
Effect of proprioceptive input on training induced
plasticity of soleus motor neuron in humans

EGAWA, Ken ichi



1

1 ........................................................................................... 10

1.1 ....................................................................................... 10

1.1.1 ....................................................... 10

1.1.2 ................................................ 12

1.1.3 ........................... 14

1.2 ................................................................................ 21

1.2.1 ......... 21

1.2.2

...................................................................................................... 21

1.2.3

.............................................................................................. 21

1.3 .............................................................................................. 24

2 .................................................................................... 25

2.1 H V .............................................................. 25

2.1.1 ....................................................................................... 28

2.1.2 ....................................................................................... 31

2.1.3 ....................................................................................... 31

2.1.4 .............................................................................................. 32

2.2 ............................................................................. 32

2.3 .............................................................................................. 33

3 ........ 34

3.1 .............................................................................................. 34



2

3.2 .............................................................................................. 35

3.2.1 ................................................................................ 36

3.2.2 ................................................................................ 38

3.2.3 .................................................................................... 40

3.2.4 .................................................................. 40

3.2.5 ....................................................................................... 41

3.3 .............................................................................................. 41

3.3.1 ..................................................................... 41

3.3.2 ..................................................................... 41

3.3.3 ............................................ 45

3.4 .............................................................................................. 45

3.5 .............................................................................................. 47

4 ................................ 48

4.1 .............................................................................................. 48

4.2 .............................................................................................. 49

4.2.1 ................................................................................ 50

4.2.2 ............................................................................. 50

4.2.3 ................................................................................ 50

4.2.4 .................................................................................... 51

4.2.5 .................................................................. 51

4.2.6 ....................................................................................... 52

4.3 .............................................................................................. 52

4.3.1 ................................................................................ 52

4.3.2 ............................................................................. 55

4.3.3 ................................................................................ 61

4.4 .............................................................................................. 64

4.4.1 ............................................................................. 64



3

4.4.2 ......................................................................... 64

4.4.3 ................................................................................ 65

4.5 .............................................................................................. 66

5 .... 67

5.1 .............................................................................................. 67

5.2 .............................................................................................. 69

5.2.1 ........................................................................................... 69

5.2.2 ................................................................................ 71

5.2.3 .................................................................................... 72

5.2.4 ......................................................................... 73

5.2.5 ....................................................................................... 75

5.2.6 .................................................................................... 75

5.2.7 ....................................................................................... 75

5.3 .............................................................................................. 76

5.4 .............................................................................................. 86

5.4.1 H ................................................................. 86

5.4.2 NMES MVIC H .................................. 87

5.4.3 NMES V ......................................................... 87

5.5 NMES RT ............................................ 88

5.6 ........................................................... 88

5.7 .............................................................................................. 90

6 .................................................................................... 91

6.1 ................ 92

6.2 ......................................... 94

6.3 .............................. 94

6.3.1 ................................................ 98

6.3.2 ................................... 100



4

6.3.3 ................. 102

6.4 ................................................................... 104

6.5 .................................................................................. 105

6.6 ............................................................................................ 106



5

CNS Central nervous system

EMG Electromyography

Epsilon

ES Effect size

Effect size of variance

H-reflex Hoffmann reflex

Hmax Maximal Hoffmann reflex

H/Mmax Hoffmann reflex and maximal motor wave ratio

Hmax/Mmax Maximal Hoffmann reflex and maximal motor wave ratio

Hsup Hoffmann reflex superimposed during maximal voluntary

isometric contraction

Hsup/Mmax Hoffmann reflex superimposed and maximal motor wave

ratio during maximal voluntary isometric contraction

IN Inhibitory interneuron

MVIC Maximal voluntary isometric contraction

M-wave Motor wave

Mmax Maximal motor wave

NMES Neuromuscular electrical stimulation

PSI Presynaptic inhibition

RT Resistance training

RT+NMES Resistance training with neuromuscular electrical

stimulation

SOL Soleus

TA Tibialis anterior

tnNMES Neuromuscular electrical stimulation of tibial nerve trunk

VOL Intermittent, voluntary, isometric contractions of the

plantar-flexors

V-wave Volitional wave

V/Mmax Volitional wave and maximal motor wave ratio
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1

Figure 1-1. Ascending tracts from proprioceptors from muscle, tendon, joint

and cutaneous receptors in lower leg and descending command

from supraspinal centers

Figure 1-2. Hypothetical model of resistance training induced

neuroplasticity

Figure 1-3. Outline of the thesis

Table 1-1. Summary of studies examining the effect of strength training on

H-reflex and V-wave size

Table 1-2. Summary of studies examining the effect of NMES training on H-

reflex and V-wave size

2

Figure 2-1. Stimulating (A), recording (B), analyzing recruitment profile of

Hoffmann reflex (C) and volitional wave (D) in soleus

Figure 2-2. Eliciting passive H-reflex (A), superimposed H-reflex (B) and V-

wave (C)

3

Figure 3-1. Tilting table for postural change from supine to standing

Figure 3-2. Experimental setup for weight bearing using lead weight jackets

and trousers

Figure 3-3. Means and standard deviations of peak to peak amplitude of

soleus H-reflex and small M size under tilt condition (A; N = 8)

and 50% of body weight loading condition (B; N = 8)

Table 3-1 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in static tilt condition

Table 3-2 Peak to peak amplitude of small M wave (M size) and H-reflex
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normalized by maximal motor response in weight loading

condition

4

Figure 4-1. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size during supine and standing

position under head-out water immersion (N = 11)

Figure 4-2. Evoked electromyography (EMG) and recruitment profiles of

soleus H-reflex and M response in pre immersion condition (A),

navel level immersion condition (B) and neck level immersion

condition (C)

Figure 4-3. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size during supine and standing

position (N = 11)

Figure 4-4 Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size under head-out water

immersion conditions (N = 11)

Figure 4-5. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size without and with weight

bearing equivalent to buoyancy under head-out water immersion

conditions (N = 10)

Table 4-1 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in head-out water

immersion condition

Table 4-2 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in graded water

immersion condition

Table 4-3 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in static tilt condition

Table 4-4 Peak to peak amplitude of small M wave (M size) and H-reflex
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normalized by maximal motor response in neck level immersion

condition

5

Figure 5-1. Experimental flow (RT+NMES vs. RT)

Figure 5-2. Experimental setup

Figure 5-3. Typical traces of passive H-reflex and maximal M wave before

and after 10 days training period

Figure 5-4. Typical traces of superimposed H-reflex (Hsup), volitional (V)

wave, plantar torque and raw EMG recordings during maximal

effort before and after 10 days training period

Figure 5-5. Means and standard deviations of peak-to-peak amplitude of

soleus passive H-reflex and small M size before and after 2-week

neuromuscular electrical stimulation superimposed resistance

training group (RT+NMES; N = 7) and RT group (N = 7)

Figure 5-6. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size during maximal voluntary

isometric contraction before and after 2-week neuromuscular

electrical stimulation superimposed resistance training group

(RT+NMES; N = 7) and RT group (N = 7)

Figure 5-7. Means and standard deviations of peak-to-peak amplitude of

soleus V-wave before and after 2-week neuromuscular electrical

stimulation superimposed resistance training group (RT+NMES;

N = 7) and RT group (N = 7)

Table 5-1. Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response before and after

resistance training (RT) with and without neuromuscular

electrical stimulation (NMES)

Table 5-2. Peak to peak amplitude of small M wave (M size) and H-reflex

during maximal effort (Hsup) normalized by maximal motor
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response before and after resistance training (RT) with and

without neuromuscular electrical stimulation (NMES)

Table 5-3. Peak to peak amplitude of volitional (V) wave normalized by

maximal motor response before and after resistance training

(RT) with and without neuromuscular electrical stimulation

(NMES)

6

Figure 6-1. Summary of results in the thesis: cross sectional data

Figure 6-2. Summary of results in the thesis: RCT

Figure 6-3. Summary of intervention studies

Figure 6-4. Changes in passive H-reflex circuitry before and after tibial

nerve NMES superimposed training

Figure 6-5. Changes in superimposed H-reflex circuitry before and after

tibial nerve NMES superimposed training

Figure 6-6. Changes in V-wave circuitry before and after tibial nerve NMES

superimposed training
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1

1.1

1.1.1

1-4)

5-7)

Central ervous system, CNS

Motor unit action potential recording Electromyography,

EMG Spinal reflex Transcranial

magnetic stimulation, TMS Motor evoked potentials,

MEPs Functional magnetic resonance imaging,

fMRI Electroencephalography, EEG

8)
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Hoffmann reflex H

Volitional wave, V

V 9) H

10, 11) H

12) H

13)

14)

H

15)

Ia 16, 17)

V 9, 18-24) H

18, 20, 25, 26) H

18-22, 24, 25, 27-29)
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1.1.2

Transcranial magnetic stimulation, TMS

8)

H

30) supramaximal

V H H 31)

Sale et al. 1983

Aagaard et al. 2002 Scaglioni et al. 2002 Maffiuletti et al.

2003 Lagerquist et al. 2006 Gondin et al. 2006 Del Balso &

Cafarelli 2007 Beck et al. 2007 Holtermann et al. 2007

Duclay et al. 2008 Schubert et al. 2008 Fimland et al. 2009a

Fimland et al. 2009b Ekblom 2010 Jessop et al. 2013

9, 18-29, 32, 33) motor evoked potential,

MEP Beck et al. 2007 Schubert et al.

2008 2 8) 1

Lagerquist et al. 2012 34) Jessop et al. 2013 33)

Table 1-1 H V 9, 18, 19, 21, 25, 33-35)

randomized controlled trial, RCT 2 19, 21)

5 19, 21, 25, 33, 34) 2 18, 35)

1 9) 5 19, 21, 25, 33, 34)

3 9, 18, 35) 21.2 9)

2 35) 3

19, 36-38) 35)
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Table 1-1. Summary of studies examining the effect of strength training on

H-reflex and V-wave size

RCT: randomized controlled trial

Author
Design

Training Type Position,
contraction type

Training
schedule

Voluntary contraction
intensity, sets

Result

Sale (1983) 9)

non RCT

Weight lifting, bilateral Dynamic mean
21.2 weeks

5 6 sets up to 1RM Isometric,
2 sets 10 MVC

50% V wave
(pooled across muscles)

Aagaard (2002) 18)

non RCT

Calf raise, bilateral Sitting, dynamic 14 weeks
38 sessions

3-10 RM multiple exercises,
4 5 sets each

55% V wave
19% Hsup@90%MVC
H at rest

DelBalso (2007) 19)

RCT

Plantar flexion, unilateral
(right)

Sitting, isometric 4 weeks
12 sessions

10 MVCs, 6 sets 54% V wave
H at rest

Holtermann (2007) 25)

non RCT

Plantar flexion, unilateral
(dominant)

Sitting, isometric 3 weeks
9 sessions

10 MVCs, 5 sets Hsup@20, 60%MVC
H at rest

Ekblom (2010) 21)

RCT

Plantar flexion, bilateral Standing, isometric 5 weeks
15 sessions

5 RM, 5-6 sets 77% V wave
Hsup
H at rest

Lagerquist (2012) 34)

non RCT

Plantar flexion, unilateral
(right)

Sitting, isometric 1 session
(40 minutes)

20% MVC, 1 set Hsup@5%MVC

Jessop (2013) 33)

non RCT

Dorsiflexion, bilateral Sitting, isotonic 1 session
(19 minutes)

50 MVCs, 5 sets

Plantar flexion, bilateral Sitting, isotonic 1 session
(22 minutes)

50 MVCs, 5 sets reciprocal inhibition

Dorsiflexion, bilateral Supine, isometric 1 session
(26 minutes)

20 MVCs, 5 sets reciprocal inhibition
presynaptic inhibition

Plantar flexion, bilateral Supine, isometric 1 session
(26 minutes)

20 MVCs, 5 sets

Egawa (2013) 35)

RCT

Calf raise, unilateral
(dominant)

Standing, dynamic 2 weeks
10 sessions

15 MVCs, 4 sets
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1.1.3

Muscle spindle Golgi tendon organ

Joint receptors

Proprioceptive inputs 39)

Deep sense Sense of touch, Sense of pressure

Foot afferents

Figure 1-1

Ia Ib

Ascending tracts

40-43) 44-47)

48, 49)

50)

51)

52-54)

55)

neuromuscular electrical stimulation,

NMES

56-59)

34)
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Figure 1-1. Ascending tracts from proprioceptors from muscle, tendon, joint

and cutaneous receptors in lower leg and descending command from

supraspinal centers
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Table 1-2 H V NMES 24, 27, 34, 35,

60) RCT 3 24, 34, 35) 1 1

34)

3 24, 27, 34) NMES 2 34, 35)

3 24, 27, 60) 2 34,

35)

NMES

NMES

34, 56-59, 61, 62)

NMES

NMES
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Table 1-2. Summary of studies examining the effect of NMES training on H-

reflex and V-wave size

Author
Design

Training type Pulse duration,
frequency,
intensity

Duty cycle
(%)

Position,
contraction
type, sets

Training
schedule

Voluntary
contraction
intensity

Maffiuletti (2003) 27)

non RCT

Soleus, bilateralNMES-
vs control

s, 75Hz
(30-90 mA)

4 sec on
20 sec off
(17%)

Sitting,
isometric,
45reps

4 weeks
16 sessions

N.A.

Gondin (2006) 24)

RCT

Soleus, bilateralNMES-
vs control

400 , 75 Hz
(mean 74 mA)

6.25 sec on
20 sec off
(24%)

Supine,
isometric,
40 reps

5 weeks
15 sessions

N.A.

Jubeau (2006) 60)

non RCT

Soleus, unilateral NMES-
(undominant) (21 - 120 mA)

6.25 sec on
20 sec off
(24%)

Supine,
isometric,
40reps

4 weeks
16 sessions

N.A.

Lagerquist (2012) 34)

RCT

Soleus, unilateral (right)
vs control

N.A. N.A. Sitting,
isometric

1 session
(40 minutes)

20%MVC

tnNMES (right)
vs control

1 ms, 100 Hz 5 sec on
5 secoff
(50%)

Sitting,
isometric,
5 sec

1 session
(40 minutes)

2-3%MVC

Soleus, unilateral (right)
+ tnNMES
vs control

1 ms, 100 Hz 5 sec on
5 secoff
(50%)

Sitting,
isometric,
5 sec

1 session
(40 minutes)

22-23%MVC
(superimposed)

Egawa (2013) 35)

RCT

Soleus, unilateral
(dominant) + tnNMES
vs soleus, unilateral
(dominant)

(7.7- 14.7 mA)
150 secon
0 secoff
(100%)

Standing,
dynamic,
5 sec, 4sets

2 weeks
10 sessions

100%MVC
(superimposed)

RCT: randomized controlled trial
NMES-: independent neuromuscular electricalstimulation
tnNMES: neuromuscular electrical stimulation of tibial nerve trunk
N.A. not applicable
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Hortobágyi & Maffiuletti

NMES

61)

Figure 1-2 Voluntary contraction

NMES

tibial nerve

NMES tnNMES

Ia

tnNMES

Ia

Figure

1-2 NMES NMES

NMES

Table 1-2

NMES

NMES Figure 1-2 NMES+ Voluntary

contraction NMES

NMES Ia

NMES 63)

62)
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64)

63, 65, 66)

64)
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Figure 1-2. Hypothetical model of resistance training induced

neuroplasticity (adapted from Hortobágyi & Maffiuletti, 2011 61)
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4

1.2.2
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H V
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NMES

NMES

NMES

5 NMES

H

2 H

NMES H

NMES Figure

1-3
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1.1
1.21

2.1 H V
2.22

3 4

3.1 3.2 3.3

5

6.1
6.2
6.3
6.4
6.5
6.6

6

5.1
5.2
5.3

4.1 4.2 4.3

Figure 1-3. Outline of the thesis
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2

Ia

Hoffmann H H

volitional V

Ia

neuromuscular electrical stimulation, NMES

2.1 H V

H Hugon 1973 67)

H H

15)

H H

68-70)

H

71) 72)

30) 73) 74-76) 77) 78, 79)

80-83)

Figure 2-1A

Figure 2-1B H motor

response
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recruitment curve 67)

84)

Figure 2-1C V

Figure 2-1D

85) 83)

86-89)

H

Ia

H

Figure 2-1B small M

maximal motor response, Figure 2-

1B Mmax Ia

Ia primary afferent depolarization, PAD

Ia Ia

90) H Ia

80)
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Figure 2-1. Stimulating (A), recording (B), analyzing recruitment profile of

Hoffmann reflex (C) and volitional wave (D) in soleus
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2.1.1

® BRS-50-K 19 mm × 16 mm Ambu Ballerup

Denmark 24 mm

80)

Figure 2-1A

psychological set

30)

SEN-3301 SS-

104J 1 ms

0.1~0.3 Hz

Mmax 100~200%

supramaximal stimulation Figure 2-1B

10 20

3 5 motor threshold, MT

Mmax H M

recruitment curve Figure 2-1C

2 5

motor

threshold 1.05 1.05×MT 3 4

Mmax 5 10% 5 M small M-wave

68)

83)
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EMG

0.03mVmsec Figure 2-2A H

M M

5 H MVIC H H-reflex superimposed,

Hsup Volitional wave V

Gondin et al. 2006 24)

maximal voluntary isometric contraction, MVIC

Mmax 150%

Biodex System3 Biodex Medical Systems, Inc., Shirley, NY, USA

Hsup Figure 2-2B V 5

H 73) MVIC H

Figure 2-2B

V

Figure 2-2C a

Figure 2-2C c collide

Ia

Figure 2-2C b V H Ia

9,

31)
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Figure 2-2. Eliciting passive H-reflex (A), superimposed H-reflex (B) and V-

wave (C)
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2.1.2

3 4 - NT-

612

5

® 70010-K 20 mm × 15 mm Ambu Ballerup Denmark

5 7 cm

5 cm

3 cm

3 cm

YZ-0019

10

AB-621G 0.03

HUM CUT 50

Hz

2.1.3

3 4 12bitAD

DATAshuttle Express

2 kHz AD PC

PC208A

5 16bitAD DaqScan/2005

Measurement Computing Norton MA USA

5 kHz

AD PC H

M peak-to-peak 100 ms
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DATAshuttle Express Workbench PC for Windows

DaqScan/2005 DASYLab®10.0 Measurement

Computing, Norton, MA, USA

H V small M M

Mmax small M

M 70)

H V M

2.1.4

International Society of Electrophysiology and

Kinesiology 86)

2.2

5

Table 1-2 24, 27, 34, 60)

019-401400 9 mm 3 cm

Nicolet Middleton, WI, USA

34)

SEN-3301 SS-104J

400 75 Hz

24, 27, 60) 150 duty cycle = 100%

56)
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59) 1 7.7 mA 12.6

mA 10 7.9 mA 14.7 mA

NMES

H V NMES

230

2006-4-1 clinical

trial registry UMIN000006735

2.3

H V

neuromuscular electrical stimulation, NMES
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3 1

H

3.1

Hoffmann H

H final common pathway

15, 67, 91)

Ia Ia

76, 92-96) H

Ia

83, 90, 97)

1 Egawa K, Kitabatake Y, Oida Y. Weight bearing-induced modulation of the soleus H-reflex

in humans: Effect of static tilt and additional weight load during upright standing.
55: 29-32, 2006.
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pitch axis

96, 98-103)

100)

Ia II

55) Ia

H

H

H

3.2

230

7 22.6 7.7 171.9 2.8 cm 61.9 6.8 kg

1 29 161.0cm 55.0kg
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3.2.1

Figure 3-

1 0

85

0

3

99)

5 20
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Figure 3-1. Tilting table for postural change from supine to standing
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3.2.2

1 2 kg 50

2 kg

100g 104)

Figure 3-2

OR6-5-2000, AMTI

50%

3

10



39

Figure 3-2. Experimental setup for weight bearing using lead weight jackets

and trousers
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3.2.3

- NT-612

5 cm AB-621G 0.03

PC208A

10 k

BRS-150-E

H H

SEN-3301 SS-104J

1ms 0.1 0.3 Hz

H M

supramaximal recruitment curve

3.2.4

12bitAD DATAshuttle Express 2 kHz AD

PC H M

Workbench PC for Windows

100msec EMG

M motor threshold 1.05

H M M

Mmax M M

H M
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3.2.5

t

95% C.I.:

;

5% SPSS for Windows 21.0J

3.3

3.3.1

M

Table 3-1 Subject 1 H

0.46 0.11 0.37 0.13

t7 = 3.62 P < 0.01 Figure 3-3A

3.3.2

M

Table 3-2 Subject 1 H

0.36 0.13 50% 0.34 0.15

t7 = 1.73 P = 0.13 Figure 3-3B
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Table 3-1 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in static tilt condition

Supine position Standing position

subject M size H-reflex M size H-reflex

1 0.04 0.30 0.04 0.27

2 0.10 0.53 0.10 0.44

3 0.06 0.57 0.06 0.49

4 0.08 0.50 0.08 0.50

5 0.03 0.59 0.03 0.39

6 0.05 0.39 0.05 0.29

7 0.04 0.32 0.04 0.14

8 0.07 0.50 0.07 0.46

mean 0.06 0.46 0.06 0.37

SD 0.02 0.11 0.02 0.13

Experiment 1: static tilt (from supine condition to
standing condition)
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Table 3-2 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in weight loading condition

Pre weight loading 50% weight loading

subject M size H-reflex M size H-reflex

1 0.04 0.25 0.04 0.23

2 0.11 0.53 0.11 0.52

3 0.08 0.27 0.08 0.29

4 0.08 0.48 0.08 0.46

5 0.07 0.42 0.07 0.36

6 0.05 0.19 0.05 0.17

7 0.07 0.26 0.07 0.18

8 0.11 0.50 0.11 0.52

mean 0.08 0.36 0.08 0.34

SD 0.03 0.13 0.03 0.15

Experiment 2: weight loading (pre loading
condition to post loading condition)
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Figure 3-3. Means and standard deviations of peak to peak amplitude of

soleus H-reflex and small M size under tilt condition (A; N = 8) and 50% of

body weight loading condition (B; N = 8)
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3.3.3

0.79 0.64; 0.94 0.93 0.83; 1.03

0.85 0.48; 2.06

3.4

H

H

H Ali & Sabbahi

20% H 105)

M 50% H

Nakazawa et al. H

46)

H

H-M

M 70)

M 68) 2 1

H M M

72)

GABAA Ia

95) Ia
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H

GABAB 96)

EMG GABAA

H

Ia

H

H

H

Ia 93, 95) 15) TMS

76)
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3.5

H

H

H

The 8th Asian Federation of Sports Medicine Congress,

Tokyo, (2005) ISPGR XIX Satellite Pre-Conference Basic Mechanisms

Underlying Balance Control under Static and Dynamic Conditions, Pavia,

Italy (2009)
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4 2

95%

H

4.1

1 Ia II

-MNs

55) Hoffman H

H

98, 99, 103)

106)

2 , , , , , .

H . 52 : 599-608 , 2003.
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H

H H

H

4.2

230

C963-0015 2.8 m × 2.5 m ×

2.5 m 14 m3

1 70 cm × 70 cm × 250 cm

ECG-1010DS5

34 ± 1 43) 5 1

50% 95%

2 LLD-PE 0.04 mm

107)
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4.2.1 3

11 22 31 172.8 6.0 cm 64.4

5.7 kg 102)

0

20 85

4.2.2

11 21 28 173.1 5.7 cm 66.7

9.3 kg

5 0

5

30

4.2.3 4

11 21 30 172.4 3.6 cm 66.2

5.8 kg 108)

95%

ECG-

1010DS5

5%

3 Egawa K et al. (2000) 44: 117-120.
4 Egawa K et al. (2003) 47: 81-84.
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5 30

4.2.4

- NT-612

5cm AB-621G 0.03

PC208A

10 k

BRS-150-E

H H

SEN-3301 SS-104J

1 ms 0.1 0.3 Hz

H M

supramaximal recruitment curve

4.2.5

12bitAD DATAshuttle Express

2 kHz AD AD

H

M

100 msec EMG

Workbench PC for Windows
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M motor threshold 1.05

H M

M Mmax

M M

H M

4.2.6

H M

t

5% SPSS for Windows 21.0J

4.3

4.3.1

H M

M

Mmax Mmax

H M

M

1.05 small M Mmax M

P = 0.17 H P < 0.01

Figure 4-1 P = 0.03

P = 0.13 Table 4-1
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Figure 4-1. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size during supine and standing position under

head-out water immersion (N = 11)
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Table 4-1 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in head-out water immersion

condition

Pre immersion Neck level immersion

Supine position Standing position Supine position Standing position

subject M size H-reflex M size H-reflex M size H-reflex M size H-reflex

1 0.11 0.65 0.17 0.55 0.07 0.74 0.11 0.72

2 0.20 0.24 0.15 0.23 0.19 0.24 0.32 0.23

3 0.03 0.65 0.03 0.57 0.04 0.61 0.02 0.42

4 0.04 0.63 0.09 0.60 0.04 0.49 0.06 0.58

5 0.07 0.22 0.05 0.57 0.05 0.52 0.14 0.36

6 0.05 0.42 0.04 0.35 0.07 0.32 0.10 0.43

7 0.02 0.45 0.03 0.42 0.02 0.53 0.03 0.59

8 0.14 0.44 0.10 0.32 0.13 0.35 0.13 0.38

9 0.03 0.35 0.04 0.32 0.04 0.45 0.07 0.36

10 0.02 0.35 0.02 0.25 0.02 0.26 0.00 0.33

11 0.04 0.27 0.05 0.30 0.07 0.24 0.03 0.22

mean 0.07 0.42 0.07 0.41 0.07 0.43 0.09 0.42

SD 0.06 0.16 0.05 0.14 0.05 0.16 0.09 0.15
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4.3.2

EMG 0.03 mVmsec

M H

Table 4-2 H M

Figure 4-2

H Table 4-3 Figure 4-3

M P = 0.16

H P < 0.01 M H

P < 0.01

P = 0.03 P < 0.01

P = 0.87 Figure 4-4
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Table 4-2 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in graded water immersion

condition

subject M size H-reflex M size H-reflex M size H-reflex M size H-reflex

1 0.07 0.35 0.10 0.30 0.11 0.83 0.09 0.30

2 0.06 0.25 0.05 0.33 0.05 0.39 0.05 0.26

3 0.02 0.09 0.02 0.09 0.03 0.14 0.03 0.09

4 0.07 0.28 0.12 0.41 0.07 0.57 0.07 0.26

5 0.04 0.42 0.04 0.47 0.04 0.59 0.04 0.44

6 0.17 0.46 0.23 0.60 0.17 0.67 0.13 0.51

7 0.02 0.56 0.02 0.60 0.02 0.63 0.02 0.59

8 0.04 0.55 0.05 0.81 0.05 0.67 0.05 0.49

9 0.06 0.21 0.06 0.26 0.06 0.30 0.06 0.20

10 0.05 0.23 0.06 0.23 0.06 0.31 0.06 0.28

11 0.02 0.23 0.02 0.24 0.02 0.60 0.03 0.23

mean 0.06 0.33 0.07 0.39 0.06 0.52 0.06 0.33

SD 0.04 0.15 0.06 0.21 0.04 0.21 0.03 0.15

Pre immersion Navel level

immersion

Neck level

immersion

Post immersion
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Figure 4-2. Evoked electromyography (EMG) and recruitment profiles of

soleus H-reflex and M response in pre immersion condition (A), navel level

immersion condition (B) and neck level immersion condition (C)
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Table 4-3 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in static tilt condition

Supine position Standing position

subject M size H-reflex M size H-reflex

1 0.10 0.40 0.09 0.33

2 0.06 0.30 0.07 0.25

3 0.03 0.33 0.02 0.25

4 0.08 0.48 0.08 0.30

5 0.04 0.70 0.04 0.53

6 0.19 0.62 0.18 0.53

7 0.02 0.59 0.02 0.35

8 0.05 0.65 0.04 0.56

9 0.02 0.25 0.02 0.25

10 0.03 0.43 0.03 0.21

11 0.02 0.70 0.02 0.51

mean 0.06 0.50 0.06 0.37

SD 0.05 0.16 0.05 0.14

Experiment 1: static tilt (from supine condition to
standing condition)
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Figure 4-3. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size during supine and standing position (N =

11)
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Figure 4-4 Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size under head-out water immersion

conditions (N = 11)
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4.3.3

H M 3

M P = 0.70 H P < 0.01

P <

0.01 Table 4-4 Figure 4-5
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Table 4-4 Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response in neck level immersion condition

subject M size H-reflex M size H-reflex M size H-reflex

1 0.05 0.39 0.05 0.60 0.05 0.36

2 0.04 0.36 0.04 0.51 0.04 0.34

3 0.05 0.63 0.05 0.79 0.06 0.74

4 0.05 0.35 0.06 0.62 0.06 0.43

5 0.05 0.46 0.05 0.62 0.05 0.47

6 0.04 0.54 0.04 0.56 0.04 0.58

7 0.05 0.18 0.05 0.34 0.05 0.33

8 0.07 0.40 0.07 0.61 0.07 0.49

9 0.05 0.26 0.05 0.36 0.06 0.31

10 0.06 0.39 0.06 0.48 0.05 0.42

mean 0.05 0.39 0.05 0.55 0.05 0.45

SD 0.01 0.13 0.01 0.13 0.01 0.14

Pre immersion
Neck level

immersion

Neck immersion +

weight
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Figure 4-5. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size without and with weight bearing

equivalent to buoyancy under head-out water immersion conditions (N = 10)
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Figure 5-1. Experimental flow (RT+NMES vs. RT)
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Figure 5-2. Experimental setup
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M
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= 1.0 12

14 5%

PASW Statistics 18

IBM Corporation, Armonk, NY, USA

5.3

RT+NMES 99.0 ± 33.6 Nm RT

107.0 ± 31.2 Nm RT+NMES 126.7 ±

17.7 Nm RT 142.3 ± 22.4 Nm F1,12 =

0.26, P = 0.62 F1,12 =

18.33 P = 0.01 100ms

Figure 5-3 RT+NMES

RT Figure 5-4 RT+NMES RT



77

Figure 5-3. Typical traces of passive H-reflex and maximal M wave before

and after 10 days training period
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Figure 5-4. Typical traces of superimposed H-reflex (Hsup), volitional (V)

wave, plantar torque and raw EMG recordings during maximal effort before

and after 10 days training period
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M RT+NMES 0.05

± 0.03 0.04 ± 0.01 RT 0.03 ± 0.01 0.04 ± 0.02

F1,12 = 1.33 P = 0.27 Table 5-1

H/Mmax F1,12 = 4.98 P = 0.05

F1,12 = 7.54 P = 0.02 Figure 5-5

MVIC M RT+NMES 0.16

± 0.26 0.08 ± 0.03 RT 0.07 ± 0.04 0.11 ± 0.07

F1,12 = 1.52 P = 0.24 Table 5-2 MVIC

Hsup/Mmax F1,12 = 4.58 P = 0.05

F1,12 = 13.85 P = 0.01 Figure 5-6 V/Mmax

F1,12 = 0.05 P = 0.83 F1,12 = 0.25 P = 0.63 Table

5-3 Figure 5-7
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Table 5-1. Peak to peak amplitude of small M wave (M size) and H-reflex

normalized by maximal motor response before and after resistance training

(RT) with and without neuromuscular electrical stimulation (NMES)

A. resting condition

RT+NMES group RT group

Pre training Post training Pre training Post training

subject M size H-reflex M size H-reflex subject M size H-reflex M size H-reflex

1 0.02 0.62 0.04 0.41 8 0.04 0.67 0.07 0.58

2 0.08 0.77 0.04 0.67 9 0.03 0.70 0.01 0.40

3 0.06 0.46 0.05 0.24 10 0.03 0.58 0.02 0.54

4 0.07 0.67 0.07 0.64 11 0.02 0.34 0.05 0.51

5 0.04 0.31 0.05 0.11 12 0.04 0.22 0.03 0.37

6 0.08 0.29 0.02 0.10 13 0.05 0.63 0.03 0.65

7 0.01 0.67 0.03 0.49 14 0.03 0.25 0.04 0.21

mean 0.05 0.54 0.04 0.38 mean 0.03 0.48 0.04 0.47

SD 0.03 0.19 0.01 0.24 SD 0.01 0.21 0.02 0.15
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Figure 5-5. Means and standard deviations of peak-to-peak amplitude of

soleus passive H-reflex and small M size before and after 2-week

neuromuscular electrical stimulation superimposed resistance training

group (RT+NMES; N = 7) and RT group (N = 7)
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Table 5-2. Peak to peak amplitude of small M wave (M size) and H-reflex

during maximal effort (Hsup) normalized by maximal motor response before

and after resistance training (RT) with and without neuromuscular

electrical stimulation (NMES)

B. MVIC condition

RT+NMES group RT group

Pre training Post training Pre training Post training

subject M size Hsup M size Hsup subject M size Hsup M size Hsup

1 0.08 0.10 0.10 0.85 8 0.12 0.99 0.09 1.06

2 0.10 0.62 0.10 0.21 9 0.03 1.12 0.19 0.48

3 0.18 0.64 0.16 0.75 10 0.17 0.92 0.19 1.13

4 0.06 0.63 0.04 0.94 11 0.11 0.72 0.18 1.06

5 0.28 0.71 0.10 0.65 12 0.10 0.71 0.14 0.60

6 0.07 0.72 0.09 0.88 13 0.11 0.73 0.08 0.66

7 0.09 0.09 0.06 1.58 14 0.25 0.64 0.07 0.48

mean 0.12 0.50 0.09 0.84 mean 0.13 0.83 0.13 0.78

SD 0.08 0.28 0.04 0.41 SD 0.07 0.18 0.05 0.29
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Figure 5-6. Means and standard deviations of peak-to-peak amplitude of

soleus H-reflex and small M size during maximal voluntary isometric

contraction before and after 2-week neuromuscular electrical stimulation

superimposed resistance training group (RT+NMES; N = 7) and RT group

(N = 7)
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Table 5-3. Peak to peak amplitude of volitional (V) wave normalized by

maximal motor response before and after resistance training (RT) with and

without neuromuscular electrical stimulation (NMES)

C. Volitional wave

RT+NMES group RT group

subject Pre Post subject Pre Post

1 0.84 0.35 8 0.13 0.10

2 0.93 0.18 9 0.08 0.16

3 0.14 0.38 10 0.44 0.29

4 0.10 0.20 11 0.08 0.19

5 0.15 0.27 12 0.39 0.17

6 0.08 0.86 13 0.13 0.16

7 0.75 0.21 14 0.06 0.03

mean 0.43 0.35 mean 0.19 0.16

SD 0.39 0.24 SD 0.16 0.08
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Figure 5-7. Means and standard deviations of peak-to-peak amplitude of

soleus V-wave before and after 2-week neuromuscular electrical stimulation

superimposed resistance training group (RT+NMES; N = 7) and RT group

(N = 7)
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Figure 6-1. Summary of results in the thesis: cross sectional data
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