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Abstract
The stretch-shortening cycle is one of the most interesting topics in the field of sport sci-

ences, because the performance of human movement is enhanced by the stretch-shorten-

ing cycle (eccentric contraction). The purpose of the present study was to examine whether

the influence of preactivation on the torque enhancement by stretch-shortening cycle in

knee extensors. Twelve men participated in this study. The following three conditions were

conducted for knee extensors: (1) concentric contraction without preactivation (CON), (2)

concentric contraction with eccentric preactivation (ECC), and (3) concentric contraction

with isometric preactivation (ISO). Muscle contractions were evoked by electrical stimula-

tion to discard the influence of neural activity. The range of motion of the knee joint was set

from 80 to 140 degrees (full extension = 180 degrees). Angular velocities of the concentric

and eccentric contractions were set at 180 and 90 degrees/s, respectively. In the concentric

contraction phase, joint torques were recorded at 85, 95, and 105 degrees, and they were

compared among the three conditions. In the early phase (85 degrees) of concentric con-

traction, the joint torque was larger in the ECC and ISO conditions than in the CON condi-

tion. However, these clear differences disappeared in the later phase (105 degrees) of

concentric contraction. The results showed that joint torque was clearly different among the

three conditions in the early phase whereas this difference disappeared in the later phase.

Thus, preactivation, which is prominent in the early phase of contractions, plays an impor-

tant role in torque enhancement by the stretch-shortening cycle in knee extensors.

Introduction
Muscle force is enhanced by countermovement. This phenomenon is called the stretch-short-
ening cycle (SSC). The proposed mechanism of force enhancement by countermovement is as
follows: stretch reflex [1, 2], tendon elongation [3, 4] preactivation [5, 6] and residual force
enhancement [7, 8].
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Many studies, including animal and human experiments have been conducted to elucidate
the mechanism of SSC. For example, Bobbert et al. [9] compared the jump height obtained
between the countermovement jump (SSC) and squat jump (non-SSC), and they reported that
the jump height was higher for the countermovement jump than for the squat jump. They indi-
cated that force enhancement by SSC would be mainly caused by a higher joint torque in the
early phase of push-off, which was attributable to preactivation, and the influence of the stretch
reflex, tendon elongation, and residual force enhancement would be small. On the other hand,
Kawakami et al. [10] suggested that tendon elongation contributes to the enhanced perfor-
mance of plantar flexion by SSC, because tendon elongation causes appropriate fascicle behav-
ior that produces muscle force (i.e., muscle-tendon interaction), and tendon elongation results
in storing and releasing elastic energy. Considering these conflicting results, the mechanism of
SSC should be re-examined.

To elucidate the precise mechanism underlying SSC, the controlling activation level is
important because if the activation level between SSC and non-SSC trials is not identical, it is
difficult to fairly compare the jump height and/or ground reaction force. Likewise, kinematic
variables such as the range of motion and angular velocity should also be controlled. Consider-
ing these points, it is challenging to examine the precise mechanism underlying SSC in
dynamic multi joint movements with voluntary effort. To overcome these problems, Fukutani
et al. [11] adopted an electrically-evoked single joint movement. In this study, the range of
motion and angular velocity were controlled between trials, and an equal activation level main-
tained by artificial electrical stimulation. Based on the data obtained from this experimental
setting, they suggested that preactivation is the principal factor of torque enhancement by SSC.
However, this suggestion was based on data obtained from plantar flexions, and the physiologi-
cal characteristics of each joint are not necessarily identical. For example, plantar flexors would
have a longer free tendon than knee extensors. In addition, the operating range of muscle fibers
(i.e., ascending limb, plateau, or descending limb) would be different between the plantar flex-
ors and knee extensors [12, 13, 14], which is associated with the magnitude of residual force
enhancement [7]. Thus, another joint should be examined to obtain more generalized knowl-
edge on this topic. Therefore, the present study compared joint torque in SSC and non-SSC tri-
als to elucidate the mechanism of force enhancement by SSC in knee extensors. We
hypothesized that preactivation would mainly contribute to torque enhancement by SSC in
knee extensors, which is similar to that reported in previous studies [9, 11].

Materials and Methods

Subjects
Twelve recreationally-trained healthy young men (mean ± standard deviation, 23.6 ± 2.1 years;
height, 1.69 ± 0.02 m; body mass, 65.3 ± 6.5 kg) voluntarily participated in the present study.
The purpose and risks of this study were explained to each volunteer, and written informed
consent was obtained from all subjects. The Ethics Committee on Human Research of Ritsu-
meikan University approved this study (IRB-2014-026).

General experimental setup
In this study, a dynamometer (Biodex; SAKAImed, Tokyo, Japan) was used to test the motion
of the knee extensions. The following three conditions were tested: (1) concentric contraction
without preactivation (CON), (2) concentric contraction following eccentric preactivation
(ECC), and (3) concentric contraction following isometric preactivation (ISO). All muscle con-
tractions were evoked by electrical stimulation (SEN-3401; Nihon Kohden, Tokyo, Japan).
Ultrasonographic measurements (SSD-3500; Aloka, Tokyo, Japan) were performed
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simultaneously during the aforementioned three conditions to examine the behavior of the fas-
cicle, i.e., fascicle length and pennation angle of the vastus lateralis.

Motion control and torque measurement
In this study, knee extension of the right leg was performed. The hip joint angle was fixed at 70
degrees flexion (anatomical position: 0 degrees) throughout the experiment. The upper body
and right thigh were fixed on the dynamometer by straps. The knee joint angle was adjusted by
the dynamometer. The range of motion of the dynamometer was set from 140 to 80 degrees
(full extension: 180 degrees). The joint angular velocities of the shortening phase (i.e., from 80
to 140 degrees) and the lengthening phase (from 140 to 80 degrees) were set at 180 degrees/s
and 90 degrees/s, respectively. To evoke muscle contractions, two electrodes (4 × 5 cm) were
placed on the muscle belly of the vastus medialis and the vastus lateralis (Fig 1). Before the elec-
trodes were placed, the areas were shaved and cleaned with alcohol. Electrical stimulation was
applied with the following parameters: pulse frequency, 100 Hz; pulse duration, 0.5 ms; train
duration, 1.3 s. The intensity of electrical stimulation was modulated to evoke 25% of the peak
torque attained during maximal voluntary isometric contraction in the knee extensors with the
knee joint angle at 90 degrees. In concrete, the maximal voluntary isometric contraction was
performed, and the peak joint torque recorded in this contraction was set at 100% intensity.
Next, the intensity of electrical stimulation was adjusted to evoke 25% of the 100% intensity at
the corresponding joint angle. This electrical stimulation intensity was applied to all contrac-
tions. All the contractions mentioned hereafter were electrically-evoked contractions, not vol-
untary contractions. Joint torque, joint angle, and the timing of electrical stimulation used
during each condition are shown in Fig 2. Each condition was conducted one time. Because all

Fig 1. Schematic illustration of the experimental settings.

doi:10.1371/journal.pone.0159058.g001
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the contractions were conducted by electrical stimulation, instruction to the subjects was “As
relax as possible” to avoid redundant voluntary muscle activation. In the CON condition, to
evoke concentric contraction without preactivation, electrical stimulation was applied when
the knee joint angle passed 82 degrees in the shortening phase (i.e., from 80 to 140 degrees).
Thus, this condition did not include isometric or eccentric contractions before the concentric

Fig 2. Time course changes in the torque and knee joint angles. CON: concentric contraction without preactivation. ISO:
concentric contraction with prior isometric contraction. ECC concentric contraction with prior eccentric contraction.

doi:10.1371/journal.pone.0159058.g002
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contraction. In the ECC condition, electrical stimulation was applied when the knee joint angle
passed 120 degrees in the lengthening phase (i.e., from 140 to 80 degrees). Thus, this condition
included eccentric contraction just before the concentric contraction, and range of eccentric
contraction phase was from 120 to 80 degrees. In the ISO condition, which was different from
the other two conditions, the position of the dynamometer was maintained at 80 degrees before
shortening phase. The timing of electrical stimulation was 0.5 s before the dynamometer was
moved from 80 to 140 degrees (i.e., shortening phases). As a result, this condition included iso-
metric contraction just before the concentric contraction. The duration of isometric contrac-
tion was 0.5 s. Thus, both the ECC and ISO conditions included preactivation, but the ISO
condition did not include eccentric contraction, which is essential to evoke residual force
enhancement [7, 8]. These three conditions were performed randomly with more than two-
minute intervals between the trials. Joint torques recorded at 85 degrees (the early phase of
concentric contraction), 95 degrees, and 105 degrees (the later phase of concentric contraction)
were used in the following analyses. The joint torque and joint angle were recorded with a sam-
pling frequency of 4,000 Hz (Power lab 16/30; ADInstruments, Bella Vista, Australia). Joint
torques recorded at 85, 95, and 105 degrees were compared among the CON, ECC, and ISO
conditions.

Ultrasonographic measurement
Ultrasonography with a linear array probe (UST-5710; Aloka, Tokyo, Japan) was used to
obtain images of the muscle belly of the vastus lateralis (Fig 1), which is one of the knee exten-
sors. The fascicle length and pennation angle were obtained at 85, 95, and 105 degrees, which
corresponded to the joint torque measurements. The fascicle length was defined as the distance
between the intersection composed of the superficial aponeurosis and fascicle, and the intersec-
tion composed of the deep aponeurosis and fascicle (Fig 3). The pennation angle was defined
as the internal angle composed of the fascicle and deep aponeurosis (Fig 3). When the entire

Fig 3. Ultrasonographic image of the vastus lateralis.

doi:10.1371/journal.pone.0159058.g003
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fascicle was not visible, the linear extrapolation method, which has been widely used [15, 16,
17], was adopted to calculate the fascicle length. The sampling frequency of ultrasonography
was set at 30 Hz. Acquired images were analyzed using Image J 1.47v software (National Insti-
tutes of Health, Bethesda, MD, US). The fascicle length and pennation angle were compared
among the three conditions at three joint angles. In addition, the magnitude of fascicle shorten-
ing was calculated at the following three intervals: (a) from 85 to 105 degrees (full range), (b)
from 85 to 95 degrees (the first half), and (c) from 95 to 105 degrees (the latter half). In our pre-
vious studies (Fukutani et al, 2015), coefficients of variation and intra-class correlations of joint
torque, fascicle length, and pennation angle obtained in the similar experimental condition
were calculated. As a result, coefficients of variation were 2.3%, 1.1%, and 1.6%, respectively,
and intra-class correlations were 0.995, 0.993, and 0.989, respectively.

Statistical analyses
Two-way analysis of variance (ANOVA) with repeated measures was used to analyze the inter-
action (condition × joint angle) and main effect (condition and joint angle) of the joint torque,
pennation angle, and fascicle length. If the interaction was significant, one-way ANOVA with
repeated measures followed by post-hoc testing (i.e., Bonferroni’s correction) was conducted.
To determine the magnitude of fascicle shortening, one-way ANOVA with repeated measure
was adopted to examine the main effect (i.e., the condition). The effect size for ANOVA was
calculated as the partial η2. Statistical analyses were performed using SPSS version 20 software
(IBM, Tokyo, Japan), with the level of statistical significance set at P< 0.05.

Results
Regarding joint torque, two-way ANOVA with repeated measures showed a significant inter-
action (partial η2 = 0.942, P< 0.001). Subsequent analyses showed that joint torque was signifi-
cantly larger in the ECC and ISO conditions than in the CON condition at 85 degrees (the
early phase). However, these differences among the conditions almost disappeared at 105
degrees (the later phase) (Fig 4).

Concerning the pennation angle, no significant interaction was found (partial η2 = 0.067,
P = 0.633), and a main effect was only found for the joint angle (partial η2 = 0.526, P< 0.001).
The pennation angle increased significantly as the knee joint was extended (P< 0.001) (Fig 5).

Regarding the fascicle length, a significant interaction was found (partial η2 = 0.471,
P = 0.001). However, additional analyses showed that the fascicle length was not different
among conditions at each joint angle (P = 0.089 –P> 0.999). On the other hand, fascicle length
decreased significantly as the knee joint was extended (P< 0.001 –P = 0.013) (Fig 6).

Regarding the magnitude of fascicle shortening, one-way analysis indicated that the magni-
tude of fascicle shortening calculated by 85 to 105 degrees (full range) and 85 to 95 degrees (the
first half) was larger in the CON condition than in the ISO and ECC conditions whereas no sig-
nificant difference was observed between the ISO and ECC conditions. On the other hand, no
significant difference was observed for the magnitude of fascicle shortening calculated by 95 to
105 degrees (the latter half) (Fig 7).

Discussion
The purpose of this study was to examine the mechanism of torque enhancement by SSC in
knee extensors. Compared to the CON condition (i.e., non-SSC condition), joint torque was
larger in the ECC and ISO conditions in the early phase of concentric contraction (85 degrees).
However, these differences almost disappeared in the latter phase of concentric contraction
(Fig 4). Considering the facts that substantial torque enhancement was confirmed even in the
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ISO condition which did not include eccentric contraction, and that the magnitude of torque
enhancement was almost similar between the ISO and ECC conditions (Fig 4), torque enhance-
ment by SSC (i.e., torque enhancement in the ECC condition) would be mainly caused by
preactivation.

Our result that the larger difference among conditions was observed at 85 degrees (the early
phase) whereas this difference disappeared at 105 degrees (the latter phase) can be well
explained by the influence of preactivation. Because it takes several seconds to develop joint tor-
que from 0 to 100% (i.e., from a relaxed state to the maximal intensity contraction), joint torque
does not reach the maximal level, especially in the early phase of contractions [18]. This delay
can be avoided by preactivation. Considering this mechanism, the influence of preactivation is
prominent in the early phase of a contraction, and it is negligible in the latter phase of a contrac-
tion because joint torque can reach the maximal level even without preactivation due to the
long contraction duration. We confirmed that the magnitude of torque enhancement in the
ISO and ECC conditions was larger at 85 degrees (Fig 8a). This should be because it only took
about 30 ms from the onset of concentric contraction. On the other hand, it took over 200 ms
when the knee joint passed 105 degrees; consequently, torque enhancement almost disappeared

Fig 4. Torque obtained at three knee joint angles. a, b, and c represent significant differences between the CON and ISO, CON
and ECC, and ISO and ECC conditions, respectively (P < 0.05). Values are presented as mean ± standard deviation. CON:
concentric contraction without preactivation. ISO: concentric contraction with prior isometric contraction. ECC concentric contraction
with prior eccentric contraction.

doi:10.1371/journal.pone.0159058.g004
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(Fig 8b). Thus, it is reasonable to speculate that the observed torque enhancement was caused
mainly by preactivation.

A slight but significant difference in joint torque was also found not only between the CON
and the others conditions (i.e., ISO and ECC), but also between the ISO and ECC conditions,
both of which included preactivation. This difference can be explained by the following two
reasons: a higher joint torque at the onset of concentric contraction in the ECC condition than
in the ISO condition, and residual force enhancement. First, joint torque at the onset of con-
centric contraction was larger in the ECC condition than in the ISO condition due to the type
of preactivation. An eccentric contraction was conducted in the ECC condition, while an iso-
metric contraction was conducted in the ISO condition. Because an eccentric contraction can
produce a larger muscle force than an isometric contraction due to the force-velocity relation-
ship [19, 20], the joint torque at the onset of concentric contraction should be higher in the
ECC condition than in the ISO condition. This joint torque difference should affect to the joint
torque, especially in the early phase of subsequent concentric contraction. However, joint tor-
que in the ECC condition seemed to be higher at 105 degrees than that in the ISO, although the
influence of preactivation and a larger joint torque at the onset of concentric contraction
should disappear due to a long contraction duration (over 200 ms). This difference can be
explained by the second reason, that is, residual force enhancement. Muscle force was
enhanced temporarily after conducting an eccentric contraction [7, 8]. Previous studies have
suggested that this effect (i.e., residual force enhancement) also contributes to torque enhance-
ment by SSC [11, 21]. This effect can explain the increase in torque enhancement in the latter

Fig 5. Pennation angle obtained at three knee joint angles. # represents the significant difference among the knee joint angles
(P < 0.05). No significant differences were found among the CON, ISO, and ECC conditions (P > 0.05). Values are presented as
mean ± standard deviation. CON: concentric contraction without preactivation. ISO: concentric contraction with prior isometric
contraction. ECC concentric contraction with prior eccentric contraction.

doi:10.1371/journal.pone.0159058.g005
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phase of concentric contraction in the ECC condition, which cannot be explained by preactiva-
tion. However, residual force enhancement is prominent in the descending limb and negligible
in the ascending limb in terms of the force-length relationship [22, 23]. In the case of the physi-
ological range of motion, some muscles work only in the ascending limb [24]. Considering a
previous study that examined the working range in knee extensors [12], the knee extensors can
partly work in the descending limb, so residual force enhancement can occur. To clarify this
point, the working range of the sarcomere during physiological motion should be recorded and
analyzed in the future.

Because fascicle behavior may contribute to torque enhancement in the ISO and ECC con-
ditions, the pennation angle and fascicle length were measured in this study. Since the penna-
tion angle was not different among the conditions, this factor cannot explain the observed
differences in torque. Similarly, no significant difference in the fascicle length was observed
among the conditions. However, because the fascicle length at 85 degrees seemed longer in the
CON condition than in the others conditions (ISO and ECC), additional analyses were con-
ducted. We calculated the magnitude of fascicle shortening obtained from 85 to 105 degrees
(full range), 85 to 95 degrees (the first half), and 95 to 105 degrees (the latter half). As a result,
the magnitude of fascicle shortening in full range was significantly larger in the CON condition
than in the ISO and ECC conditions (Fig 7a). This difference was caused by the first half, not
by the latter half (Fig 7b and 7c), of the concentric contraction phase. This result indicates that
the observed difference in the magnitude of fascicle shortening would be caused by a slightly

Fig 6. Fascicle length obtained at three knee joint angles. # represents the significant difference among the knee joint angles
(P < 0.05). No significant differences were found among the CON, ISO, and ECC conditions (P > 0.05). Values are presented as
mean ± standard deviation. CON: concentric contraction without preactivation. ISO: concentric contraction with prior isometric
contraction. ECC concentric contraction with prior eccentric contraction.

doi:10.1371/journal.pone.0159058.g006
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longer (but not significantly different) fascicle length at the onset of concentric contraction.
Because the duration of shortening was identical among the conditions, the difference in the
magnitude of fascicle shortening can be interpreted as the difference in the shortening velocity
of the fascicle. As the shortening velocity of the fascicle increases, muscle force decreases due to
the force-velocity relationship [25]. Thus, this fascicle behavior would also contribute to torque
enhancement in the ISO and the ECC conditions. Generally, the magnitude of fascicle shorten-
ing at a given joint angle (i.e., at a given muscle-tendon complex length) has been considered to
correspond to the magnitude of tendon elongation [4, 10, 26]. However, because the magnitude
of the joint torque was about 25% of the maximal intensity (under 40 Nm) in our study, it is
difficult to consider that substantial tendon elongation occurred. Thus, the observed fascicle
shortening may be associated with the eliminating the slack of the muscle-tendon complex
during the preactivation phase, which leads to a decrease in the magnitude of fascicle shorten-
ing in the subsequent concentric contraction phase.

The current study adopted electrically-evoked contractions, not voluntary contractions, to
eliminate the influence of stretch reflex. Because electrically-evoked contractions are painful,
especially in the maximal intensity contractions, a low intensity contraction (25% of the

Fig 7. Magnitude of fascicle shortening in the CON, ISO, and ECC conditions at the following intervals: (a) from 85 to 105 degrees (full range),
(b) from 85 to 95 degrees (the first half), and (c) from 95 to 105 degrees (the latter half). # represents the significant difference among the CON, ISO,
and ECC conditions (P < 0.05). * represents significant difference between the CON and ECC conditions (P < 0.05). Values are presented as
mean ± standard deviation. CON: concentric contraction without preactivation. ISO: concentric contraction with prior isometric contraction. ECC
concentric contraction with prior eccentric contraction.

doi:10.1371/journal.pone.0159058.g007
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maximal intensity) was adopted. If the contraction intensity was higher than 25%, the result
may be different. First, the influence of preactivation should be different. If the contraction
intensity is higher than 25% in the preactivation phase, joint toque at the onset of concentric
contraction is large. As a result, in the case of preactivation with a higher intensity condition,
the joint torque should be larger in the early phase of concentric contraction. On the other
hand, in the condition without preactivation, joint torque in the early phase should be small
irrespective of the contraction intensity because the time to develop joint torque is insufficient.
Thus, the difference in joint torque in the early phase of concentric contraction should be larger
when the contraction intensity is higher. As a result, the influence of preactivation should
become more evident. Second, the magnitude of tendon elongation may increase as the con-
traction intensity increases. In the present study, substantial tendon elongation would not be
induced due to a low joint torque. However, in the condition where a larger joint torque is pro-
duced, substantial tendon elongation occurs, and consequently, tendon elongation may con-
tribute to larger mechanical work during the subsequent concentric contraction phase in SSC.
To clarify this point, changes in the tendon length should be measured at various contraction
intensities. The tendon length changes should be measured directly not indirectly (i.e., sub-
tracting the measured fascicle length changes from the estimated muscle-tendon complex
length changes) because this indirect measurement cannot consider the fascicle shortening
induced by eliminating slack.

Fig 8. Time course changes in the torque and knee joint angle. Figure 8a shows the timing at which the knee joint reached 85 degrees. Figure 8b
shows the timing at which the knee joint reached 105 degrees. Note that the time to increase the joint torque was shorter in 8a (under 30 ms) than in the
8b (over 200 ms). Consequently, torque was still increasing (it did not reach the maximal level) when the knee joint angle reached 85 degrees.

doi:10.1371/journal.pone.0159058.g008
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In conclusion, torque enhancement by SSC in knee extensors would be mainly caused by
preactivation. This speculation is supported by the findings that substantial torque enhance-
ment occurred even without eccentric preactivation (ISO condition), and that the magnitude
of torque enhancement with eccentric preactivation (ECC condition) was almost similar to
that without eccentric preactivation (ISO condition). A slight but significant difference in tor-
que enhancement would be caused by the difference in the torque at the onset of concentric
contraction and residual force enhancement. In addition, fascicle behavior, that is, fascicle
shortening during the preactivation phase that led to a decrease in the magnitude of fascicle
shortening during the subsequent concentric contraction phase would also contribute to torque
enhancement by SSC in knee extensors.

Acknowledgments
We gratefully thank the subjects for their time and dedication to our study.

Author Contributions
Conceived and designed the experiments: AF JM TI. Performed the experiments: AF JM. Ana-
lyzed the data: AF JM. Contributed reagents/materials/analysis tools: AF JM. Wrote the paper:
AF JM TI.

References
1. Dietz V, Schmidtbleicher D, Noth J (1979) Neuronal mechanisms of human locomotion. J Neurophysiol

42:1212–1222. PMID: 490196

2. Nichols TR, Houk JC (1973) Reflex compensation for variations in the mechanical properties of a mus-
cle. Science 181:182–184. PMID: 4268130

3. Finni T, Ikegawa S, Komi PV (2001) Concentric force enhancement during humanmovement. Acta
Physiol Scand 173:369–377. PMID: 11903128

4. Ishikawa M, Komi PV, Finni T, Kuitunen S (2006) Contribution of the tendinous tissue to force enhance-
ment during stretch-shortening cycle exercise depends on the prestretch and concentric phase intensi-
ties. J Electromyogr Kinesiol 16:423–431. PMID: 16275136

5. Bobbert MF, Casius LJ (2006) Is the effect of a countermovement on jump height due to active state
development? Med Sci Sports Exerc 37:440–446.

6. Ettema GJ, Huijing PA, van Ingen Schenau GJ, de Haan A (1990) Effects of prestretch at the onset of
stimulation on mechanical work output of rat medial gastrocnemius muscle-tendon complex. J Exp Biol
152:333–351. PMID: 2230638

7. Edman KA, Elzinga G, Noble MI (1982) Residual force enhancement after stretch of contracting frog
single muscle fibers. J Gen Physiol 80:769–784. PMID: 6983564

8. Joumaa V, Leonard TR, HerzogW (2008) Residual force enhancement in myofibrils and sarcomeres.
Proc Biol Sci 275:1411–1419. doi: 10.1098/rspb.2008.0142 PMID: 18348966

9. Bobbert MF, Gerritsen KG, Litjens MC, Van Soest AJ (1996) Why is countermovement jump height
greater than squat jump height? Med Sci Sports Exerc 28:1402–1412. PMID: 8933491

10. Kawakami Y, Muraoka T, Ito S, Kanehisa H, Fukunaga T (2002) In vivo muscle fibre behaviour during
counter-movement exercise in humans reveals a significant role for tendon elasticity. J Physiol
540:635–646. PMID: 11956349

11. Fukutani A, Kurihara T, Isaka T (2015) Factors of force potentiation induced by stretch-shortening cycle
in plantarflexors. PLoS One 10:e0120579. doi: 10.1371/journal.pone.0120579 PMID: 26030915

12. HerzogW, Hasler E, Abrahamse SK (1991) A comparison of knee extensor strength curves obtained
theoretically and experimentally. Med Sci Sports Exerc 23:108–114. PMID: 1997804

13. Kawakami Y, Ichinose Y, Fukunaga T (1998) Architectural and functional features of human triceps
surae muscles during contraction. J Appl Physiol (1985) 85:398–404. PMID: 9688711

14. Maganaris CN (2001) Force-length characteristics of in vivo human skeletal muscle. Acta Physiol
Scand 172:279–285. PMID: 11531649

Preactivation and the Stretch-Shortening Cycle

PLOS ONE | DOI:10.1371/journal.pone.0159058 July 14, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/490196
http://www.ncbi.nlm.nih.gov/pubmed/4268130
http://www.ncbi.nlm.nih.gov/pubmed/11903128
http://www.ncbi.nlm.nih.gov/pubmed/16275136
http://www.ncbi.nlm.nih.gov/pubmed/2230638
http://www.ncbi.nlm.nih.gov/pubmed/6983564
http://dx.doi.org/10.1098/rspb.2008.0142
http://www.ncbi.nlm.nih.gov/pubmed/18348966
http://www.ncbi.nlm.nih.gov/pubmed/8933491
http://www.ncbi.nlm.nih.gov/pubmed/11956349
http://dx.doi.org/10.1371/journal.pone.0120579
http://www.ncbi.nlm.nih.gov/pubmed/26030915
http://www.ncbi.nlm.nih.gov/pubmed/1997804
http://www.ncbi.nlm.nih.gov/pubmed/9688711
http://www.ncbi.nlm.nih.gov/pubmed/11531649


15. Ema R, Wakahara T, Miyamoto N, Kanehisa H, Kawakami Y (2013) Inhomogeneous architectural
changes of the quadriceps femoris induced by resistance training. Eur J Appl Physiol 113:2691–2703.
doi: 10.1007/s00421-013-2700-1 PMID: 23949789

16. Power GA, Makrakos DP, Rice CL, Vandervoort AA (2013) Enhanced force production in old age is not
a far stretch: an investigation of residual force enhancement and muscle architecture. Physiol Rep 1:
e00004. doi: 10.1002/phy2.4 PMID: 24303098

17. Reeves ND, Narici MV (2003) Behavior of human muscle fascicles during shortening and lengthening
contractions in vivo J Appl Physiol (1985) 95:1090–1096. PMID: 12740314

18. Andersen LL, Andersen JL, Zebis MK, Aagaard P (2010) Early and late rate of force development: dif-
ferential adaptive responses to resistance training? Scand J Med Sci Sports 20:e162–169. doi: 10.
1111/j.1600-0838.2009.00933.x PMID: 19793220

19. Joyce GC, Rack PM (1969) Isotonic lengthening and shortening movements of cat soleus muscle. J
Physiol 204:475–491. PMID: 5824648

20. Westing H, Seger JY, Karlson E, Ekblom B (1988) Eccentric and concentric torque-velocity characteris-
tics of the quadriceps femoris in man. Eur J Appl Physiol Occup Physiol 58:100–104. PMID: 3203653

21. Seiberl W, Power GA, HerzogW, Hahn D (2015) The stretch-shortening cycle (SSC) revisited: residual
force enhancement contributes to increased performance during fast SSCs of human m. adductor polli-
cis. Physiol Rep 3:e12401. doi: 10.14814/phy2.12401 PMID: 25975646

22. Hisey B, Leonard TR, HerzogW (2009) Does residual force enhancement increase with increasing
stretch magnitudes? J Biomech 42:1488–1492. doi: 10.1016/j.jbiomech.2009.03.046 PMID: 19442977

23. Schachar R, HerzogW, Leonard TR (2004) The effects of muscle stretching and shortening on isomet-
ric forces on the descending limb of the force-length relationship. J Biomech 37:917–926. PMID:
15111079

24. Burkholder TJ, Lieber RL (2001) Sarcomere length operating range of vertebrate muscles during move-
ment. J Exp Biol 204:1529–1536. PMID: 11296141

25. Hill AV (1938) The heat of shortening and the dynamic constants of muscle. Proceedings of the Royal
Society Series B-Biological Sciences 126:136–195.

26. Fukunaga T, Kubo K, Kawakami Y, Fukashiro S, Kanehisa H, Maganaris CN (2001) In vivo behaviour
of humanmuscle tendon during walking. Proc Biol Sci 268:229–233. PMID: 11217891

Preactivation and the Stretch-Shortening Cycle

PLOS ONE | DOI:10.1371/journal.pone.0159058 July 14, 2016 13 / 13

http://dx.doi.org/10.1007/s00421-013-2700-1
http://www.ncbi.nlm.nih.gov/pubmed/23949789
http://dx.doi.org/10.1002/phy2.4
http://www.ncbi.nlm.nih.gov/pubmed/24303098
http://www.ncbi.nlm.nih.gov/pubmed/12740314
http://dx.doi.org/10.1111/j.1600-0838.2009.00933.x
http://dx.doi.org/10.1111/j.1600-0838.2009.00933.x
http://www.ncbi.nlm.nih.gov/pubmed/19793220
http://www.ncbi.nlm.nih.gov/pubmed/5824648
http://www.ncbi.nlm.nih.gov/pubmed/3203653
http://dx.doi.org/10.14814/phy2.12401
http://www.ncbi.nlm.nih.gov/pubmed/25975646
http://dx.doi.org/10.1016/j.jbiomech.2009.03.046
http://www.ncbi.nlm.nih.gov/pubmed/19442977
http://www.ncbi.nlm.nih.gov/pubmed/15111079
http://www.ncbi.nlm.nih.gov/pubmed/11296141
http://www.ncbi.nlm.nih.gov/pubmed/11217891

