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Abstract The acute effects of stretching on peak force
(Fpeak), percent voluntary activation (%VA), electro-
myographic (EMG) amplitude, maximum range of mo-
tion (MROM), peak passive torque, the passive resis-
tance to stretch, and the percentage of ROM at EMG
onset (%EMGonset) were examined in 18 young and 19
old men. Participants performed a MROM assessment
and a maximal voluntary contraction of the
plantarflexors before and immediately after 20 min of
passive stretching. Fi,ea (—11 %), % VA (=6 %), and MG
EMG amplitude (—9 %) decreased after stretching in the
young, but not the old (P>0.05). Changes in Fp,c, Were
related to reductions in all muscle activation variables
(=0.56-0.75), but unrelated to changes in the passive
resistance to stretch (P>0.24). Both groups experienced
increases in MROM and peak passive torque and
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decreases in the passive resistance to stretch. However,
the old men experienced greater changes in MROM
(P<0.001) and passive resistance (P=0.02-0.06).
Changes in MROM were correlated to increases in peak
passive torque (»=0.717), and the old men also experi-
enced a nonsignificant greater (P=0.08) increase in
peak passive torque. %EMGonset did not change from
pre- to post-stretching for both groups (P=0.213), but
occurred earlier in the old (P=0.06). The stretching-
induced impairments in strength and activation in the
young but not the old men may suggest that the neural
impairments following stretching are gamma-loop-
mediated. In addition, the augmented changes in
MROM and passive torque and the lack of change in
%EMGonset for the old men may be a result of age-
related changes in muscle-tendon behavior.

Keywords Stretching-induced force deficit - Muscle
activation - Range of motion - Stretch tolerance - Passive
torque

Introduction

Since the original work of Kokkonen et al. (1998) and
Fowles et al. (2000), many authors have examined the
acute effects of stretching on various measures of mus-
cular performance. Recent reviews (Kay and Blazevich
2012; McHugh and Cosgrave 2010) have suggested that
prolonged passive stretching may temporarily compro-
mise the muscles’ ability to produce maximal force, a
phenomenon that has been termed the “stretching-
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induced force deficit.” As a result of these findings, the
American College of Sports Medicine (ACSM 2010)
recently revised their stretching guidelines and sug-
gested that “...for sport activities where muscular
strength, power, and endurance are important for
performance, it is recommended that stretching be
performed following activity rather than during the
warm-up period” (p. 173).

There have been two general hypotheses to explain
the stretching-induced force deficit: (a) neural factors or
a reduction in muscle activation and (b) mechanical
factors, whereby a reduction in the passive resistance
to stretch results in a subsequent alteration of the angle-
torque relationship. For example, previous authors have
reported stretching-induced reductions in surface elec-
tromyographic (EMG) amplitude, percent voluntary ac-
tivation (%VA), and V-wave amplitude (Behm et al.
2001; Cramer et al. 2005; Fowles et al. 2000; Herda
et al. 2008, 2009; Trajano et al. 2013).

Although the precise mechanism responsible for the
reduction in central drive is unclear, previous authors
(Herda et al. 2009) have suggested that the reduction in
muscle activation is due to an altered gamma loop. This
was suggested by Herda et al. (2009) who demonstrated
that 20 min of passive stretching and Achilles tendon
vibration resulted in similar decreases in isometric peak
toque, %VA, and EMG amplitude. The authors (Herda
et al. 2009) proposed that passive stretching like vibra-
tion may suppress la-afferent activity and diminish
gamma loop function. Interestingly, Richardson et al.
(20006) further investigated gamma loop function by
examining the influence of aging and anterior cruciate
ligament (ACL) reconstruction on la-afferent activity
and reported that the young healthy group experienced
decreases in maximal strength and EMG amplitude
following 20 min of infrapatellar vibration, whereas
the ACL reconstructed and elderly group experienced
no changes in either strength or muscle activation fol-
lowing vibration. The authors (Richardson et al. 2006)
suggested that the elderly and ACL reconstructed group
had an existing impaired gamma loop, which may be
due to decreased muscle spindle sensitivity causing the
vibration to have no influence on strength or muscle
activation. Thus, based on these findings, if an impaired
gamma loop is the neural mechanism responsible for the
stretching-induced force deficit, it is possible that older
adults would not experience any decrements in %VA or
EMG amplitude following passive stretching due to an
existing impaired gamma loop.

@ Springer

Other studies (Fowles et al. 2000; Herda et al. 2008;
McHugh and Nesse 2008; Weir et al. 2005) have indi-
cated that mechanical factors may also explain the
stretching-induced force deficit. In theory, decreases in
the passive resistance to stretch may result in a rightward
shift in the angle-torque relationship, where isometric
strength decreases at the shortest muscle lengths (Herda
et al. 2008; McHugh and Nesse 2008). In addition, the
stretching-induced increase in muscle-tendon unit com-
pliance has also been reported to reduce evoked peak
twitch force or torque (Fowles et al. 2000; Ryan et al.
2008b; Trajano et al. 2013) and increase the electrome-
chanical delay (Costa et al. 2010). Therefore, the pur-
pose of the present study was to examine the influence
of an acute prolonged bout of intermittent passive
stretching of the plantarflexors on maximal strength,
muscle activation, maximum joint range of motion
(MROM), stretch tolerance (i.e., peak passive torque),
the passive resistance to stretch, and the percent-
age of ROM at EMG onset (%EMGonset) in both
young and old adults. We hypothesized that pas-
sive stretching would elicit similar mechanical
changes in both the young and old men; however,
the old but not the young men would not experi-
ence stretching-induced reductions in muscle acti-
vation following the passive stretching due to an
existing impaired gamma loop.

Methods
Subjects

Eighteen young (mean+SD age=22.6+1.9 years;
mass=81.6+13.7 kg; stature=176.8+5.9 cm) and 19
old (69.2+4.9 years; 82.6+12.1 kg; 176.1+7.4 cm)
men volunteered for this investigation. None of the
participants reported any current or ongoing neuromus-
cular diseases or musculoskeletal injuries specific to the
ankle, knee, or hip joints. The young men self-reported
participating in 2.1+1.4 h of aerobic activities (i.e.,
walking, jogging), 3.7+2.3 h of resistance training,
and 1.942.1 h of recreational sports per week. The older
men self-reported participating in 4.5+4.1, 1.6+1.9, and
1.0+2.4 h of aerobic, resistance training, and recreation-
al sports per week, respectively. This study was ap-
proved by the University Institutional Review Board
for Human Subjects Research.
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Experimental design

A between-subjects design with repeated measures
[time (pre- vs. post-stretching)* group (young vs. old)]
was used to examine the acute effects of repeated pas-
sive stretching on isometric peak force (Fpear), % VA,
EMG amplitude of the soleus (SOL) and medial gas-
trocnemius (MG) muscles, MROM, peak passive
torque, the passive resistance to stretch, and
%EMGonset of the plantarflexor muscles. The partici-
pants visited the laboratory on two occasions separated
by 2-7 days. The first visit was a familiarization trial,
and the subsequent visit was the experimental session.
During the experimental session, each participant
underwent a MROM and isometric strength assessment
prior to and immediately following nine stretches held
for 135 s at their maximum tolerated torque threshold
(described below) with 20 s of rest between stretches
(approximately 20 min of time under stretch) (Herda
et al. 2009). A 5-min rest period was allowed between
the pre-stretching assessments and the stretching proto-
col. All post-testing strength and ROM assessments
were performed 9.1+1.2 min following the end of the
stretching protocol.

Familiarization trial

Prior to the experimental session, each participant
signed a written informed consent form, completed a
health status questionnaire, and practiced the twitch
interpolation procedure and the MROM assessments to
ensure that they were comfortable with the procedures
and to minimize any potential learning effects. The
stretch intensity or maximum tolerable torque threshold
was determined during a series of passive stretches with
the dynamometer programmed in passive mode as de-
scribed previously (Ryan et al. 2008a). The torque
threshold was progressively increased to the point of
discomfort, but not pain, as verbally acknowledged by
the participant. This predetermined torque threshold was
used during the experimental session for the repeated
passive stretching protocol.

Isometric strength assessment

To determine Fleo and %VA, each participant per-
formed two 3—5-s isometric maximal voluntary contrac-
tions (MVCs) before and after the repeated stretching
protocol at an ankle joint angle of approximately 1° of

dorsiflexion (DF) between the foot and leg (0°=neutral)
with a knee flexion angle of 0° below the horizontal
plane (full extension). Each MVC was performed on a
custom-built load cell (Omegadyne, model LC402,
range 0-5,000 lbs; Stamford, CT, USA) apparatus
(Fig. 1) attached to a calibrated Biodex System 3 dyna-
mometer (Biodex Medical Systems, Inc. Shirley, NY,
USA). The load cell was bolted between 0.38 in.
(9.5 mm) steel plates, with the foot strapped to the top
plate that was bolted to the compression side of the load
cell. The metatarsals (ball of the foot) were positioned
over the center of the load cell. The participants were
seated with restraining straps over the pelvis and thigh
with the lateral malleolus of the fibula aligned with the
input axis of the dynamometer. In addition, the foot was
secured in a heel cup attached to a footplate with the toe
and ankle straps over the metatarsals and malleoli. Two
minutes of rest was allowed between each MVC and
each participant was instructed to give a maximal vol-
untary effort for each trial while strong verbal encour-
agement was provided by the investigators.

Percent voluntary activation

The twitch interpolation technique was used to deter-
mine %VA. Transcutaneous electrical stimuli were de-
livered to the tibial nerve using a high-voltage (maximal
voltage=400 V) constant-current stimulator (Digitimer
DS7AH, Herthfordshire, UK). The cathode was a metal
probe (8 mm diameter) with the tip covered in a saline-
soaked sponge, which was pressed over the tibial nerve

.

—

Fig. 1 A picture of the custom-built load cell apparatus attached
to a calibrated isokinetic dynamometer
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in the popliteal fossa. The anode was a 9.5-cm rectan-
gular self-adhesive electrode (Durastick Supreme, Chat-
tanooga Group, Hicton, TN, USA) that was positioned
between the patella and the tibial tuberosity. Single
square wave stimuli (1 ms in duration) were used to
determine the optimal probe location (40 mA) as well as
the maximal compound muscle action potential (M-
wave) with incremental amperage increases. Once a
plateau in the peak-to-peak M-wave was determined,
despite amperage increases, 20 % was added to the
amperage that yielded the highest peak-to-peak M-
wave to assure a supramaximal stimulus. Doublets
(two single stimuli delivered successively at 100 Hz)
were administered approximately 500 ms into the MVC
plateau (superimposed twitch) and then again 3 s after
the MVC trial at rest (potentiated twitch) to increase the
signal-to-noise ratio and to minimize the series of elastic
effects on evoked torque production (Desbrosses et al.
2006). Percent voluntary activation was calculated using
the following equation described by Allen et al. (1995):

%VA = (1 — (superimposed twitch / potentiated twitch)) x 100

Surface electromyography

Preamplified bipolar, active surface electrodes (EL254S
Biopac Systems, Santa Barbara, CA, USA; gain=350
and interelectrode distance of 20 mm) were placed over
the MG and SOL muscles (Hermens et al. 1999). A
single, pre-gelled, disposable reference electrode (Ag-
Ag Cl Quinton Quick Prep; Quinton Instruments Co,
Bothell, WA) was placed over the spinous process of
the seventh cervical vertebra (Hermens et al. 1999). The
skin was shaved, lightly abraded, and cleaned with iso-
propyl alcohol prior to the placement of the electrodes.

Maximum range of motion

MROM was determined for each participant using a
Biodex isokinetic dynamometer programmed in passive
mode. Each participant completed two assessments (at
both pre- and post-stretching) where the dynamometer
passively dorsiflexed the ankle at 5° s™' starting at 25° of
plantar flexion (PF) to the participants’ maximally toler-
ated range of motion as described previously by
Magnusson et al. (1996). The dynamometer was manu-
ally stopped by the investigators when the participant
acknowledged the momentary onset of pain and was then
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immediately returned to the starting position. All partic-
ipants were instructed to remain as quiet and relaxed as
possible. The assessment with the greatest MROM value
was used for all subsequent analyses at both pre- and
post-stretching. In addition, all MROM values are report-
ed as the total ROM achieved from 25° of PF to maxi-
mum DF (e.g., 25°PF+20°DF=45° of ROM).

Signal processing

The torque (Nm), position (°), and EMG (uV) signals
were sampled simultaneously at 1 kHz for the MROM
assessments, and the force (N) and EMG (1V) signals
were sampled at 2 kHz for the twitch interpolation pro-
cedure with a Biopac data acquisition system
(MP150WSW; Biopac Systems). All signals were stored
on a personal computer (Dell Inspiron 8200; Dell, Inc.,
Round Rock, TX) to be processed offline using custom
written software (LabVIEW 8.5; National Instruments).
All EMG signals were filtered with a pass band of 10—
500 Hz using a zero-phase shift fourth-order Butterworth
filter. The torque and position signals from the dyna-
mometer and the force signal from the load cell were
smoothed with a zero-phase shift 100-point moving
averager. During the twitch interpolation procedure, the
amplitude of the EMG signal was calculated using a root
mean squared (RMS) function and normalized to the pre-
stretching MVC values. Isometric MVC F,e, Was cal-
culated as the average force value during a 250-ms epoch
taken immediately before the superimposed twitch. The
same concurrent 250-ms epochs were selected for the
EMG signals of the MG and SOL muscles. During the
MROM assessment, peak and joint angle-specific torque
values were calculated at 10°PF, 5°PF, neutral, 5°DF, and
10°DF, following a gravity correction for the weight of
the footplate. In addition, EMG onset was defined as the
joint angle at which EMG activity was three standard
deviations above baseline for 100 ms for either the MG or
SOL muscles (Blazevich et al. 2012).

Statistical analyses

Physical characteristics of the participants were exam-
ined using independent samples ¢ tests. Six separate two-
way mixed factorial ANOVAs [time X group] were used
to analyze Fieax, %0 VA, normalized EMG amplitude for
the SOL and MG, MROM, peak passive torque, and
%EMGonset. A three-way mixed factorial ANOVA
[time x group x angle] was used to analyze joint angle-
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specific passive torque values. When a significant inter-
action was found, follow-up analyses were performed
using lower ordered ANOVAs with Bonferroni correc-
tions and ¢ tests. In addition, to examine the differences
between groups at post-stretching, all non-normalized
post-stretching values were examined using an
ANCOVA (Vickers 2001) with the pre-stretching values
serving as the covariate following verification of the
homogeneity of regression assumption. Non-normally
distributed variables were log-transformed before anal-
ysis. Pearson product moment correlation coefficients
were computed to examine the relationships between
changes in Fpe, and changes in muscle activation
(%VA, normalized EMG amplitude of the SOL and
MG) and changes in the passive resistance to stretch.

The relationship between changes in MROM and peak
passive torque was also examined. Statistical analyses
were performed using SPSS version 19.0 (IBM SPSS
Data Collection, Chicago, IL, USA). An alpha of P<
0.05 was used to determine statistical significance.

Results

Table | contains the raw pre- and post-stretching values
(mean=+SE) for all the dependent variables. There was a
significant difference in age (P<0.001), but not
body mass (P=0.81) or stature (P=0.73) between
the young and old.

Table 1 Pre- and post-stretching values (mean+SE) for all dependent variables

Age group

Pre-stretching Post-stretching

Isometric peak force (N)

Voluntary activation (%)

SOL EMG amplitude (%MVC)

MG EMG amplitude (%MVC)

Maximum range of motion (°)

Peak passive torque (Nm)

Passive torque 10°PF (Nm)

Passive torque 5°PF (Nm)

Passive torque neutral (Nm)

Passive torque 5°DF (Nm)

Passive torque 10°DF (Nm)

% Range of motion at EMG onset (%)*

OCO<KO<KOKOKOKOKOKOKOKOXKOKOK

493.5420.3%* 438,542 3% **
379.2424.0 370.5424.9% Fx
93.1+1.2 87.6+£2.9%
92,1414 91,9413

100 100.5+5.0

100 107.5+2.6

100 90.5+4.7

100 104.043.7%*
45.042.1 50.842.2%
39.7+18 48.742.0% Hxx
44.4%5.1 49245.6%
37.5432 47.6+4 3%
6.0+0.5 4.6+0.5%
6.7+1.0 3.940,8% #xx
8.5+0.5 6.6%0.5%
9.8+1.5 6.1 1.0% xxx
11.7+0.7 9.240.7*
142421 8.941.3% %
16.0+1.0 12.840.9*
18.5+2.5 13.041.7% #xx
22315 17.541.3%
23.842.9 18.6+2.3*
82.1+42 85.1+4.4
66.546.0 69.4+4.2

Y young, O old, SOL soleus, MG medial gastrocnemius, EMG electromyography

*P<0.05, significant difference from pre-stretching; **P<0.05, significant difference between young and old; ***P<0.05, significant

difference between young and old via an ANCOVA

#EMG onset data includes only the participants that displayed EMG activity; see text for more details

@ Springer
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For MVC F,. (Fig. 2), there was a two-way inter-
action (P<0.01). MVC F,c, Was greater in the young
compared to the old at all time points (P<0.05); how-
ever, [l decreased from pre- to post-stretching
(P<0.001) for the young (—11.36+10.90 %), but did
not change for the old (—2.49+7.32 %; P=0.18). The
ANCOVA results demonstrated that the adjusted post-
stretching F,cqi values were greater (P=0.01) in the old
compared to the young. In addition, there were signifi-
cant correlations between changes in Fje, and changes
in %VA (r=0.754; P<0.001), EMG SOL (»=0.559;
P<0.001), and EMG MG (r=0.668; P<0.001); howev-
er, there were no significant correlations (P>0.24) be-
tween changes in Fp, and changes in the passive
resistance to stretch (10°PF—10°DF).

For %VA (Fig. 2), there was a two-way interaction
(P=0.04). %VA decreased from pre- to post-stretching
for the young (—5.89+11.88 %; P=0.04), but did not
change for the old (—0.02£4.65 %; P=0.91). In addi-
tion, there was no difference in % VA between groups at
baseline (P=0.57). The ANCOVA results demonstrated
that the adjusted post-stretching %VA values were great-
er (P=0.05) for the old.

For normalized SOL EMG amplitude (Fig. 2), there
was no two-way interaction (P=0.21) and no main
effect for time (P=0.16) or group (P=0.21). Normalized
SOL EMG amplitude was not different between the
young and old at any time point and did not change
from pre- to post-stretching for both the young and old.
For normalized MG EMG amplitude (Fig. 2), there was
a two-way interaction (P=0.03). Normalized MG EMG
amplitude was greater for the old (104.04+£16.05 %)
compared to the young (90.50£19.87 %) post-
stretching (P=0.03).

Fig.2 The percent change values

from pre- to post-stretching for 15
isometric peak force, percent
voluntary activation (%VA), and
normalized electromyographic
(EMG) amplitude for the soleus
(SOL) and medial gastrocnemius
(MG) muscles in young (shaded
bars) and old (open bars)
men.*P<0.05 indicates a
significant difference between
young and old men. ANCOVA
results are presented for isometric
peak force and %VA values. -10
Values represent the means and

the error bars represent the SE

Change (A%)
[=Y
wn 5]

o

'
(9]
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Peak Force

For MROM (Fig. 3), there was a two-way interaction
(P=0.01). MROM was greater for the young and
approached statistical significance at pre- (P=0.06) but
was similar at post-stretching (P=0.48) between the
young and old. MROM also increased from pre- to
post-stretching for both groups (young=13.54+
7.65 %; 0ld=23.37+9.68 %; P<0.001). The ANCOVA
results demonstrated that the adjusted post-stretching
MROM values were greater for the old compared to
the young (P=0.01). In addition, there was a significant
correlation (»=0.717; P<0.001) between changes in
MROM and changes in peak passive torque.

For peak passive torque (Fig. 3), there was a two-way
interaction (P=0.05). However, the post hoc compari-
sons demonstrated that there were no differences in peak
passive torque between groups at both time points
(P>0.34), although both groups increased (P<0.03)
from pre- to post-stretching (young=12.05+20.61 %;
0ld=30.41+29.11 %). The ANCOVA results demon-
strated that the adjusted post-stretching values were
greater for the old when compared to the young but
did not reach statistical significance (P=0.08).

For the passive resistance to stretch (Fig. 4), there
was no three-way (P=0.29) or two-way interactions
(P=0.06), or a main effect for group (P=0.48); however,
there was a main effect for time and angle (P<0.001).
Passive torque increased across all joint angles
(10°PF—10°DF) and decreased from pre- to post-
stretching at all joint angles (P<0.001) for both
the young and old. The ANCOVA results demon-
strated that adjusted post-stretching passive torque
values were greater for the young at all joint
angles (P<0.05) except at 10°DF were statistical
significance (P=0.06) was almost obtained.

%VA EMG SOL EMG MG

HYoung
oold
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Fig.3 The percent change values 50 1

from pre- to post-stretching for
maximum range of motion
(MROM) and peak passive torque 40 -
for the young (shaded bars) and
old (open bars) men. *P<0.05
indicates a significant difference
between young and old men via
an ANCOVA. There was also a
significant (P<0.05) relationship
between changes in MROM and 20 -
peak passive torque. Values
represent the means and the error
bars represent the SE

Peak Passive Torque

30

Change (A%)

10 4

For the %EMGonset, there was no two-way interac-
tion (P=0.62), no main effect for time (P=0.21) or
group (P=0.06). The %EMGonset did not change from
pre- to post-stretching for either the young or old, but
occurred at a nonsignificantly (P=0.06) greater percent-
age of MROM for the young (83.56+17.99 %) com-
pared to the old (67.92+22.30 %). The ANCOVA re-
sults demonstrated that the adjusted post-stretching
%EMGonset values were similar between the young
and old (P=0.34). In addition, similar to the findings
recently reported by Blazevich et al. (2012), EMG onset
was not detected in seven participants (six young and
one old) at pre- or post-testing, and these participants
were not included in these analyses.

(%4)

-50

°
°
°
°
°
) r=0.717
[ ] ° o
-10 10 30 50
MROM (%4)
*
H Young
oold
T 1
MROM Peak Passive Torque
Discussion

The present study examined the influence of an acute
bout of prolonged (~20 min) passive stretching on plan-
tar flexion strength and MROM in both young and old
men. The primary findings were that (1) the young but
not the old men experienced stretching-induced de-
creases in Fe. Which were strongly related to changes
in muscle activation; (2) the older men experienced a
greater increase in MROM which was strongly related
to changes in peak passive torque and a greater decrease
in the passive resistance to stretch; and (3) the
%EMGonset did not change from pre- to post-
stretching for both groups.

ek

Young old
A * B | *
30 - A N
14 N\ \7
25 - 1
20 - 1

Passive Torque 15
(Nm)

10 5 0
Joint Angle (°)

& Plantarflexion Dorsiflexion -

Fig. 4 The pre- (shaded squares) and post-stretching (open
squares) passive torque values for the a young and b old men at
each joint angle (10°PF, 5°PF, neutral, 5°DF, and 10°DF).
*P<0.05 indicates a progressive increase in passive torque at each
joint angle at pre- and post-stretching. **P<0.05 indicates a

10 10 5 0 5 10

Joint Angle (°)

<& Plantarflexion Dorsiflexion

significant difference between pre- and post-stretching at all joint
angles. ***P<(.05 indicates post-stretching values were signifi-
cantly greater for the young men at all joint angles except 10°DF
(P=0.06) via an ANCOVA. Values represent the means and the
error bars represent the SE
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Stretching-induced force deficit

Maximal isometric strength decreased by 11.4 % for the
young men but did not change for the older men. These
findings are consistent with previous studies that have
reported decreases in isometric plantar flexion strength
following intermittent passive stretching protocols last-
ing 5-30 min (Fowles et al. 2000; Herda et al. 2009;
Trajano et al. 2013; Weir et al. 2005) in young men. We
are aware of only two recent studies (Gurjao et al. 2009;
Goncalves et al. 2013) that have examined the
stretching-induced force deficit in older adults. These
authors (Gurjao et al. 2009; Goncalves et al. 2013)
reported contrasting findings following the same
stretching protocol (three 30-s static stretches) of the
quadriceps muscles. Our results are in agreement with
the findings of Goncalves et al. (2013) who reported that
an acute bout of passive stretching did not influence
Fpea in older women (65+4 years).

There are two general hypotheses to explain the
stretching-induced force deficit: (a) neural factors that
involve decreases in muscle activation (Trajano et al.
2013; Herda et al. 2009; Fowles et al. 2000) and (b)
mechanical factors that involve alterations of the length-
tension relationship (McHugh and Nesse 2008; Herda
et al. 2008, 2011). The current study reported decreases
in %VA and normalized EMG amplitude of the MG
muscles for the young men only (Fig. 2). These findings
are consistent with previous studies which have utilized
the twitch interpolation technique in the plantarflexor
muscles (Trajano et al. 2013; Herda et al. 2009; Fowles
et al. 2000) in young men. It is possible that the con-
flicting findings for EMG amplitude of the SOL muscles
in our study and those reported by Trajano et al. (2013)
may be due to the normalization procedures employed.
Our post-stretching EMG amplitude values were nor-
malized to pre-stretching values, whereas Trajano et al.
(2013) normalized EMG amplitude values to the maxi-
mal M-wave. In addition, similar to the findings by
Trajano et al. (2013), changes in Fjc.c Were strongly
correlated to changes in all muscle activation variables
(Fig. 5) which may suggest that a reduction in central
drive is a major contributor to the stretching-induced
force deficit. Previous authors have also suggested that
reductions in muscle activation may be a result of a
persistent Golgi tendon organ reflex, fatigue-related
mechanisms, neural tension, and/or a reduced motor
cortical drive from the mild pain response experienced
during prolonged stretching (Trajano etal. 2013; Fowles
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Fig. 5 The relationship between changes in isometric peak force
and a percent voluntary activation (%VA) and normalized electro-
myographic (EMG) amplitude of the b medial gastrocnemius
(MG) and ¢ soleus (SOL) muscles for the young (black circles)
and old (gray circles) men. All relationships were statistically
significant (P<0.001)

et al. 2000; McHugh et al. 2013). However, an interest-
ing study by Herda et al. (2009) reported similar de-
creases in muscle activation following both prolonged
passive stretching and vibration and suggested that pas-
sive stretching of sufficient duration (Ryan et al. 2008b)
causes a temporary inhibition of the gamma loop. Spe-
cifically, the authors hypothesized that passive
stretching like vibration may result in a suppression of
spindle-mediated Ia-afferent activity and subsequent
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inhibition of the gamma loop feedback mechanisms
required for type II motor unit activation (Kouzaki
et al. 2000), thereby resulting in a reduction in maximal
voluntary strength. The lack of change in muscle
activation and F,.. among the older men in this study
may provide further support of this hypothesis. For
example, Richardson et al. (2006) and Konishi et al.
(2007) demonstrated that prolonged vibration resulted
in decreases in maximal strength and muscle activation
(EMG amplitude) in young adults, but no change in the
older group. These authors suggested that older adults
may have an impaired gamma loop as a result of de-
creased muscle spindle sensitivity causing the vibration to
have no influence on strength and activation. Collective-
ly, these findings and the results from our current study
may provide a tentative support that the decreases in
voluntary strength and muscle activation seen following
prolonged passive stretching are gamma-loop-mediated.

The stretching-induced force deficit may also be
related to mechanical alterations whereby the passive
resistance to stretch (i.e., passive torque) is reduced
resulting in a rightward shift of the angle-torque curve
(Herda et al. 2008; McHugh and Nesse 2008; McHugh
etal. 2013). The results of the current study demonstrat-
ed that both the young and old men experienced de-
creases in the resistance to stretch at all joint angles
(10°PF-10°DF; Fig. 4). These reductions, however,
were not correlated with the changes in Fjcax. Previous
studies have reported stretching-induced reductions in
evoked twitch properties (Behm et al. 2001; Ryan et al.
2008b; Trajano et al. 2013), which may reflect the
muscles’ reduced capacity to generate force as a result
of an increase in muscle-tendon compliance. However,
Behm et al. (2001)) and Trajano et al. (2013) demon-
strated that the increase in skeletal muscle compliance is
overcome by high-frequency tetanic forces. It is likely
that the longer duration and greater force production
generated during an MVC is also sufficient to overcome
the increase in tissue compliance. Thus, these findings
may suggest that the stretching-induced decreases in
voluntary force production do not appear to be signifi-
cantly influenced by decreases in the passive resistance
to stretch. However, it is possible that the mechanical
contributions to the stretching-induced force deficit may
be more noticeable when tested at shorter muscle
lengths as seen in previous studies examining isometric
strength at both short and long muscle lengths (Herda
et al. 2008; McHugh and Nesse 2008; McHugh et al.
2013). Furthermore, the current study did not examine

changes in resting twitch properties to determine if the
stretching-induced force deficit was due to changes in
peripheral function. However, previous authors have
indicated that changes in resting twitch properties were
not related to the stretching-induced force deficit
(Trajano et al. 2013), and the lack of change in M-
wave amplitude (Costa et al. 2010) and conduction
velocity (Ce et al. 2008) may suggest that passive
stretching does not influence the excitation-contraction
coupling.

Maximum range of motion changes

Our findings indicated that both groups experienced
increases in MROM, decreases in the passive resistance
to stretch, and were able to tolerate a greater passive load
at stretch termination (i.e., stretch tolerance) following
an acute bout of stretching. These findings are similar to
previous authors that have reported acute stretching-
induced increases in MROM (Herda et al. 2011;
Morse et al. 2008; Ryan et al. 2008b; Mizuno et al.
2013) and peak passive torque (Magnusson et al.
1998; Mizuno et al. 2013) and decreases in the passive
resistance to stretch (Herda et al. 2011; Morse et al.
2008; Mizuno et al. 2013). However, an unexpected
finding was that the older men experienced greater
changes in MROM and the passive resistance to stretch
(Figs. 3 and 4). In addition, there was a strong positive
relationship between changes in MROM and peak pas-
sive torque (»=0.717; P<0.001) with the older men
experiencing a nonsignificant (P=0.08) greater change
in peak passive torque (young=12 %; old=30 %). These
findings are in agreement with the results reported by
Morse et al. (2008) who indicated that the stretching-
induced reduction in passive resistance and increase in
MROM were primarily a result of changes within the
muscle (i.e., altered perimysium) as there was no change
in tendon properties. However, in a recent comparison
between flexible and inflexible young men, Blazevich
et al. (2012) demonstrated that although the rate of
change of muscle and tendon length was not different
between groups, the flexible participants experienced
significantly greater tendon lengthening near MROM.
Furthermore, Kato et al. (2005) reported that females
were more flexible and exhibited less passive resistance
than their age-matched male counterparts as a result of a
more compliant tendon. Thus, it is possible that the
augmented changes seen among the older men may be
a result of the age-related increases in tendon
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compliance (Mian et al. 2007; Narici et al. 2008;
Stenroth et al. 2012), whereby the older adults experi-
ence similar changes in muscle compliance as seen with
younger participants (Morse et al. 2008), and perhaps an
additional increase in tendon compliance following an
acute bout of prolonged passive stretching. Age-related
changes in muscle-tendon behavior were demonstrated
previously by Mian et al. (2007) who reported that
young and old adults have similar changes in the length-
ening of the muscle-tendon complex during the stance
phase of walking; however, the older adults exhibited
greater changes in tendon length which was attributed to
an age-related increase in tendon compliance. Although
we did not directly measure tendon compliance in the
current study, our findings may support the hypothesis
that tendon compliance is greater in older adults when
compared to younger adults which has been demonstrat-
ed recently by Stenroth et al. (2012).

A recent investigation by Blazevich et al. (2012)
demonstrated a moderate relationship (#=0.60) between
the angle at which EMG onset occurred and MROM.
These authors (Blazevich et al. 2012) have suggested
that EMG onset may be related to an “...appendicular
tonic stretch reflex feedback mechanism” that may pre-
vent excessive muscle stretching (p. 1453). Our findings
indicated that %EMGonset did not change from pre- to
post-stretching in the young or old groups. Thus, al-
though both groups experienced different increases in
MROM (young=14 %; old=23 %) post-stretching, the
onset of muscle activity occurred at the same percentage
of MROM. These findings may suggest that the aug-
mented acute stretching-related changes in the older
men may be unrelated to alterations in stretch reflex
feedback mechanisms. It also important to note that
the onset of EMG activity occurred earlier during the
MROM assessment in the older men (young=84 %;
0ld=68 %; P=0.059) at both pre- and post-stretching.
Although the specific mechanisms cannot be deter-
mined from the current study, we may speculate that
%EMGonset may occur earlier in older adults due to an
altered muscle-tendon behavior, whereby a passively
stiffer muscle will lengthen less and a more compliant
tendon will lengthen more during the MROM as-
sessment when compared to younger adults. It is
clear that more work in this area is needed and
future studies using ultrasonography assessments
may help determine the mechanisms underlying
an earlier onset of muscle activation during pas-
sive stretching in older adults.

@ Springer

Conclusion

In summary, an acute and prolonged intermittent bout of
passive stretching of the plantarflexors resulted in a
significant decrease in Fe, for the young men only,
which was strongly related to changes in muscle activa-
tion and unrelated to changes in the passive resistance to
stretch. The lack of changes in Fc.x and muscle activa-
tion for the older men provides further support that the
stretching-induced force deficit may be gamma-loop-
mediated. Furthermore, the older men experienced
greater increases in MROM which were strongly related
to changes in stretch tolerance (i.c., peak passive torque)
and greater decreases in the passive resistance to stretch.
These findings in conjunction with the lack of change in
%EMGonset may be a result of the age-related increase
in tendon compliance. Lastly, it is important to note that
these changes were a result of a 20-min stretching
protocol. Future studies using ultrasonography assess-
ments and more practical stretching durations should be
employed using the same controlled conditions of the
current study.
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