and hamstrings. The level of statistical
significance was set to p = 0.05. Data were analyzed using SPSS 20.0
software (SPSS Inc. Chicago, IL, USA).

3. Results

Outcomes of the clinical tests are shown in Table 1. Note that the data suggest that the
normal values were reached six months post-ACLR. Regarding the results of the one leg
hop test, the distances reached by the involved leg and uninvolved leg, respectively,
were 164 ± 25 cm and 184 ± 22 cm (t = 5.5; p b 0.01). The asymmetry calculated
from the data was 10.9 ± 8.7%.

Representative quadriceps and hamstrings' force–time profiles obtained from a repre-
sentative subject for the involved leg (dashed line) and uninvolved (solid line) leg are
shown in Fig. 1. The data suggest lower Fmax and RFD values of the involved leg across
all sessions.

Descriptive data for the strength and explosive strength variables (i.e., Fmax and
various indices of RFD) of quadriceps are presented in Table 2. When the differences
were tested, the main factor of ‘leg’ was significant (F ranging from 30.7 to 69.6; all
p b 0.01) resulting in lower values of Fmax and RFD measures of the involved leg than of
the uninvolved leg. The main factor of ‘time’ was also significant (F ranging from 4.09 to
6.06; all p b 0.05), mainly due to lower values obtained 4 months post-ACLR than both
pre-ACLR and 6 months post-ACLR. Step-down analysis by simple ANOVAs revealed
significant differences between the involved leg and the uninvolved leg within each
session (all p b 0.01). In addition, Fmax andRFD of the involved legwere lower at 4 months
post-ACLR (19–27%) than both at pre-ACLR (all p b 0.05) and 6 months post-ACLR
(17–22%). Change in the uninvolved leg was not significant, being up to 10% across the
sessions. Regarding the hamstrings (Table 3), only the main factor of ‘leg’ was significant
(F = 10.370–16.471; all p b 0.05), resulting in lower values of Fmax and RFD measures
of the involved leg than that of the uninvolved leg. Although factor ‘session’wasnot signif-
icant, hamstrings' RFD measures of the involved side were approximately 17% lower at
4 months post-ACLR than at pre-ACLR, while the same change in Fmax was only 5%.

Standard asymmetries in the Fmax and RFD variables are depicted in Fig. 2.
Mixed model ANOVA applied on quadriceps revealed significant main effects of ‘variable’
(F= 15.457; p b 0.01) and ‘session’ (F= 9.417; p b 0.01) but not of interaction. Of partic-
ular importance for thefirst hypothesis are larger asymmetries in the explosive than in the
maximum strength. Specifically, when simple ANOVAs were applied within each of the
sessions, post-hoc indicated that the asymmetries for RFD50, RFD150 and RFD250

were larger than for Fmax both pre-ACLR (F = 8.354; p b 0.01) and 4 months post-ACLR
(F = 8.318; p b 0.01), but not 6 months post-ACLR. Furthermore, all asymmetries
observed 4 months post-ACLR were larger than both pre- and 6 months post-ACLR
(p b 0.01). Regarding hamstrings, only the main effect of ‘session’ was significant
(F = 8.747; p b 0.05), due to larger asymmetries observed 4 months post-ACLR than
both pre-ACLR and 6 months post-ACLR. When real asymmetries were analyzed, main
effect of ‘variable’ was significant for quadriceps asymmetries, both at 4 months
(F = 11.554; p b 0.01) and 6 months post-ACLR (F = 20.856; p b 0.01). The post-hoc
test revealed that the asymmetries in RFDwere larger than in Fmax at both 4 and 6 months
post-ACLR (Fig. 3; left panel).

To test the second hypothesis of the study, we compared the standard and real
asymmetries (Fig. 3). At 4 months post-ACLR (upper panel), there were no differences
between the real and standard asymmetries in both of the muscle groups. However, real
asymmetries observed 6 months post-ACLR were larger than the standard asymmetries



Fig. 1. Quadriceps and hamstrings' force–time profiles recorded from the involved leg (dashed line) and uninvolved (solid line) leg of a representative subject. The maximum strength
(Fmax) and instances of obtaining the data for RFD50, RFD150 and RFD250 are indicated. RFDmax (not indicated) was calculated as the maximum of the first derivatives of the depicted
force–time curves.
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for quadriceps (see lower panel of Fig. 3). In particular, the differences were significant for
RFDmax, RFD50 and RFD150 (T-test range 2.131–3.082; all p b 0.05) but not for the Fmax.
Regarding hamstrings, no differences between the real and the standard asymmetries
were observed. It should be noted that both the standard and real quadriceps asymmetries
observed 6 months post-ACLR were significantly larger than the generally accepted
criterion for a safe return to unrestricted activity (one sample T-test range from 3.44 to
8.86; p b 0.01), particularly in explosive strength sports.

4. Discussion

In the present studywe tested the quadriceps and hamstringmuscle
in athletes recovering from an ACLR and evaluated the asymmetries in
their maximum and explosive strength. Regarding the first hypothesis,
we found that the asymmetries in the indices of explosive strength
were larger than the asymmetries in themaximumstrength throughout
all measurements. Regarding the second hypothesis, we found that the
asymmetries in indices of explosive strength were even more promi-
nent when the pre-ACLR value (i.e., real) of the uninvolved leg was
used as a control. Finally, we also showed that the asymmetries in the
quadriceps explosive and maximum strength 6 months post-ACLR
were still above the upper limit that is considered safe for a return to
strenuous activities.

As expected, the maximum strength only revealed significant
time-related changes in the involved quadriceps. The lowest strength
values were recorded 4 months post-ACL, whereas at 6 months
Table 2
Descriptive statistics for quadriceps' data.

Pre-ACLR 4 months post-ACLR 6 months post-ACLR

Fmax (N/kg
2/3)

Involved 30.8 ± 1.2 24.9 ± 1.6‡ 29.5 ± 1.3‡

Uninvolved 36.1 ± 1.2⁎⁎ 36.5 ± 1.3⁎⁎ 37.7 ± 1.1⁎⁎

RFDmax (N/s/kg
2/3)

Involved 166.9 ± 10 123.5 ± 9.5‡ 146.1 ± 8.8
Uninvolved 213.5 ± 6.6⁎⁎ 209.9 ± 7.9⁎⁎ 202.5 ± 6.8⁎⁎

RFD50 (N/s/kg
2/3)

Involved 30.4 ± 2 22.9 ± 2.1† 27.9 ± 2.1
Uninvolved 43 ± 1.6⁎⁎ 39.8 ± 1.9⁎⁎ 38.4 ± 2⁎⁎

RFD150 (N/s/kg
2/3)

Involved 99.3 ± 5.6 73.7 ± 6.5‡ 88.9 ± 5.4
Uninvolved 133.4 ± 4.2⁎⁎ 127.3 ± 5.3⁎⁎ 124.3 ± 4.7⁎⁎

RFD250 (N/s/kg
2/3)

Involved 89.1 ± 4.7 65.8 ± 5.4‡ 84 ± 4.8‡

Uninvolved 119.2 ± 4.2⁎⁎ 115.3 ± 4.4⁎⁎ 116.6 ± 3.3⁎⁎

All data are presented as mean ± SE; p values were SPSS adjusted (Bonferroni) so they
could be compared to an assumed family-wise alpha level of 0.05 (0.01).
⁎⁎ Significantly different from the involved leg (p b 0.01).
† Significantly different from previous session (p b 0.05).
‡ Significantly different from previous session (p b 0.01).
post-ACLR the maximum strength nearly recovered to the pre-ACLR
level. These findings are generally in line with the previous studies
[7,32,48]. The loss in quadriceps explosive strength was accompanied
by a minor reduction of explosive strength in the hamstrings of the
involved leg, as well as in the quadriceps of the uninvolved leg. At
6 months post-ACLR, the indices of explosive strength of the involved
quadriceps were up to 14% lower than the corresponding pre-ACLR
values.

The most important findings of the present study could be those
based on the comparison of the asymmetries in the maximum and
explosive strength. The asymmetries in the quadriceps explosive
strength (both early and late RFD) were already more prominent than
in asymmetries in the maximum strength during the pre-ACLR
measurement, and also larger at both post-ACLR measurements. The
asymmetries recorded 6 months post-ACLR decreased to values that
were similar to the values observed pre-ACLR, but still remained
above (i.e. 22% for Fmax and 26–28% RFD measures) the criterion for
athletes to return to competitive sports activity (i.e., 15%; [4,17,31]).
It should be noted that these asymmetries were even larger when the
corresponding pre-ACLR measures of the uninvolved leg were used as
a control, being up to 39% of the explosive strength. A large discrepancy
in the size of the asymmetry and rate of recovery between the maxi-
mum and explosive strength could indicate that the ability of rapid
force production could be an independent strength quality [19,20,27].
However, similar changes observed in both early and late RFD suggests
that an ACLR affects both the neural and contractile properties of the
involved leg. Namely, the underlying mechanism of persistent
Table 3
Descriptive statistics for hamstrings' data.

Pre-ACLR 4 months post-ACLR 6 months post-ACLR

Fmax (N/kg
2/3)

Involved 15.2 ± 0.8 14.5 ± 0.8 15.8 ± 0.5
Uninvolved 18.0 ± 0.8 18.2 ± 0.8 18.2 ± 0.5

RFDmax (N/s/kg
2/3)

Involved 86.0 ± 4.4 70.6 ± 3.7 81.2 ± 2.9
Uninvolved 91.7 ± 4.1 92.1 ± 4.3 90.9 ± 3.3

RFD50 (N/s/kg
2/3)

Involved 14.5 ± 1.0 11.8 ± 0.8 13.8 ± 0.7
Uninvolved 16.1 ± 1.0 16.2 ± 0.9 16.4 ± 0.8

RFD150 (N/s/kg
2/3)

Involved 47.3 ± 2.9 39.2 ± 2.6 45.9 ± 2.3
Uninvolved 53.3 ± 2.6 53.3 ± 2.8 53.4 ± 2.1

RFD250 (N/s/kg
2/3)

Involved 50.5 ± 2.5 43.2 ± 2.3 50.0 ± 1.8
Uninvolved 57.3 ± 2.4 57.0 ± 2.3 57.4 ± 1.8

All data are presented as mean ± SE.



Fig. 2. Comparison of standard asymmetries between the maximum and explosive strength. The data were obtained from two muscles of the uninvolved leg and involved leg pre-ACLR,
and 4 and 6 months post-ACLR. The significant differences between themaximum(Fmax) and all 4 indices of explosive strength (RFDmax, RFD50, RFD150, RFD250) are indicatedwith vertical
arrows.
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quadriceps weakness often observed within the first 6 months of an
ACLR could be the loss of afferent feedback from the ACL that can
contribute to a gamma loop dysfunction, along with the impaired
neuromuscular activation particularly pronounced in the fast twitch
motor units [2,3]. Thus, a profound muscle weakness typically associat-
ed with the ACL injury and reconstruction could be particularly
pronounced regarding the explosive strength. As a result, one could
generally conclude that in addition to maximum strength, the indices
of explosive strength (both early and late RFD) should be routinely
obtained for the assessment of the quadriceps and hamstring muscle
function following an ACLR. This could be of particular importance for
both clinicians and conditioning specialists since the inclusion of both
measures in the follow-up of the patients' recovery could provide
additional information regarding the underlying impairments in the
neural and/or contractile mechanisms.
Fig. 3. Comparison of standard (white bars) and real asymmetries (black bars). Vertical arrows a
(Fmax) and all 4 indices of explosive strength (RFDmax, RFD50, RFD150, RFD250); dashed line— g
types of asymmetries, p b 0.05; ** — significant difference between two types of asymmetries,
Another set of potentially important findings is related to our second
hypothesis that the asymmetries calculated relative to pre-ACLR
value of the uninvolved leg (real asymmetries) would be larger than
the standard post-ACLR asymmetries. Traditionally, the changes in
muscle function following an ACLR have been evaluated through the
side-to-side asymmetries derived frommeasurements taken at a partic-
ular time post-ACLR (i.e., standard asymmetries). The underlying
assumption has been that the legs were equal regarding the muscle
size and strength prior to injury, while the properties of the uninvolved
leg do not change over the rehabilitation period. However, this
approach has been criticized since strength of the uninvolved side
often decreases over time due to the cross-over inhibition of motor
activation, as well as due to either de-conditioning or insufficient
reconditioning [2,29,33,49]. This concept is clearly supported by our
findings where standard asymmetries in the quadriceps explosive
nd p values indicate significant difference between the real asymmetries in themaximum
enerally accepted criterion for safe return to sport; * — significant difference between two
p b 0.01.
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strength were significantly lower than the corresponding real asym-
metries. This could be of particular importance for practice since
reliance on post-ACLR measures could lead to underestimation of the
real asymmetries in muscle function, therefore concealing deficits that
may limit athletes' potentials for a safe return to competitive sports.
A recent review reported that, although the great majority (i.e., nearly
90%) of athletes reached the criterion considered for normal or
near-normal standard asymmetries (i.e., below 15%), the return to
sport still remained low [50]. This suggests that the criterion based on
standard asymmetries used in the decision-making process regarding
recovery and readiness for return to sports may not be demanding
enough.

Our results indicate that the athletes recovering following ACLR
could benefit from resistance training designed to improve not
only themaximum, but the explosive strength as well. Previous studies
have shown that a combination of high-force low-velocity, low-force
high-velocity, and high-force high-velocity exercises could elicit
substantial enhancements in explosive strength [13,15,17]. Further-
more, a training for neural adaptations (i.e. aimed to activate the
musculature as rapidly as possible) appears to be an important training
strategy to enhance RFD, as it is necessary to invoke rapid motor-unit
activation [15,42]. Finally, as shown by Gruber and Gollhofer [51], the
sensorimotor training, often applied in rehabilitation of injured athletes,
could be able to enhance the strength capacity at the onset ofmaximum
voluntary contraction, which is characterized by higher early neural
muscle activation and, consequently, increased RFD. However, further
studies aimed to explore the potential benefit of training strategies
designed to improve explosive strength in individuals rehabilitating
following ACLR are necessary.

Although our study provided novel data regarding the importance
for the inclusion of explosive strength measures in follow-ups of
athletes recovering fromanACLR, further research is apparently needed
to address some important limitations of the present study. First, the
selected sample was heterogeneous regarding the athletic background,
while the sample sizewas relatively limited not only in number, but also
in the choice. Second, the lack of female subjects could also be a limiting
factor, particularly considering a higher incidence of ACL injuries in
female athletes. Third, the applied pre-ACLR strength exercise program
was not controlled to prevent its potentially confounding effects on the
observed outcomes. Fourth, use of single-joint isometric contractions
could be of questionable ecological validity, since measuring the forces
at attempted single joint movements is not specific to performance of
most human activities. Additionally, the underlying neural activation
pattern of isometric tests could be different from the same pattern at
high velocity multi-joint movements that during which ACL typically
occur. However, note also that any attempt to routinely obtain the indi-
ces of maximum and explosive strength from complex multi-joint
movements inevitably imposes numerous methodological problems,
such as those related to standardization, coordination, and skill. Finally,
although our study revealed similar asymmetries in all indices of explo-
sive strength, the underlying mechanisms of persistent quadriceps
weakness caused by an ACLR in terms of neural and contractile proper-
ties still partly remain unknown.

5. Conclusions

Evaluation of muscle function pre- and post-ACLR revealed larger
asymmetries in explosive than in maximum strength, while the
asymmetries in strength measures were even more prominent when
the pre-ACLR value of the uninvolved leg was used as a control. There-
fore, we conclude that (1) in addition to maximum strength, indices of
explosive strength should be included inmonitoring recovery ofmuscle
function following an ACLR, while (2) pre-injury/reconstruction values
should be used for the post-ACLR side-to-side comparisons, providing
a more valid criterion regarding the muscles' recovery and readiness
for a return to sports. In general, the obtained finding could contribute
to further refinement of themethods applied tomonitoring the rehabil-
itation process and recovery following an ACLR.
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