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Abstract As a result of intrafusal thixotropy, muscle con-
traction at a short length followed by passive lengthening
enhances the subsequent tonic vibration reflex (TVR). We
studied the effects of muscle vibration, contraction, and their
combination on the subsequent TVR in the left biceps in 20
healthy men. The preceding vibration (20 or 80 Hz) condi-
tioning at a short or long length was applied to the muscle
belly with and without a contraction. After conditioning,
distal tendon vibration (80 Hz) was used to elicit the TVR at
the test length. The strength of the TVR was measured by
surface electromyography. Conditioning with 80-Hz vibra-
tion at a short length followed by passive lengthening
enhanced the subsequent TVR, which was greater in the
presence than in the absence of a conditioning contraction.
These results suggest that vibration and contraction work
synergistically to develop intrafusal thixotropy.
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Introduction

Both extra- and intrafusal muscle fibers have a resting ten-

sion that is dependent on the history of muscle contraction
(Proske etal. 1993; Campbell and Lakie 1998). Passive

T. Nakajima - M. Izumizaki (<) - C. Sekihara - . Homma
Department of Physiology,

Showa University School of Medicine,

1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8555, Japan
e-mail: masahiko@med.showa-u.ac.jp

T. Atsumi
Department of Orthopaedic Surgery,
Showa University Fujigaoka Hospital, Yokohama, Japan

stiffness of a muscle after contraction depends on whether
the muscle was contracted immediately beforehand at a
short length (hold-short conditioning with a contraction) or
at a long length (hold-long conditioning with a contraction)
(Gregory et al. 1988; Proske et al. 2000). Hold-short condi-
tioning with a contraction followed by passive lengthening
results in increased stiffness of the muscle owing to
removal of any preexisting slack, whereas hold-long condi-
tioning with a contraction followed by passive shortening
deliberately introduces slack in muscle fibers. This prop-
erty, known as thixotropy, is affected by the detachment
and formation of long-term stable cross-bridges between
actin and myosin filaments (Hill 1968; Whitehead et al.
2001). Muscle contraction promotes the detachment of
these stable cross-bridges (Gregory et al. 1998; Hagbarth
and Nordin 1998), and the muscle needs to be held at the
length where the contraction occurred for a few seconds to
promote the reformation of cross-bridges (Hagbarth and
Nordin 1998).

This history-dependent property of intrafusal muscle
fibers, intrafusal thixotropy, affects the sensitivity of muscle
spindles (Hagbarth et al. 1985; Gregory et al. 1988; Proske
et al. 1993). Hold-short conditioning with a contraction fol-
lowed by stretching the muscle increases the afferent dis-
charge from the spindle, while hold-long conditioning with
a contraction reduces the discharge (Gregory et al. 1988;
Morgan etal. 1991; Proske etal. 1992). These history-
dependent afferent discharges from muscle spindles are
responsible for limb position-sense errors following condi-
tioning (Gregory etal. 1988; Gooey etal. 2000). After
hold-short conditioning with a contraction of the biceps
muscle, subjects perceive that their conditioned forearms
are placed in a more extended position than they actually
are (Gregory et al. 1988; Ishihara et al. 2004; Yasuda et al.
2006; Sekihara et al. 2007).
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Intrafusal thixotropy also affects the vibration sensitivity
of muscle spindle primary endings in humans and cats
(Morgan et al. 1991; Burke and Gandevia 1995; Nordin and
Hagbarth 1996; Proske and Gregory 1999; Gooey et al.
2000). Mechanical vibration applied to the tendon or belly
of a skeletal muscle induces an involuntary tonic reflex
contraction in the muscle, which is referred to as the tonic
vibration reflex (TVR) (Eklund and Hagbarth 1966). It has
been reported that the magnitude of the TVR is altered by
intrafusal thixotropy. Nordin and Hagbarth (1996) demon-
strated in humans that hold-short conditioning with a con-
traction results in a greater TVR response compared with
hold-long conditioning with a contraction.

Muscle vibration by itself helps introduce muscle thixot-
ropy by means of its shaking effects on muscles (Gregory
etal. 1988). A human study by Eklund and Hagbarth
(1966) reported residual facilitation of the TVR following
muscle vibration. However, in that paper, the muscle was
not systematically preconditioned before each test. Since
the sensitivity of muscle spindles depends on muscle his-
tory, this sensitivity can be misinterpreted if the muscle is
not systemically conditioned beforehand (Gooey et al.
2000). As a result, the role of muscle spindles in the resid-
ual facilitation of muscle vibration is unclear. The results of
limb position-sense error experiments by Gregory et al.
(1988) suggest that muscle vibration acts directly on intra-
fusal muscles to stimulate the release of cross-bridges and
promote the thixotropic process. Accordingly, if muscle
vibration has thixotropic aftereffects on the TVR, as does
the conditioning contraction, the aftereffects of muscle
vibration followed by a period in which reformation of sta-
ble cross-bridges occurs on the TVR should depend on
whether the muscle was vibrated and relaxed beforehand at
a short length or at a long length.

The aftereffects of muscle vibration may be cooperative
with those of muscle contraction in thixotropically chang-
ing the intrafusal stiffness. Gregory et al. (1998) demon-
strated that a voluntary contraction as weak as 10% of
maximum effort was sufficient for the full thixotropic after-
effects of contraction on the subsequent stretch reflex. The
amplitude of the reflex is not increased further by larger
voluntary conditioning contractions. However, in our previ-
ous study, we found that limb position-sense errors caused
by preceding hold-short conditioning with a forceful con-
traction are increased further by muscle vibration applied
during the forceful contraction (Ishihara et al. 2004). This
suggests that vibration and muscle contraction work
together to change intrafusal stiffness.

The primary aim of the present study was to identify the
aftereffects of muscle vibration at a short length on the TVR
and to explore whether muscle vibration during a condi-
tioning contraction at a short length provides further after-
effects on TVRs. We hypothesized that (1) muscle vibration
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Fig. 1 a Schematic representation of the experimental set-up. Each »

subject was comfortably seated on a chair in the upright position, as
described in the “Methods”. The left biceps was used in all studies.
b Surface electromyography (EMG) and mechanical vibration. The
magnitude of the tonic vibration reflex (TVR) was estimated by surface
EMG. Mechanical vibration was applied to the belly of the left biceps
during the conditioning period and to the distal tendon during the sub-
sequent TVR period. ¢ Schema of the experiments designed to test the
combined effects of preceding muscle vibration and muscle contraction
on the TVR. At the start of each trial, the root mean squared (RMS)
EMG activity of the left biceps during maximal voluntary contraction
(MVC) was measured to normalize the RMS EMG activity during the
following period. Preconditioning was performed at an elbow angle of
180° prior to each trial. After preconditioning, the left forearm was re-
turned to the test position (120°) by an experimenter. The biceps was
then shortened to 60° (hold-short conditioning) or stretched to 180°
(hold-long conditioning) for the muscle belly to undergo vibration (20
or 80 Hz) with or without muscle contraction. After each maneuver,
the muscle was returned to the test position (120°). Mechanical vibra-
tion, applied to the distal tendon (80 Hz), was started to elicit the TVR
with the left forearm fixed at the test position (120°) by the experi-
menter. The vibration was continued for 120 s. The strength of the
TVR was quantified by the average amplitude of RMS EMG activity
during 30-120 s of vibration time. HLC: hold-long conditioning with
a contraction; HLV20: hold-long conditioning with vibration at 20 Hz;
HLV80: hold-long conditioning with vibration at 80 Hz; HSC: hold-
short conditioning with a contraction; HSV20: hold-short conditioning
with vibration at 20 Hz; and HSV80: hold-short conditioning with
vibration at 80 Hz

at a short length followed by passive lengthening increases
the subsequent TVR and (2) muscle vibration during
muscle contraction at a short length increases the TVR fur-
ther, even though the muscle is fully contracted. If muscle
vibration acts in a thixotropic manner, muscle vibration at a
long length conversely will not increase the TVR, which
may support the idea that a peripheral mechanism of action
is involved in the residual facilitation of muscle vibration.
In the present study, we compared the aftereffects of muscle
vibration on the TVR between hold-short conditioning and
hold-long conditioning.

Methods
Participants

The study was performed on 20 healthy men (aged 21—
30 years) and was approved by the ethics committee of
Showa University. The subjects were aware of the purpose
of the study, and all signed an informed consent form.

Mechanical arrangement

All subjects were blindfolded during the experiments.
Each subject was seated comfortably on a chair
with both elbows positioned in fixed places on a metal
table apparatus (Yasuhisa device; Yasuhisa Koki,
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Tokyo, Japan), which consisted of two identical parallel
tables. The height of the apparatus was adjusted so that
the subject’s upper arms were both entirely resting on
wooden triangular blocks, which sloped at a 30° angle
(Fig. la). The left forearm was set with the palm facing
upward on another block sloping at 30°, which was
placed on the metal table. The left biceps was used for
all experiments.

I I I I
30 60 90 120

Vibration time (s)

Electromyography

Surface electromyography (EMG) was used to determine
the magnitude of the TVR. EMG activity was recorded
with surface electrodes (Vitrode L, Nihon Kohden, Tokyo,
Japan). A pair of electrodes was placed on the belly of the
left biceps muscle approximately 60 mm apart (Fig. 1b).
An earth electrode was placed over the ulna styloid. The
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skin was cleaned before EMG measurements. The EMG
signal was recorded using a data acquisition system
(PowerLab 4/20, ADInstruments, Castle Hill, Australia)
with a PowerLab bioamp (ML135; ADInstruments) and
analyzed using Chart software (ADInstruments). The
PowerLab bioamp was set to apply a 10-Hz high-pass filter
and a 500-Hz low-pass filter, with a 50-Hz notch filter. The
EMG signal was sampled at 1,000 Hz and smoothed using
a root mean squared (RMS, 200 ms running time window)
calculation with Chart software (RMS EMG).

At the start of each trial, the RMS EMG activity of the
left biceps during maximal voluntary contraction (MVC)
was measured to normalize the RMS EMG activity during
the following period (Fig. 1c). Subjects were instructed to
perform an isometric elbow flexor MVC lasting at least 3 s,
with the left forearm locked at an elbow angle of 120°. The
10-s averaged RMS EMG activity immediately after pre-
conditioning (see below) was defined as baseline in each
trial (baseline RMG EMG in Fig. Ic). In each trial, the
differences in RMS EMG activity from the baseline were
normalized to the amplitude of RMS EMG activity during
MVC (% MVC).

Vibration

We used an electrical vibrator (Minato Medical Science,
Osaka, Japan), which had a motor-driven eccentric disk, and
was enclosed in a plastic box measuring 65 x 32 x 27 mm.
It produces mechanical oscillations at an amplitude of
approximately 1 mm and frequencies of up to 100 Hz. The
vibrator was positioned and pressed lightly by an experi-
menter on the muscle belly between the EMG electrodes or
on the distal tendon of the left biceps, so that the vibrator did
not interfere with the distal EMG electrode (Fig. 1b).

The sensitivity of muscle proprioceptors to vibration
depends on vibration frequency. We used vibration fre-
quencies of 80 and 20 Hz in this study. The 80-Hz vibration
frequency was chosen because evidence from microneurog-
raphy tests indicates that muscle spindle primary endings
are optimally stimulated at 80 Hz (Roll et al. 1989). We
also included the 20-Hz vibration frequency as a reference.
This frequency, which is suboptimal to drive the Ia afferent
discharge, optimally excites the secondary endings and
Golgi tendon receptors in a one-to-one manner (Roll et al.
1989).

Preconditioning

All trials were preceded by a preconditioning maneuver
designed to put elbow flexors into a defined state (Gregory
et al. 1998). After the RMS EMG activity during MVC was
measured at an elbow angle of 120° (Fig. 1c, MVC), the
subject was then directed to exert isometric MVC at an
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elbow angle of 180° for 8 s (Fig. lc, preconditioning). Fol-
lowing the contraction at 180°, the muscle was held in this
position for 3 s. The left forearm was then slowly returned
to 120° by an experimenter and placed on the block.

Hold-short conditioning

After MVC and preconditioning were completed, the left
forearm was lifted by the experimenter to an elbow angle of
60° over 3 s. The subject was asked to exert MVC of the
left biceps muscle for 8 s at this position while the experi-
menter held the subject’s wrist, and was then asked to relax
the left biceps muscle fully for 3 s while the experimenter
kept the forearm in this position. Vibration (20 or 80 Hz)
was delivered to the belly of the left biceps while the sub-
ject isometrically contracted the muscle. The left forearm
was then lowered carefully by the experimenter to an elbow
angle of 120° over 3 s (Fig. 1c). In trials to identify the
independent effect of vibration at a short length on the
TVR, vibration (20 or 80 Hz) was delivered to an uncon-
tracted bicep, which was kept at an elbow angle of 60° for
8 s, after which the muscle was allowed another 3-s relaxa-
tion period at this position before being lowered to 120°.

Hold-long conditioning

After MVC and preconditioning were completed, the left
elbow was extended by an experimenter so that the left fore-
arm was placed at an elbow angle of 180°. The subject was
asked to exert MVC of the left biceps muscle for 8 s at this
position against the force the experimenter applied by press-
ing the subject’s wrist, and then to relax it fully at this posi-
tion for 3 s (Fig. 1c). Mechanical vibration (20 or 80 Hz)
was applied to the belly of the left biceps at the time of the
8-s conditioning contraction. The left forearm was then
raised by the experimenter to an angle of 120° over 3 s. In
trials to identify the independent effect of vibration at a long
length, vibration (20 or 80 Hz) was delivered to an uncon-
tracted bicep, which was kept at an elbow angle of 180° for
8 s, after which the muscle was allowed another 3-s relaxa-
tion period at this position before being raised to 120°.

TVR

The TVR of the conditioned muscle was measured isometri-
cally at an elbow angle of 120° (Fig. 1c). Vibration (80 Hz)
applied to the distal tendon of the left biceps evoked a TVR
after each maneuver. During the TVR, the left forearm was
supported by the 30° block at an elbow angle of 120°, and
forearm elevation was prevented by the experimenter. The
strength of the TVR was quantified by RMS EMG activity
(Fig. 1c). In each trial, RMS EMG activity was averaged
over 30—120 s of vibration time using Chart software (average
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RMS EMG in Fig. 1c). Each trial was performed twice, and
these two sets of RMS EMG data, standardized by MVC,
were averaged for each subject.

Experimental protocol

Tonic vibration reflex was measured after each of the fol-
lowing ten maneuvers, which were performed in a random
order: preconditioning followed by (1) hold-long condition-
ing with a contraction (HLC); (2) hold-long conditioning
with vibration at 20 Hz (HLV20); (3) hold-long condition-
ing with vibration at 80 Hz (HLV80); (4) hold-long condi-
tioning with a contraction and vibration at 20 Hz
(HLC + HLV20); (5) hold-long conditioning with a con-
traction and vibration at 80 Hz (HLC + HLV80); (6) hold-
short conditioning with a contraction (HSC); (7) hold-short
conditioning with vibration at 20 Hz (HSV20); (8) hold-
short conditioning with vibration at 80 Hz (HSV80); (9)
hold-short conditioning with a contraction and vibration at
20 Hz (HSC + HSV20); and (10) hold-short conditioning
with a contraction and vibration at 80 Hz (HSC + HSV80),
as shown schematically in Fig. 1c. Comparisons were made
between the magnitudes of RMS EMG activity during the
TVR following the ten maneuvers, with RMS EMG activ-
ity after the HLC maneuver used as a control.

Statistical analysis

Results are expressed as mean & SD. RMS EMG activity,
standardized by MVC, was analyzed by one-way analysis
of variance (ANOVA) for repeated measures followed by
Tukey—Kramer multiple comparisons test (InStat; GraphPad,
San Diego, USA). Within-factor (vibration and contraction)
effects and interaction between the two effects were tested
by two-way ANOVA for repeated measures with the
Huynh-Feldt correction (SPSS, SPSS Japan, Tokyo, Japan).
Significance was set at P < 0.05.

Results

A typical example of RMS EMG signals of the left biceps
from one subject is shown in Fig. 2. The application of
mechanical vibration (80 Hz) to the distal tendon of the left
biceps increased RMS EMG activity, suggesting that the
vibration stimulus elicited TVR in the muscle. After hold-
long conditioning, the increase in RMS EMG activity dur-
ing the subsequent TVR period was similar between the
maneuvers (Fig. 2a—c). After hold-short conditioning,
increases in RMS EMG activity were greater than those
after hold-long conditioning maneuvers (Fig. 2d—f), with
the exception of the HSV20 maneuver (data not shown). In
particular, an increase in RMS EMG activity was noted
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a Hold-long conditioning d Hold-short conditioning
with a contraction with a contraction
(HLC) (HSC)
W 0.05 mV 0.05 mV
2-min vibration at 80 Hz for TVR 2-min vibration at 80 Hz for TVR
b Hold-long conditioing € Hold-short conditioing
with vibration at 80 Hz with vibration at 80 Hz
(HLV80) (HSV80)
0.05 mV 0.05 mV

T~

2-min vibration at 80 Hz for TVR

2-min vibration at 80 Hz for TVR

f Hold-short conditioning
with a contraction and vibration at 80 Hz
(HSC+HSV80)

C Hold-long conditioning
with a contraction and vibration at 80 Hz
(HLC+HLV80)

e

2-min vibration at 80 Hz for TVR

0.05 mV 0.05 mV

2-min vibration at 80 Hz for TVR

Fig. 2 Examples of RMS EMG activity during the TVR period
following six of the ten maneuvers, as performed by a single subject.
a—f RMS EMG activity increases in response to the 80-Hz tendon
vibration, suggesting that the TVR is elicited. The increase in RMS
EMG activity is greatest after conditioning with a contraction and
vibration at a frequency of 80 Hz at a short length (HSC + HSV80
maneuver, f)

after the HSC + HSV80 maneuver (Fig. 2f). Hold-short
conditioning with vibration at 80 Hz, without a contraction
(HSV80 maneuver), also enhanced the effects on RMS
EMG activity during a subsequent TVR period (Fig. 2e),
whereas vibration at 80 Hz at the long length (HLV80
maneuver) failed to enhance the aftereffects on RMS EMG
activity (Fig. 2b).

Figure 3 illustrates the pooled results of RMS EMG
activity during the TVR period after the ten maneuvers.
Figure 3a shows the mean + SD RMS EMG activity during
the TVR period after the ten maneuvers in each participant
(n=20). Figure 3b shows that the TVR after hold-long
conditioning with vibration (HLV20 and HLV80 maneu-
vers) was similar to that after hold-long conditioning with a
contraction (HLC maneuver). Figure 3c shows that muscle
vibration during hold-long conditioning contraction pro-
vided no additional effects on the TVR. In contrast, Fig. 3d
and e confirm the remarkable changes in RMS EMG activ-
ity after hold-short conditioning; especially the HSC +
HSV80 maneuver compared with the HLC maneuver.
There were significant differences in the magnitudes of
RMS EMG activity during the TVR period between the
HLC maneuver and the HSV80 maneuver (P < 0.05) and
between the HSV20 maneuver and the HSV80 maneuver
(P <0.05) (Fig. 3d), suggesting that vibration at 80 Hz by
itself increases TVR when the vibration is applied at a short
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Fig. 3 The pooled results of average amplitude of RMS EMG activity
during the TVR period after the ten maneuvers. a 90-s averaged RMS
EMG activity during the TVR period (30-120 s) in each participant.
Muscle vibration at the long length without (b) or with (¢) voluntary
muscle contraction (HLV20 or HLV80 maneuver) did not further
increase the RMS EMG activity compared with the HLC maneuver.
d Muscle vibration at 80 Hz at the short length (HSV80 maneuver)
increased RMS EMG activity during the following TVR period
compared with muscle contraction at the long length (HLC maneuver).
e Muscle contraction at the short length (HSC maneuver) increased

muscle length. Figure 3e shows that the magnitude of RMS
EMG during the TVR period was greater after the HSC
maneuver than after the HLC maneuver (P < 0.05). Fur-
thermore, the magnitude of RMS EMG activity was greater
after the HSC + HSV80 maneuver than after both the HLC
and the HSC maneuvers (P < 0.05), suggesting that vibra-
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RMS EMG activity compared with the HLC maneuver. Muscle vibra-
tion at 80 Hz at the short length provided a further increase in RMS
EMG activity when combined with muscle contraction (HSC +
HSV80 maneuver) compared with muscle contraction alone at the
short length (HSC maneuver). RMS EMG activity was normalized to
the amplitude of RMS EMG activity during maximal voluntary
contraction (% MVC). Values are mean £ SD (n =20). *P < 0.05:
one-way analysis of variance (ANOVA) for repeated measures
followed by Tukey—Kramer multiple comparisons test; N.S. not signifi-
cant by one-way ANOVA

tion at 80 Hz during hold-short conditioning contraction
further enhances the effects on the TVR.

We then analyzed whether the effect of vibration on
TVR differs in the absence (Passive) or presence (Contract)
of a conditioning contraction (Fig. 4a, b). During hold-long
conditioning, there was no contraction effect, vibration
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Fig. 4 Differences in vibration effects on the subsequent TVRs in the
absence (Passive) and presence (Contract) of muscle contraction when
conditioning occurred at elbow angles of 180° (long muscle length)
and 60° (short muscle length). a When conditioning occurred at 180°,
the magnitude of the TVR after muscle vibration at 80 Hz did not
change compared with that after muscle vibration at 20 Hz, regardless
of whether the muscle was passive (Passive) or contracted (Contract).
Two-way ANOVA shows that there is no vibration effect, contraction
effect, or interaction between the two effects. b When conditioning
occurred at 60°, the magnitude of the TVR after muscle vibration at

effect, or any interaction between the two effects (Fig. 4a).
In contrast, during hold-short conditioning, there was a sta-
tistically significant interaction between the contraction and
vibration effects (Fig. 4b, two-way ANOVA, #p < 0.05),
suggesting that vibration effects that enhance TVR are
greater in the presence than in the absence of a conditioning
contraction.

Discussion

This series of experiments revealed that (1) muscle vibra-
tion at 80 Hz at a short length followed by passive length-
ening increased the subsequent TVR and (2) muscle
vibration at 80 Hz at a short length during forceful condi-
tioning contraction provided a further increase in the subse-
quent TVR.

In the present study, all trials were started with the
biceps in a slack state. The tested muscle underwent pre-
conditioning at a stretched position (180°) beforehand so
that the intrafusal fibers of its spindles were slack. Thus, the
spindles in the biceps were in an insensitive state before
any conditioning maneuver was performed. The HLC
maneuver, which is identical to the preconditioning maneu-
ver, was used as a control to identify the effects of vibration
and contraction on the subsequent TVR. Muscle spindle
sensitivity after the preconditioning plus the HLC maneu-
ver was presumably identical to that after preconditioning.
Under these conditions, secondary endings independent of
the muscle history (Proske et al. 1992) may have responded
to mechanical vibration during the TVR period. However,
it has been reported that secondary endings are less sensi-
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2 67
O 44 IH#
S 4
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0 2
z

0 —]
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Passive Contract

80 Hz (HSV80) was larger than that after muscle vibration at 20 Hz
(HSV20). In addition, muscle vibration at 80 Hz elicited a larger
increase in the magnitude of the TVR when combined with muscle
contraction (Contract) than when muscle was passive (Passive). Two-
way ANOVA showed that there is a vibration effect (*P < 0.05), a
contraction effect (‘P <0.05), and an interaction between the two
effects (*P < 0.05). This interaction suggests that the enhancing effect
of muscle vibration at 80 Hz on the subsequent TVR is stronger in the
presence than in the absence of muscle contraction at the short length.
Values are mean & SD (n = 20)

tive to mechanical vibration than primary endings (Roll
et al. 1989; Proske and Gregory 1999). The TVR after the
HLC maneuver was small, but it was not eliminated.

The HSC maneuver enhanced the RMS EMG activity of
the muscle during a subsequent TVR period compared with
the HLC maneuver. This result confirms earlier observa-
tions from other reports of intrafusal muscle thixotropy.
Morgan et al. (1991) showed that the responses of muscle
spindles to a locally applied vibration depended on the
immediate history of contraction and length changes in the
cat soleus muscle; the hold-short conditioning with a con-
traction greatly increased the vibration sensitivity. Nordin
and Hagbarth (1996) showed that the TVR elicited by
vibration of a human finger extensor was increased when
preceded by hold-short conditioning with a contraction,
which was consistent with microneurographic recordings
(Burke and Gandevia 1995). Gooey et al. (2000) showed
that the illusion of muscle lengthening evoked by muscle
vibration increases after flexion conditioning (that is, hold-
short conditioning with a contraction of the biceps). Proske
and colleagues explain this in terms of intrafusal thixotropy
as follows. When stable cross-bridges of intrafusal fibers of
a muscle are allowed to form while the muscle is held at a
short length after a voluntary contraction, this leaves the
intrafusal fibers taut on returning the muscle to an interme-
diate length. The increased stiffness of intrafusal fibers
allows more effective transmission of a vibratory stimulus
to the sensory endings (Proske and Gregory 1999; Gooey
et al. 2000). Therefore, the responsiveness of the Ia affer-
ents to the vibration is increased after the HSC maneuver.

Our study revealed that vibration enhanced the TVR
when the muscle was vibrated at a short muscle length (the
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HSV80 maneuver), which was consistent with the work of
Eklund and Hagbarth (1966), who used an unconditioned
muscle. However, vibrating the muscle at a long length (the
HLV80 maneuver) did not enhance TVR. This discrepancy
suggests that the enhancing effects were not simply a result
of the vibratory stimulus itself. Hagbarth and Nordin
(1998) showed that mechanical vibration of a muscle at a
short length was followed by an involuntary aftercontrac-
tion, which is believed to be a result of intrafusal thixot-
ropy. Our finding supports the idea by Gregory et al. (1988)
that muscle vibration acts directly on intrafusal muscles to
stimulate the release of cross-bridges and to promote the
thixotropic process.

Our study also demonstrated that muscle vibration at
80 Hz combined with the HSC maneuver (the HSC +
HSV80 maneuver) further increased the subsequent TVR.
This is consistent with our previous study showing that
thixotropic limb position sense errors are increased when
muscle vibration is applied in combination with hold-short
conditioning contraction (Ishihara et al. 2004). Moreover,
our results indicate that the effects of a contraction and
mechanical vibration on the TVR are synergistic when
hold-short conditioning occurred (Fig. 4b). The enhancing
effect of vibration at 80 Hz on the TVR was more obvious
in the presence than in the absence of a hold-short condi-
tioning contraction. Intrafusal contractions are the most
effective method of removing preexisting slack by detach-
ing stable cross-bridges and allowing them to reform at the
short length (Gregory et al. 1988). Our subjects voluntarily
contracted the biceps during conditioning. Thus, the intra-
fusal fibers of the conditioned muscle likely contracted
because of the a—y linkage. Gregory et al. (1998) showed
that preexisting slack in intrafusal fibers of human soleus
muscle is eliminated by 10% MVC of the muscle at a short
length and that a 10% contraction produces effects similar
to a 25% contraction. They concluded that a voluntary con-
traction as weak as 10% MVC is sufficient to remove the
slack. We have discussed our findings in terms of passive
properties that are attributable to cross-bridge kinetics.
However, the increased TVR after muscle vibration and
contraction may partly arise through central mechanisms
because our subjects contracted the biceps with 100%
MVC during conditioning.

Two major steps are required to elicit a TVR (Burke et al.
1976). First, the vibrator activates the muscle spindle to pro-
duce an Ia afferent discharge signal. Second, muscle spindle
discharges are sent to the spinal cord where they activate
monosynaptic and polysynaptic circuits, causing the muscle
to contract. Thus, the post-vibration or post-contraction
excitation of motoneurons (Sapirstein et al. 1937; Hutton
and Suzuki 1979; Enoka et al. 1980) may be factors that
change the TVR after conditioning. Spinal motoneurons can
exhibit self-sustained depolarization after vibration or con-
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traction, referred to as a plateau potential owing to persistent
inward currents (Kiehn and Eken 1997). Plateau potential-
like behavior may have contributed to post-conditioning
excitability of the motoneurons. Recent animal work has
shown that the persistent inward currents are greatly reduced
by stretching the antagonist muscle (Hyngstrom et al. 2007).
This would mean that the passive movement from a long to
an intermediate length of the biceps stretches the triceps and
turns off any additional post-conditioning motoneurons
excitability. Aside from this, involuntary contraction after
conditioning may be partly explained by a persistent excit-
atory state in cortical motoneurons (Sapirstein et al. 1937).
Neural circuits that involve the TVR are also located at a
supra-segmental level (Eklund et al. 1982). The measure-
ment of motor evoked potentials of the biceps using trans-
cranial magnetic stimulation would be useful to investigate
whether conditioning changes the subsequent corticospinal
excitability (Steyvers et al. 2003).

One may raise a question why the vibration that evokes
the TVR at the test length does not abolish the thixotropic
effects of preceding conditioning. For example, it might be
expected that after hold-long conditioning, the TVR is ini-
tially depressed and, as the vibration continues, the TVR
increases. However, this did not occur. In our study,
mechanical vibration was applied to the belly of the left
biceps during the conditioning period and to the distal ten-
don during the TVR period. We speculate that pressure
generated by muscle belly vibration is more directly trans-
mitted to stable cross-bridges and more efficiently detaches
these cross-bridges compared with tendon vibration.

It is important to consider whether limitations in our
methodology influenced our results. There is a postural
aftercontraction that occurs after muscle contraction at a
short length or mechanical vibration (Gilhodes et al. 1992;
Hagbarth and Nordin 1998). Although we have previously
reported that the aftercontraction becomes strong after
hold-short conditioning with a contraction and muscle
vibration (Ishihara et al. 2004), our current study did not
differentiate such an aftercontraction from the TVR
response. Thus, the changes in EMG activity of the biceps
potentially included this type of aftercontraction. Neverthe-
less, it is certain that muscle vibration at a short length pro-
motes intrafusal thixotropy because the aftercontraction is
also because of intrafusal thixotropy (Hagbarth and Nordin
1998).

In conclusion, muscle vibration at 80 Hz at a short length
followed by passive lengthening increases subsequent
TVRs. When this vibration was applied during muscle con-
traction, it increased the TVR further, even though the mus-
cle was fully contracted. The effects of vibration on the
TVR are greater in the presence than in the absence of a
conditioning contraction. Our results suggest that (1) intra-
fusal thixotropy is involved in the residual facilitation of
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muscle vibration on the TVR and (2) muscle vibration and
contraction work together synergistically to develop intra-
fusal muscle thixotropy after hold-short conditioning.
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