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Table 2.1: Conventional treatment for phantom limb pain (excerpt from [8])

Category Method
Pharmacological conventional analgesics Opioids
B -blockers

Neuroleptics
Anticonvulsants
NMDA-receptor antagonists
Ketamine
Memantine
Antidepressants
Barbiturates
Muscle relaxants
Surgical stump revision Neurectomy
Sympathectomy
Rhizotomy
Cordotomy
Tractotomy
Dorsal column stimulation
Deep brain stimulation
Anaesthetic nerve blocks Epidural blockade
Sympathetic block
Local anaesthesia
Lidocaine
Psychological electromyographic biofeedback = Temperature biofeedback
Cognitive-behavioural pain
management Sensory discrimination training
Hypnosis
Other Transcutaneous nerve stimulation (TENS)
Acupuncture
Physiotherapy
Ultrasound
Manipulation
Prosthesis training
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Fig. 2.1: Mirror therapy [48]

gooooooooooooooououodoooooooooooooooooooon
O000000U00oooooooooooooooooOg 21,470

000000000 00ooooo0ooooooooooooo [23,0poooooooon
0000000 000000O0o0o0o0o0o00000ooooo/oooo/oobooooa/oon
000000000000 000d000oooooo0o0o0o0b000o0o0o0oOooOoOoaaay)/o
00000000/ 0000000000000 000000O0O0000O0000O00000O0O
doooooooboooooooouooodoooooooooooooooooooon
goooooooood

0000000000000 O0UoUO0U0oooooooooooooon [(bljoocoooo
gdoooooooooooooooooodoooooooooooooooooooon
goddddoooodoooooooooooooooooooooooooooooon
0 [52].

JoodoobO 100000000000 oooobooboobobOobOo0o00o0ooooooooooon
OOoooo (Bk3|Juoodiiooooooo0uoooooooooouooooooooog
0000000000000 000000randomized controlledtrialO 000000000
O000o00oo00oooooon0 18150000 40000000 [B4-56p 0000000
0000000 100000000000 8000 onDU00ooOooDOoOoooOooDOon



25 000 13

00000000000 B700000000000000D000000DOD0O0DODO0O0O0
goobobboooobbtboooobobbooobobbuoooobbbooubbboooooo
odn

0000000000000 0000 Table2200OODO0OD0O0OO0DO0D0O0O0O0OOO0OOOO
gogoboboogobbboooobbbooobobboooobobboooobbboooobo
goooooooobbobboboboboobbbbbobbobboboddouUoUOoo
gooboobodooooobboboooouoobbboooouoobbbboooooobooooo
0000000000000 0DO000O000O00DO0oooO0ooOonoDn 29.8%10 80%0
O0ooo [b4,56-58p 000000000000 00000DOO00O0O0OoOoooOUOoOOn
38%000000 4900000000000 0O0000000O0O0O00UOUOOOOOO
0000000000000 000000000000000 15.4% [59]0 36.3% [50]0 O
0038 0000000000000 00DbO00D00U0D0DODO0bODODO0oDODOoDOoODOOD
0000000000 38% 0000000000000 000000010D00000D000
0000o000o0ooo00ooO00oo0o0oooO0U0bO VROODOOOOOOOOOOO
ggoboboooobobboooobbbooobbobooonobboooobobog



O
O
O
O
O
O
O
O
(vn) [6%] 6002
O - SVA 10 %8€ SH98aMG X 3BIMEBWINZ 101N 8 =N “le 19 Js10I8 N
(qV]
(z'¥ 0199 wouy) (Vv1AIN) [os] 8002
U - SUN 0 %E9E  ("anR) Sy98mpy 0z X UIWQOT JouN ZZN  “[elsluewns
(9 Jo € u| aseaI9p) uone|nws s|noe) (vin) [o9] €TOZ
- payeolpul 10N Sewng X ulwT UHM IOUIN 9N  “[ele|ziewyds
((8'T 03 9'% wouy) (1oam e 901M1) SHPIME X (v171) [ss] TTOZ
- %6°09 Aepgung x suoissaszt ST 8=N “le 18 [9ples
(Canlialp)] [6s] zTOZ
- SUN J0 %P 'GT yuowT x ulwsg Ajrep JoUIN 1€ =N “le 18 |leuteq
(5000 >€000 =d
(so0<gzzo=4d ‘80°C 019G Wouy) (V1) x [95] 5TOZ
ON SVA 10 %6'T9 sfepy x uwQz Ajrep sua] /JOUIN Gz =N “le 18 e|lL
JoMIW M}8aM-Z  Juswieal) [edlpaw plepuels /
(5000 >200°0) d (SWA J0 8sealosp swiod 1°€z) Buipnjour saemg) [fouw < uoneuibew: (v11)
[eusw <uoniubooal x [GG] 9002
SOA paledipul 10N paleoipul 10N Aresare| pueH] 0S =N ‘Aajaso
(500 > dey'g 01 2576 Wol)
OdIN 0 DMN 0 %2 2h Jouiw paisnod / (v17)
) (o 01 2G wouy) « [28] 2002
ON SVA 10 %8°62 SaWNQT X SIUBWAOWQT JOMIN 08 =N “le 18 sipoig
((ydesb s12Y1 WOy peal) uoneziensia [eluaw /
(So03>d 91n0ge 01 O INoge woly) Joliw paianod / (V1) x [7S] 2002
S8A (-) SVA 40 %08 INoqy SHIMp X UIWST Alleq JouN 8T =N “le 1o ueyd
(s0uedyiubIs [eonsHelS) (soueoyiubIS [eoNSNHE)S)
(S)uonipuod 18y1o SA JOUIN oljel uononpal 41d uoneing uonIpuod 103lgns 901y
‘'saaindwe qui| Jaddn N "seaindwe qui| Jamo] 17 *(S)uonipuod [0U0d YIM [ell] Pa)|0J1u0d paziwopuel Sueaw 4 “UoNeNWIS
SAIBX 201093 snoauenosuen sual “([€g] ulpreg wolj 1diaoxa Ajpensed) saipnis snoinaid ul uondnpal ured quij woueyd :g'g dlqel



26 0J0O0OOODOOOO 15

gogoboboogoboboooobobboooobbboooobbboooobobbooooonoo
goobobboooobbtbooooobbdooobobbuoooobbbooubbboooooo
ggoboboooobbboooobobbooobobbuoooob bbb bbooobo
ggooboboogoboboooobobboooboboboooobobboooobbbooooono
ggoboboogobbbooobbbooobboboooobobboooobbboooobo
gobboboboodoooobboooouoobbbbboboooobobbbooooobo
ggooboboooobobbooooobboooboboboooobobboooobbboooono
ggooboboogobobbooooobboooboobobooooobboooobbooooonoo
gooboboooobbtbooooobbdooobobbuoooob bbb bboogobo
ggooboboooobobtbooooobbooobobboooobbboooubbboooono
oo

26 000O0ODODOOOO

000000000000 0000000000000000000000000000
00000000000 0000000000000000OHarrisetalJ000000
0 [61]0 Frith & Blakemore etal 0 000 0000000000000 0000000000O
000000000 [62,630
00000000000000000000000000000000000000000
0000000000000 00000000000 efferencecopy 0000000000
0000000000000000000000000000Fig. 2200 MM 000Fig. 2.2
00000000000 000000000000000000000000000000

1. 000000000000 OO000d0DO0o00ooDoOoooooDoOoOooooooogd
Oestimated actual stdie ] D 000000000 0/00000000000DO00O00O00OO
gooooood

2. 000000desiredstate 100000000400

3.0000000000predictedstate D OO O OOpredictorsI 0000000000
gobooooooo

4. 0O00OO0OmotorcommandsO O OO Ocontrollers D0 0000000000000
0000000000000 0000D00000000000000 Affordances O
dooooooooooon

5.00000000000000000000O0O00000O0O0O0000DOOO0000

guobbbooooooooobobooooouobbbooooobbbooooooooo
goobobooouoobbboooouoobbbooooobobbboooooooobo



16 020 0O00COO0OOOO

00000000000 0000000000O000000000000O0O0000DOO0O [64]0
0000000 00oooooooooooo000000U0U0oooooooestimated actual
statel 0000000000000 0OOOpredictedstate 0 D0 000000000000
ggooboboogobobooooobbooooboboboooobobbooouobbbooooono
goobbobooouobbbooooooobobbooooobbbooooobobo
0000000000 00000o00000o0o000OOOoonosensorimotor incongruence
theory 1000000000 0OO0OO0ODOOOOODOOOODOOOODOOODODOOOOOOO
ggoobooooobooo

—— >H /‘\®

|
|
| Predictors redicted
| = (movement to :
Y/ | perception) state
@; Motor
{

k
|I Actu:al state T ‘@

ensﬂr}" A
feedbadr.

Estimated
actual
state

TRENDS in Cognifive Sciences

Fig. 2.2: Motor control system proposed by Blakemore et al. [63]
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Fig. 2.3: Penfield’s somatotopic representation map in somatosensory cortex (excerpt from [6])
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Fig. 2.4: Brain activation measured using fMRI during hand movements in front of the mirror, ex-
ecuted movements and motion imagination for amputees with phantom limb pain (PLP), amputees
without phantom limb pain (non-PLP) and controls (HC). (excerpt from [67])
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Table 3.1: Short-Form. McGill Pain Questionnaire [33]

No. Category Pain nature Pain nature (Japanese)
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Fig. 3.4: Evaluation of pain intensity and sense of reality
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Table 3.2: Participants. BPA: Brachial plexus avulsion, AA: Arm amputation.

No. Affected Sex Age Duration Medical

hand (years) details
P1 Left Male 53 36 BPA
P2 Right Male 54 20 BPA
P3 Right Male 47 14 BPA
P4 Right Male 75 9 AA
P5 Right Male 46 21 BPA
P6 Right Male 56 6 BPA

Fig. 3.5: VR rehabilitation executed by a patient with phantom limb pain
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Table 3.3: Participants. BPA: Brachial plexus avulsion, AA: Arm amputation.

No. Affected Sex Age Medical
hand details

P1 Right Male 54 BPA
P2 Right Male 46 BPA
P3 Right Male 56 BPA
P4 Right Male 43 BPA
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Fig. 4.2: Tactile stimulation setup on an intact hand.
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(@) Reduction rate of sum of McGill pain score [%] No tactile FB condition
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100 -

80

iliiwﬁi

0

_20 |

—40 -
PL P2 P3 P4 P5 P6 P7

(b) Average reduction rates of sum of McGill pain score for

all participants [%]
100

80 —_—

60

40 —— -

20

No tactile FB Tactile FB

Fig. 4.3: Phantom pain reduction of our VR rehabilitation with tactile stimulation [122]
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Fig. 4.4. Referred sensation. (A): position of referred sensation. (B): Penfield’s somatotopic
representation map [6].
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Table 4.2: Participants. BPA: Brachial plexus avulsion, AA: Arm amputation.

No. Sex Age Disease duration flacted Disease Completeness Intercostal
(years) hand of BPA nerve transfer

P1 Male 53 36 Left BPA Incomplete No

P2 Male 54 20 Right BPA Complete Yes

P3 Male 47 14 Right BPA Complete Yes

P4 Male 75 9 Right AA - -

P5 Male 46 21 Right BPA Complete Yes

P6 Male 56 6 Right BPA Complete No

P7 Male 43 26 Right BPA Complete Yes

P8 Male 64 8 Left BPA Complete Yes

P9 Male 47 13 Right BPA Complete Yes

gogooooogooo

Fig. 4.5: Tactile stimulation on a patient’'s cheek on thected side
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Fig. 4.6: Phantom limb pain reduction rates under three conditions: no tactile feedback condition,
intact hand condition, and face condition.
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Table 5.1: Tasks evaluated using NIRS

No delay Delay
Not mirror-reversed A B
Mirror-reversed C (task for phantom limb pain relief)y D

ogoooooad

Gallangeretald DO OO OO 00O OO OO sense of self-ownersHipl O 0O 0O O OO sense
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Table 5.2: Questionnaire for sense of reality. Each statement was evaluated on a scale of 0 to 6 (O:
none, 6: extremely strong).

Category No.  Statement
Ownership Q1 | felt as if the virtual arm was my redlleected arm.
(000000000000 (@M0)00000D000000.)
Q2 | felt as if | was looking at my own arm.
(0000000000000 0ODO0O00DO0D0OO0ODoDOOoOoDOooO.)
Agency Q3 | felt as if | could control the movements of the virtual hand.

(00DO0DDO0O0000D00D0DD0D0DO0DO0ODODOOo0OO.Y)
Q4 The virtual arm was obeying my will and | could make it move as | wanted to.
(000000000000 00000000000000000000000O0O00OOY)
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Fig. 5.1: Attachment of both NIRS and VR rehabilitation system
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Fig. 5.2: Layout of NIRS channels
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Fig. 5.3: NIRS channels mapped on a subject’s brain in this study (brain image is depicted using
standard brain)
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Fig. 5.6: Significant dterence between task and rest in NIRS channels
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Fig. 5.7: Scores of sense of reality. (a) Ownership score. (b) Agency score.
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Table 6.1: Participants of BCT measurement.

Subject  Sex Age  Aected Handedness  Disease Type Intercostal Part
duration (year)  of BPI nerve transfer  of PLP

P1 Male 53 Left Right 36 incomplete - Hand

P2 Male 54 Right Right 20 complete + Hand

P3 Male 46 Right Right 21 complete + Hand

P4 Male 56 Right Right 6 complete - Arm

P5 Male 47 Right Right 14 complete  + Hand

P6 Female 64 Left Right 8 complete + Arm, hand

pP7 Male 51 Right Right 13 complete + Shoulder, arm, hand

P8 Male 49 Left Right 26 complete + Hand

P9 Male 42 Left Right 8 incomplete + Forearm, hand
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Fig. 6.1: Bimanual circles-lines coordination task (BCT)
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Fig. 6.2: Results of bimanual circles-lines coordination task. (a) Relationship between phantom
limb pain and ovalization index in BCT. (b) Typical waveform of vertical lines in BCT
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Table 6.2: Participants of BCT measurement be#dter VR rehabilitation.

Subject  Sex Age  fiected Disease Type Intercostal Part Referred
duration (year)  of BPI nerve transfer  of PLP sensation

P1 Male 54 Right 20 Complete  + Hand

P2 Male 56 Right 6 Complete - Arm -

P3 Male 46 Right 21 Complete + Hand + (Cheek)

P4 Female 64 Left 8 Complete + Arm, hand  + (Shoulder)

P5 Male 54 Right 30 Complete  + Arm, hand

P6 Male 43 Right 26 Complete  + Hand

P7 Male 47 Right 14 Complete + Hand -

P8 Male 53 Left 36 Incomplete - Hand + (Cheek)
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Fig. 6.3: Results of bimanual circles-lines coordination task before and after VR rehabilitation
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Fig. 6.4: Phantom limb pain before and after VR rehabilitation
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of real intact and fiected arms was calculated.
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between elbow angles of intact anfflexted arms.
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Fig. 6.8: Experiment system of EEG measurement during VR rehabilitation. Movement of par-
ticipants’ head, arms and hand was detected by an acceleration sensor attached to a head mounted
display, a human motion detection system (not displayed in this picture), and a data glove, re-
spectively. The head mounted display was attached to participants head over an EEG cap. EEG
electrodes were not interfered with a body or band of the head mounted display.
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Fig. 6.9: Average coherence of alpha wave and pain reduction rate. (a) Average EEG coherences
in alpha wave between C3 and C4. (b) Pain reduction rates.
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Coherence

Fig. 6.10: EEG coherence map. Average coherence in 8 - 13 Hz between a base channel and each
of all the rest channels was calculated. P1’s base channel was set on C4, and P2’s base channel
was set on C3.
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Fig. 6.11: Screen of VR rehabilitation under bimanual coordination condition

000000000000 0000000000000VROOODOODOODOOOO McGill
0000000 Short-Form. McGill Pain Questionnaire; SH-MPQB3] 0000000000
O000000oooo0ooooooooo400000000000000Mann-Whitney
uoooooo 200000000000000000

Table 6.4: Participants. BPA: Brachial plexus avulsion.

No. Affected Sex Age Medical Duration Complete Referred
hand details (years) /incomplete sensation
Subject A Right Male 38 BPA 20 Complete No
Subject B Left Male 43 BPA 18 Complete Yes (cheek)
Subject C Left Male 4 BPA 4 Incomplete (C7, C8) No
oooo
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Fig. 6.12: Pain reduction of VR rehabilitation with bimanual coordination
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Table 7.1: (a) Pre-motor and supplementary motor cortex (Broadmann area 6)

| | No delay | Delay |
Not mirror-reversed|| A (ordinary reaching) B
Contralateral: — Contralateral: —
Ipsilateral: — Ipsilateral: —
Mirror-reversed C (phantom limb pain treatment) | D
Contralateralp < 0.05 (ch43) Contralateral: —
Ipsilateral: — Ipsilateral: —

Table 7.2: (b) Dorsolateral prefrontal cortex (Broadmann area 9)

|| No delay | Delay |
Not mirror-reversed|| A (ordinary reaching) B
Contralateral: — Contralateral: —
Ipsilateral: — Ipsilateral: —
Mirror-reversed C (phantom limb pain treatment) | D
Contralateralp < 0.05 (ch3) Contralateral: —
Ipsilateral:p < 0.05 (chb) Ipsilateral: —

Table 7.3: (c) Inferior frontal gyrus (Broadmann area 44, 45)

| No delay | Delay |
Not mirror-reversed|| A (ordinary reaching) B
Contralateral: — Contralateralp < 0.01 (ch15)
Ipsilateral: — Ipsilateral:p < 0.01 (ch22)
Mirror-reversed C (phantom limb pain treatment) | D
Contralateral;p < 0.005 (ch15) Contralateralp < 0.001 (ch15)
Ipsilateral: p < 0.005 (ch22) Ipsilateral:p < 0.01 (ch22)

Table 7.4: (d) Primary somatosensory cortex area 2 (Broadmann area 2)

|| No delay | Delay |
Not mirror-reversed|| A (ordinary reaching) B
Contralateral;p < 0.05 (ch40) Contralateral)p < 0.01 (ch40),
p < 0.05 (ch48)
Ipsilateral: — Ipsilateral: —
Mirror-reversed C (phantom limb pain treatment) | D
Contralateral: — Contralateralp < 0.001 (ch40),
p < 0.05 (ch48)
Ipsilateral: — Ipsilateral: p < 0.05 (ch53)
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Activity based on previous findings
Activity confirmed in this study (NIRS)

Sensory integration
Visual [ REES ] Visual
information (BAS,7) information

Pain transmission

l' Thalamus .'
k2 4
Motor loop Pain modulation
DLPFC DLPFC
T T Motor control Agency Motion induced by
Pre-SMA Basal gangli Pre-SMA external stimulus
=8 /‘{ asa gang’a ] (i.e. visual information)
Premotor Bilaterality x Premotor
cortex SMA Corpus SMA cortex
Dl callosum
SMA-MI-SI loop
Efference\{
Somatosensory copy M1 Somatosensory
cortex { cortex

Not moving hand Moving hand

Fig. 7.1: Healthy subject’s ordinary reaching
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Activity based on previous findings
Activity confirmed in this study (NIRS)

Sensory integration
Visual [ REES ] Visual
information (BAS,7) information

Pain transmission

l' Thalamus .'
k2 4
Motor loop Pain modulation
DLPFC DLPFC
T T Motor control Agency Motion induced by
Pre-SMA Basal gangli Pre-SMA external stimulus
=8 /‘{ asa gang’a ] (i.e. visual information)
Premotor Bilaterality x Premotor
cortex SMA Corpus SMA cortex
Dl callosum
SMA-MI-SI loop
Efference\{
Somatosensory copy M1 Somatosensory
cortex { cortex

Not moving hand Moving hand

Fig. 7.2: Healthy subject’s mirror-reversed reaching
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Activity based on previous findings
Activity confirmed in this study (EEG)

Sensory integration
Visual Visual
information 7.[ PAC (BAS,7) ]'<’ information

Pain transmission

l' Thalamus .'
k2 4
Motor loop Pain modulation
DLPFC DLPFC
T T Motor control Agency Motion induced by
Pre-SMA Basal li Pre-SMA external stimulus
re-S #{_Basal ganglia J (i.e. visual information)
Premotor Bilaterality x Premotor
cortex SMA Corpus SMA cortex
Pl callosum
SMA-MI-SI loop
Efference\‘
Somatosensory copy Somatosensory
cortex cortex
Not moving hand Moving hand

Fig. 7.3: Mirror-reversed reaching of patient with phantom limb pain
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Fig. 8.1: Portable home-use VR system for long-term VR rehabilitation
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Fig. 8.2: Evolution of phantom limb pain over time during use of portable VR rehabilitation
system
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