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28—3% > V9% (Parkinson disease: PD) OWHHEIL K783 YHTBEDSEHETH 59, 4"-!;
HEBIC R A E wearing-off, F/AFRMVAFA VT RLIEL Vo LRITEHMBL T 5,
KRRl B (deep brain stimulation: DBS) %, =9 L7-ZE SRR R E L PD I
ZOB Rl E LT 190 FER L VA SN L) kol

PD OE4T - BEIe B A & L Cid, < A SHRIKRCREIRMET (GPD DBIEM 1%
b, —E0ONBELDH LS LMo T, UL LB Cid, U LT 2 ik
OBBEERD LB o7, XY EVEROL %2\ DBS KARHEROLHFEE > Tv,
=

RE bR PDACH T ARSI 5 7L R 1,761 SO Tk, 1996 fEii
PD @ifg e LTIXIEE A EIThbhT\wizdr o 7z DBS 4% 2000 AL 88% E HYDAD LI hs
THY?, DBS HWIEA A b o THRIEROPLE ZolZEZRLTRS

PD i34 % DBS DA oW T, BADOH A FIAVIKTERSINTWE, J2T
i, Z2ORTh L QICEEL E 2 SR T - MIERRARES OEM - BEREMEIVEHRR T
LS54 7Y BERMEZEED -5 7 VIREETA F9 4~ 2002°, ANS (American
Nﬂm%mwmmmw)®ﬂ—#/7/ﬁ%$ﬁ4b74«@ W T DBS W L TR L T A
FIZOVWTHLY LT 5.

ENL - BREWBENERIRERTA FI4 N, 2007 ERTFITH Y 2006 4F % TIC publish SN
Py % IR S Uiz, STN-DBS, GPi-DBS & pallidotomy, Vim-DBS & thalamotomy D%
BT, FOAPHERGIESR LoV TERRLTWS, #BAH A%V VRICHTS
STN-DBS ORI RIcoWTH T TRBOIEF Y AL AH Y, 79 2 L i {EH M
BAH 2L LTWS (FL—FA: SREDIDOLANV T T OKR). RANE
BB (A Ed 2~4 M) TV THIFH T EMEHO6NE (FL—FB: Ahl{Lbl?
PLAVTE VOISR & LTwa. 2L, BENREOENS b DR off-period DL L
AR CH Y, T motor fAluctuation OEM BEGNEHELMECTE S (FL—FB) Lk
RTWB. F7, WHRICE LK FAHYESROMBIWETE 2HORASH Y, LA IS
FRUMYAFAVTEHRETS (FL—FA).

GPi-DBS 122\ C % motor fluctuation % &3 5 EATH $—F ¥V Y IRITH LCHEMTHA
(FL—FA) £ LT3, LEFABFEBVRAFAVTICOWTHHE (FL—FA) £LT
Wa, 7L, COBSOREMIEES—F VY VEROREBIC LB b DT (EEN RN
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FREKEZZOND, HA—F vV YEOBRBAT LTS IE STN-DBS L OKRS 2ENT
Hh5b.

Vim-DBS 120w T i, SEAREHHE DR EB T 5/ —% ¥V VRBF T LTAR) (7
L—FB) £LTw5. L»L, ®E), Rk Lzt A %) HEIE STN-DBS # GPi—DBS 12
FHLEND, SN—F TV URHOERE LTINS Z L3P R R2T 5.

HAMEREN—F Y VIRIERTA NS4 7 2002V 1%, BIFBGIFHED LN Tw5. 2002
ﬁ%ﬁugMEwﬁm%ﬁtbfﬁéﬁﬁéﬁfﬂ—%vvymmﬁféﬁﬂﬂm$W%&®
B | AP LTV A. FRICE D LB, L PSS a5 S L,
WkEs b2k, ADL ICE R S dERYNH L Z L, MEUEPRERETHLI L,
%%&%%ﬁﬁ&w:k,E%$A@Wﬁﬁﬁ%h?mé:&,ﬁ%ﬁ%ﬂ(wé.ﬂmﬂ%
%m,ﬁ%&%%@%bwﬁmﬁw,ﬁ%&ﬁ%ﬁﬁﬁ&%%%ﬁ%ﬁ%ﬂfvé.uLmﬁ
M IECIE L D BT & o222t AATLRBREHL TS twnz b,

STN-DBS 23 2 g% 4 K94 YERE&O#@E LTd, motor complication e
F DTS- F vV VRIS UCER, B A-F 2 VIRSHT 2 A RIS, & LT
wh. BAMICELTE, BE6RSE HEL, EEE, MELAFRTRELEL TS,
LT, GPi-DBS DA R, LAV T L RIZRMKTH S, Vim-DBS IZ2w T,
SRR LTS, RGN ISR — % v v o, B S —F VY VEOwTh
CHEPE LTWVD, REWITOVTH, HRMEHRL Y IELTHHELTH2H00, T
AW TS S I RA A TR B ENH S E LTS, BLICA, STN-DBS &
GPi-DBS DR LBV EIAIR, B4, BIfEH 4 E00onT S IR 2 LRYD
BEREL TS,

ANS DH# A4 ¥4 > TiE®, STN-DBS i motor fluctuation, ¥V AF AV 7 B LERO
BREZTIEE T 57 DBEOBRIKE LCEET &L LTw5. 2LL, BECIREHRD
)2y ARV HACEEE L, BREELILENHLLLCRA,. T, 7T AUOH
221 ) - F—/o it 3 ARSI L T B Z &2, RIFATFRER 2 TS 2 ERZH-T
ThBHIEEFLTVA. Rikicy I ATOWRL ), Bl & (16 45K, Tl
BAEROZE N &b RIFEFRRREFHT2RTFCHEH LBENTRL.

REBEHEREOIEF Y ALARVOEWS DT, RIEDFETHS STN-DBS & GPI-
DBS Ol HisoBmER e has LEBERAICOWTT Loz b0E I TR
RPN

1] Weaver FM, et al. Bilateral deep brain stimulation vs best medical therapy for
patients with advanced Parkinson disease: a randomized controlled trial (JAMA.
2009; 301: 63-73)°
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o7z, 6 HARICTHEIRB L. 25% DIEHIN 70 M ETCdH o7

R VAFAIVTHERLNL Y on DIRFEDRE A DBS B Ti 4.6 H#%/Hiﬁﬁuu:
muﬁt,%%ﬁ&ﬁ?u%%ﬁ%<&#ot(%%cmvﬁAwmmp<
0.001). Unified Parkinson’s Disease Rating Scale (UPDRS) @) 2 17 Tk
WERFDHLEZOLND 5 KA ¥ MY EOWENK SN OE S DBS
ﬁn%uﬁt,%%ﬁ&ﬁ%%f%b.FEKMEﬁf%#otGKumu
DBS #F CRFMHERHILE L C QOL @ summary measure 5 & U PDQ-39 ¢,
8HHD ) B 7 HH THBARUFBFBH LN (p<0.001). BAEERE ey
DBS 7 T SR AL T A IR D 5 RO v < O 9 CRUEIR F ey
N 1OBLEOHEFRIIDBS MO 9 HITHLN, TWIRER T 15y
ThHofe (P<0.001)). HEHFRD) b [ ] LIRS DBS BT sy
BHICHBLTERCE o BHAMA: P=0.02, 3~6 4 7: P=0.03).

LBTCHTHoT .

_ 2} Moro E, et al. Long-term results of a multicenter study on subthalamic and pallidal

stimulation in Parkinson’s disease (Mov Disord. 2010; 25: 578-86)"

BHEY: 5~6 M D follow-up DOHsF % STN-DBS & GPi-DBS TH#k L 7> EF T TG
b, FHik: wRiE 35 B> STN-DBS FEHI & 16 #19 GPi-DBS FEBITHL. #)
RO WHITIE UPDRS # vy, %9 primary outcome & L prospective cross-
over THEYEHIE L-RBTT ¥ ¥ 2 ZHIB % on/off 12 L7 double-blind ‘T
fliLC\%. Secondaryoutcome & LT, PIMRZHIELZRREE gk LT s
VIREECHIBD on/off DB A FTo72. ADL, i s—% >V VR%E, BLUUx
FAITORBEOOVTHIREZMEI TV 5.

#R: JBD on/off % double blind “THEL L &5 Tid, STN-DBS, GPi-DBS & bic
H BRI on THEN A SN (STN, P<0.0001, 45.4%; GPi, P=0.008
20.0%). 7z, openassessment TiX, STN-DBS, GPi-DBS & % =34 I
@ UPDRS B R 1 7 DT §i D off BplC AAEIC X Ao 72 (STN, P<0.001,
50.5%; GPi, P=0.002, 35.6%). YA*% Y7 & ADL 22T HEEICHE
BUEFT S N — T TRO bRl Prt—% 2V Y HEOREL STN 7V —7
TOLRARTHol. AMEMIESTN ZV—7CLYVBEENSE o, 60
M RIRRTHHRE IR TS,

M BB OUF TR STN 27k 0 L wlEfsH b, FBEHERIcoWTH GPi D
TP RE Doz, L LEREMIET ¥ <4 Z8hizbdciti &
D E A RE AT E B,
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3] Appleby BS, et al. Psychiatric and neuropsychiatric adverse events associated with
deep brain stimulation: A meta-analysis of ten years’ experience (Mov Disord.
2007; 22: 1722-8)" '
HEY: DBS EFML L VT, & S CEELNAERSBEIFHELTELSZ L

FREENTVS, BHAERE PMIED ) A7 LRBEARICOVWTHRE L
meta—analysis TH 5.
Fik: 1996~2005 £DRIIC PubMed, EBSCO, Psyclnfo IZHEShimXERRLL
THREEfT- 7.
$ 2. Inclusion criteria % #§7z L7231 808 fEd Y, 2@ 5 f) 98.2% A BB ERAB (LR
BAHoio LERBLTWE RS D - LFHETER T/ ADRBIRL
U—F@H%f$ot,59@%%@&%%,&@%Eﬁ&%%]%,%ﬁ&&
20.1~0.2%, EHBAEEA0.3~0.7% CEBICHRLTL I o ZfEflid 0.16~
0.32% TH- 7.
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Spinal cord stimulation (SCS) is an effective therapy for chronic neuropathic pain. However, the detailed
mechanisms underlying its effects are not well understood. Positron emission tomography (PET) with H,'°0
was applied to clarify these mechanisms. Nine patients with intractable neuropathic pain in the lower limbs
were included in the study. All patients underwent SCS therapy for intractable pain, which was due to failed
back surgery syndrome in three patients, complex regional pain syndrome in two, cerebral hemorrhage in
two, spinal infarction in one, and spinal cord injury in one. Regional cerebral blood flow (rCBF) was
measured by H,'0 PET before and after SCS. The images were analyzed with statistical parametric mapping
software (SPM2). SCS reduced pain; visual analog scale values for pain decreased from 76.1 + 25.2 before SCS
to 40.6 +4.5 after SCS (mean - SE). Significant rCBF increases were identified after SCS in the thalamus
contralateral to the painful limb and in the bilateral parietal association area. The anterior cingulate cortex
(ACC) and prefrontal areas were also activated after SCS. These results suggest that SCS modulates
supraspinal neuronal activities. The contralateral thalamus and parietal association area would regulate the
pain threshold. The ACC and prefrontal areas would control the emotional aspects of intractable pain,
resulting in the reduction of neuropathic pain after SCS.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Neuropathic pain arises as a direct consequence of a lesion or
disease affecting the somatosensory system (Loeser and Treede,
2008). It is generally more severe and more likely to be drug-resistant
and persistent than nociceptive pain (Finnerup et al., 2005; Dworkin
et al., 2003). Thus, chronic pain is often under-diagnosed and under-
treated (Taylor, 2006), and it impairs quality of life. The causes of
neuropathic pain vary and include such conditions as failed back
surgery syndrome (FBSS), complex regional pain syndrome (CRPS),
central post-stroke pain, phantom limb pain, peripheral and central
nerve system injury, and post-spinal cord injury pain (Dworkin et al.,
2003). Chronic neuropathic pain is most common in the back and legs.

Shealy et al. (1967) were the first to report that electrical
stimulation of the dorsal spinal cord relieves cancer pain. Spinal
cord stimulation (SCS) has since been applied not only to numerous
cases of intractable pain but also to other conditions such as angina

* Corresponding author. Department of Neurosurgery, Osaka University Faculty of
Medicine, 2-2 Yamadaoka, Suita, 565-0871, Japan.
E-mail address: neurosaitoh@mbk.nifty.com (Y. Saitoh).

1053-8119/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi: 10.1016/j.neuroimage.2009,10.054

pectoris (AP), ischemic pain, and persistent vegetative state (Morita et
al.,, 2007; Borjesson et al., 2008; Pedrini and Magnoni, 2007). Taylor
(2006) reported that SCS not only reduces the pain but also improves
quality of life in patients with FBSS or CRPS. He also reported that SCS
is a cost-saving therapy. Kumar et al. (2007) reported that SCS
provides better pain relief than conventional medical management
alone in FBSS patients, and this was supported by a multicenter trial
(Manca et al., 2008). Furthermore, the European Federation of
Neurological Society guidelines support the effect of SCS in patients
with FBSS or CRPS (Cruccu et al., 2007). For the central pain (spinal
cord or brain lesions), SCS was reported to have some effect for pain
relief. Katayama et al. (2001) reported that 7% of post-stroke pain
patients revealed pain reduction with SCS and Kumar et al. (2006)
also reported that SCS relieved 79% of the chronic pain due to multiple
sclerosis. Thus, SCS is an essential treatment for relief of chronic
neuropathic pain.

Oakley and Prager (2002) investigated some of the mechanisms
underlying relief of pain by SCS. SCS was shown to stimulate the
neurons of the dorsal horn of the spinal cord to release increased
amount of acetylcholine and GABA and decreased amounts of
aspartate and glutamate in rat models (Meyerson and Linderoth,
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2000; Schechtmann et al, 2008). SCS was also shown to induce
neurophysiological change, normalizing neuronal hyperexcitability in
the dorsal horn (Yakhnitsa et al., 1999). In addition to these spinal
mechanisms, functional alteration at the supraspinal level has been
suggested to play an important role in pain reduction. Physiological
study revealed cortical modulation during SCS (Polacek et al., 2007;
Schlaier et al., 2007). However, the mechanism of pain relief by SCS is
not fully understood. Brain activation during SCS has been analyzed by
means of H,'°0 positron emission tomography (PET) in patients with
AP (Hautvast et al, 1997) and by means of functional magnetic
resonance imaging (fMRI) in patients with FBSS (Kiriakopoulos et al,,
1997; Stancék et al., 2008).

The investigators reported that SCS activates the primary and
secondary sensorimotor cortex, cingulate cortex, insula, thalamus,
and premotor cortex. Pain relief continues for several hours after SCS,
so most patients with chronic pain use SCS intermittently, for
example, several times per day. The modulation of brain activity
after SCS has not been thoroughly examined.

In the present study, we used H,'°0 PET to investigate the pattern
of SCS-related neuronal activation and/or attenuation before and after
SCS. H,'>0 PET visualizes regional cerebral blood flow (rCBF), which
reflects focal neuronal activation (Kapur et al., 1994). We also used
statistical parametric mapping of normalized brain images to identify
functionally specialized brain responses.

Materials and methods
Patients and surgical procedure

Nine patients (six men and three women) with intractable neuro-
pathic pain in their lower extremities were included in this study
(Table 1). Patients ranged in age from 28 to 65 years. The intractable
neuropathic pain was due to FBSS in three patients, CRPS in two,
cerebral hemorrhage in two, spinal cord infarction in one, and spinal
cord injury in one. Pain was left-sided in five patients, right-sided in
two patients, and bilateral in two patients. One of two patients with
bilateral pain (patient 3) had more severe pain in right leg and the other
(patient 8) had more severe pain in left leg. Their purposes of SCS were
to reduce the pain in the more painful leg. Medical therapy had not
been satisfactory, and the nine patients suffered from the intractable
pain for 31 to 147 months before SCS was tried. Five of the nine patients
showed slight to moderate motor weakness, and all had slight to severe
sensory disturbance in the affected legs (Table 1). A visual analog scale
(VAS), ranging from O to 100, and the short form of the McGill Pain
Questionnaire (SF-MPQ) were used to evaluate the degree of pain.

The standard surgical procedure was used to place the SCS lead. In
brief, under local anesthesia, a quadripolar electrode lead (Pisces
Quad, 3487A; Medtronic, Inc., Minneapolis, MN, USA) was inserted
percutaneously into the epidural space of the lumbar or thoracic spine
by fluoroscopic guidance. The electrode was finally positioned after
electrical sensation was detected in the region of pain upon stimu-

Table 1
General characteristics of patients with deafferentation pain.

lation. After confirmation of pain reduction in response to stimulation
for 5-10 days, the electrode was connected to a subcutaneously
implanted stimulator (Itrel IIl; Medtronic, Inc.).

Habitual bipolar stimulation was used for pain relief, and
stimulation parameters varied between patients. General stimulation
parameters were as follows: voltage, max 10 V; frequency, 10-85 Hz;
pulse width, 210 to 450 ps; and duration of stimulation, 30 min. The
patients controlled the stimulation at will and used SCS for at least 6
months before the PET study.

PET scanning procedure and activation task

The PET study was performed 6 to 12 months after implantation of
the stimulation electrode. A Headtome-V PET scanner (Shimadzu,
Kyoto, Japan) was used to scan in the three-dimensional acquisition
mode with a shield to protect against scattered rays. Patients went
without spinal cord stimulation for more than 12 h before the PET
study. The patients lay with eyes closed in a silent and dim room. A
15-min transmission scan was acquired first with ®®Ge sources to
correct for y-ray attenuation. Relative CBF was measured based on the
distribution of radioactivity after a slow bolus i.v. injection of H,'>0
(7 mCi/scan, each lasting 90 s). Six PET scans corresponding to six
H,'50 injections were obtained before SCS, SCS was performed for 30
min under the habitual condition, and six PET scans were obtained
after pain reduction was confirmed. The PET protocol was the same as
the motor cortex stimulation (MCS) protocol described previously
(Kishima et al., 2007).

Data analysis

Attenuation-corrected data were reconstructed into an image
(voxel sizes, 2x2x3.125 mm; field of view, 256 x256x 196 mm)
with a resulting resolution of 4 x 4 x 5 mm at FWHM (full width at half
maximum). The images were analyzed with statistical parametric
mapping (SPM) software (SPM2; Wellcome Department of Cognitive
Neurology, London, UK) (Friston et al, 1991). PET images were
anatomically normalized to fit with ICBM coordinates of the Montreal
Neurological Institute. Images from each patient were realigned to the
first volume of PET images and normalized to the template (Friston
et al., 1995a) to account for variation in gyral anatomy and inter-
individual variability in the structure-function relation and to
improve the signal-to-noise ratio. This procedure was used for
image realignment, anatomic normalization, smoothing (12 mm at
FWHM), and statistical analysis (Kiebel et al, 1997). Data were
normalized to global blood flow (average=50). State-dependent
differences in global blood flow were subjected to ANCOVA.

All nine patients were included in the same statistical analyses,
with voxel-to-voxel comparison. Statistical parametric maps (SPM)
were generated with an ANOVA model with the General Linear Model
formulation of SPM2 (Friston et al., 1995b). We analyzed the main
effect of SCS by comparing images obtained after SCS with those

Patient  Age (years), sex  Etiology of pain Pain laterality = Motor (0-5)  Sensory (0-10) Duration of pain (months) Pre-SCS VAS  Post-SCS VAS
1 44, M Spinal infarction Rt 4 4 36 80 40
2 60, F Putaminal hemorrhage Lt 4 10 99 100 55
3 65, F FBSS Bi (Rt > Lt) 5 10 147 90 30
4 45 M CPRS Lt 2 2 65 60 20
£ 41, M FBSS Rt 3 5 54 85 25
6 28, F CRPS Lt 2 2 31 70 60
b 59, M Putaminal hemorrhage Lt 5 1 59 55 50
8 50, M Spinal injury Bi (Rt < Lt) 5 6 42 60 40
9 38, M FBSS Lt 5 10 57 85 45

FBSS, failed back surgery syndrome; CRPS, complex regional pain syndrome; R, right; Lt: left; Bi, bilateral; Motor, MMT score (0, complete paresis; 5, normal); Sensory, sensory
scores (0, anesthesia; 10, normal); Pre-SCS VAS, VAS of pre-SCS; Post-SCS VAS, VAS of post-SCS.



2566 H. Kishima et al. / Neurolmage 49 (2010) 2564-2569

Table 2
Increased rCBF after SCS.

Area Cluster

Talairach coordinates (x, y, z mm) Voxel equiv. Z

p (corrected)

Size (voxels)

(A) Rt thalamus 0.006 197
(B) Rt orbitofrontal (BA11) 0.040 161
(C) Lt Inf. parietal (BA7) 0.009 178
(D) Rt Sup. parietal (BA7) 0.014 158
(E) Lt anterior cingulate (BA24) 0.001 301
(F) Lt dorsolateral prefrontal (BA10) 0.050 100

11.9, —156, 0.0 4.64
43.6,51.8, —12.7 4.70
=339, =61.8;455 4.39
376, —459, 53.9 4.57
—7.98,38.1,234 4.64
—33.7,36.0,184 427

Rt, right; Lt, left; Inf, inferior; Sup, superior.

obtained before SCS, with the statistical threshold set at p<0.02
(corrected for multiple comparisons) in False Discovery Rate (FDW)
for peak height, corrected for spatial extent (>8 voxels per cluster),
and the cluster size was set at 100 contiguous voxels.

This method was used to generate SPM (t) of rCBF changes
associated with each comparison. For between-group comparisons,
the SPM (t) maps were transformed into SPM (z), and the levels of
significance of areas of activation were assessed according to the peak
height of foci estimation based on the theory of random Gaussian fields.

Three patients had been treated to reduce the right lower limb
pain (patients 1, 3, and 5). MRIcro (http://www.sph.sc.edu/comd/
rorden/mricro.html) was used to invert the images obtained from
these patients from the right to the left so that statistical analysis
would be consistent with that of other patients. The images were then
realigned, normalized, and analyzed as previously described. Further-
more, to detect the correlation of the rCBF change and SCS efficacy,
these images were performed covariance analysis with the VAS
reduction rate after SCS ((pre-VAS - post-VAS) / pre-VAS).

Significance was accepted if a cluster showed a cluster corrected
threshold of p<0.05. Anatomical locations were indicated according
to the atlas of Talairach and Tournoux (1988).

This study adhered to the guidelines of the Declaration of Helsinki
on the use of human subjects in research, and the patients provided
written informed consent. This study was approved by the ethics
committee of Osaka University Hospital.

Results
Pain reduction after SCS

After SCS, all nine patients showed various degrees of pain re-
duction according to VAS data (76.1 4 25.2 t0 40.6 + 4.5) (Table 1). The
pain reduction began during SCS and continued for at least 120 min
after SCS. The degree of pain reduction remained stable for 60 min
during the post-SCS PET scanning phase. In general, results of the SF-
MPQ were for the most part compatible with VAS scores.

4270

Fig. 1. Statistical parametric maps (Z maps) of intensity in normalized images. Comparison of rCBF before and after SCS shows that rCBF is increased after SCS in the right thalamus
(A), right orbitofrontal cortex (BA11) (B), left inferior parietal lobule (C), right superior parietal lobule (D), left anterior cingulate cortex (E), and left dorsolateral prefrontal cortex

(F). Colored bar indicates Z value (threshold, p<0.05). Panels A-F correspond to Table 2.
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Table 3
Increased rCBF after SCS in reference to the affected side.

2567

Area Cluster Talairach coordinates (x, y, z mm) Voxel equiv. Z
p (corrected) Size (voxels)
(A) C. Inf. parietal (BA40) 0.002 207 30.9, —479,53.5 5.48
(B) C. Inf. parietal (BA40) 0.003 432 43.2, —46.0, 30.8 496
(C) C. dorsolateral prefrontal (BA10) 0.004 169 25.6, 56.8, 6.2 478
(D) C. anterior cingulate (BA24) 0.005 183 8.0, 18.0,30.6 455
(E) L lateral precentral (BAG) 0.01 109 —46.6,06, 10.3 422
(F) C. thalamus 0.011 108 8.0, —169, —1.14 417
(G) L dorsolateral prefrontal (BA9) 0.013 128 —27.2,258,257 4.06
(H) 1. orbitofrontal (BA10) 0.014 143 —342,43.2, —86 4.02
(1) L. Sup. parietal (BA7) 0.018 127 -27.2,-673,35.0 385

I, ipsilateral to affected side; C, contralateral to affected side; Bi, bilateral; Inf, inferior; Sup, superior.

Fig. 2. Statistical parametric maps (Z maps) of intensity in normalized images. Comparison of rCBF before and after SCS by positioning the affected sides on the left shows that rCBF is
increased after SCS in the contralateral inferior parietal lobules (Z=5.48, 4.96) (A, B), contralateral dorsolateral prefrontal cortex (BA10) (Z=4.78) (C), contralateral anterior
cingulate cortex (BA24) (Z=4.55) (D), contralateral orbitofrontal cortex (BA10) (Z=4.63) and contralateral medial prefrontal cortex (BA10) (Z=4.56), ipsilateral lateral precentral
cortex (BAG) (Z=4.22) (E), contralateral thalamus (Z=4.17) (F), ipsilateral dorsolateral prefrontal (BA9) (Z=4.06) (G), ipsilateral orbitofrontal cortex (BA10) (Z=4.02) (H), and
ipsilateral superior parietal lobule (BA7) (Z=13.85) (I). Colored bar indicates Z value. Colored bar indicates Z value (threshold, p<<0.05). Panels A-I correspond to Table 3.

— 100 —
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Brain activation profiles in response to SCS

Comparison of rCBF before and after SCS showed significant rCBF
increases in the right thalamus (Z=4.64), right orbitofrontal cortex
(BA11) (Z=4.70), left inferior parietal lobule (BA7) (Z=4.39), right
superior parietal lobule (BA7) (Z=4.57), and left anterior cingulate
cortex (ACC) (BA24) (Z=4.64), and left lateral prefrontal cortex
(BA10) (Z=4.27) (Table 2, Fig. 1). There was no region where rCBS
decreased after SCS.

The result analyzed after three images of patients 1, 3, and 5 were
inverted so that the affected side appeared on the left, showed that
rCBF was increased in the contralateral (right) inferior parietal lobules
(Z=15.48, 4.96), contralateral dorsolateral prefrontal cortex (BA10)
(Z=4.78), contralateral ACC (BA24) (Z=4.55), contralateral thala-
mus (Z=4.17), and ipsilateral lateral precentral cortex (BA6)
(Z=4.22), dorsolateral prefrontal (BA9) (Z=4.06), ipsilateral orbito-
frontal cortex (BA10) (Z=4.02), and ipsilateral superior parietal
lobule (BA7) (Z=3.85) (Table 3, Fig. 2). There was no region where
rCBF decreased after SCS. When these images were performed
covariance analysis with VAS reduction rate after SCS, increased
rCBF in ipsilateral dorsolateral prefrontal cortex (BA9) (Z=5.59),
ipsilateral lateral precentral cortex (BAG) (Z=5.18), ipsilateral medial
prefrontal cortex (BA8) (Z=4.08), and contralateral medial prefron-
tal cortex (BA8) (Z=4.18) were positively correlated with pain
reduction rate (Table 4, Fig. 3).

Discussion

This is the first report that rCBF is modified after SCS for chronic
neuropathic pain as shown by H,'0 PET. rCBF is thought to reflect
focal neuronal activation (Kapur et al., 1994). Thus, we concluded that
there is a change in neuronal activation after SCS in patients with
neuropathic pain. Our study included nine patients who underwent
SCS to relieve their neuropathic pain. Although the etiology of chronic
pain varied, all nine patients experienced some pain relief with SCS,
and all used SCS everyday for more than several months. So we
categorized them as SCS responders based on their pain reduction,
and we report that the observed rCBF changes may be involved in the
pain relieving mechanism of SCS.

We measured neuronal activity with H,'>0 PET before and after
SCS, and all PET images were normalized and then analyzed by SPM
(Friston et al. 1991; 1995a,b; Kiebel et al., 1997). Therefore, the results
of this study were based on anatomically well-standardized samples.
Furthermore, images of three patients having only right-sided pain
were reversed to move the affected side to the left and were analyzed
with the others. This method statistically enhances the results,
especially in pain cognition-related regions.

We found that rCBF increased in the right thalamus and superior
parietal lobule (BA7) and left inferior parietal lobule (BA7) after SCS.
rCBF was also shown to be increased in the contralateral thalamus and
contralateral inferior parietal lobule (BA40), and ipsilateral superior
parietal lobule (BA7) when we moved the affected side to the left. BA7
is the secondary somatosensory area (S2), and BA40 is the parietal
association area. These areas play important roles for cognition of the
somatosensory input.

Table 4
Increased rCBF after SCS covariate with pain reduction rate.

Fig. 3. Areas of significantly increased rCBF correlated to the VAS reduction rate after
SCS, rendered in the normalized images, indicate ipsilateral to affected side of
dorsolateral prefrontal cortex (BA9), ipsilateral lateral precentral cortex (BA6), and
bilateral medial prefrontal (BA8) (threshold, p<0.05).

One interesting finding of this study is that neither the contralateral
primary motor cortex (M1) nor S1 corresponding to the affected leg
showed rCBF change after SCS. This finding is contrary to previous
reports that the contralateral S1 and the contralateral paracentral
regions are activated during SCS as shown by electrophysiological
methods (Polacek et al., 2007) and fMRI (Stancik et al., 2008). We
attribute this difference to the fact that we performed PET scanning
before and after SCS rather than during SCS as in the previous studies.
During SCS, the patient often feels a stimulating sensation, and this
might influence S1. After SCS, this sensation might diminish quickly;
consequently, activation of S1and paracentral regions would normalize.
Moreover, the pain relief continues for several hours after SCS. Thus, S2
and the parietal association area are modulated by SCS and would
control the threshold of the chronic pain for several hours after SCS.

An important finding is that the contralateral thalamus was shown
to be activated in the post-SCS phase after the affected side was
adjusted to the left. This finding is contrary to that of a previous report
based on fMRI that did not describe thalamic activation during SCS
(Stancak et al, 2008). It is also reported that the thalamus
contralateral to the painful side shows hypometabolism in cases of
central pain (De Salles and Bittar, 1994; Laterre et al., 1998). Hsieh
et al. (1995) reported that rCBF in the contralateral thalamus was
decreased by the peripheral nerve block with lidocaine in the
mononeuropathy patients. We suppose this method might inhibit
the sensory input of the peripheral to spinal cord and it might reduce
the spino-thalamic information, resulting to the reduction of the
contralateral thalamic activity. In our study, however, SCS never
blocks the sensory input and it just controls the pain. So the result in
this study is different from the previous report of Hsieh et al. Although
the detailed role of the contralateral thalamus in the pathology of

Area Cluster

Talairach coordinates (x, y, z mm) Voxel equiv. Z

P (corrected)

Size (voxels)

(A) L. dorsolateral prefrontal (BA9) 0.001 396
(B) L. lateral precentral (BAG) 0.002 559
(C) C. Sup. prefrontal (BA8) 0.008 168
(D) L Sup. prefrontal (BA8) 0.01 112

—44.8,14.1,32.1 5.59
—44.8, —18.38, 34.0 5.18

13.3, 200,536 4.18
— 184, 14.1,49.7 4.08

1, ipsilateral to affected side; C, contralateral to affected side; Bi, bilateral; Sup, superior.
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neuropathic pain remains unclear, it is possible that SCS induces
neuronal activity in contralateral thalamus, resulting in pain relief,
and that the thalamus alters the pain threshold and sensory cognition
after SCS, as previously reported (Garcia-Larrea et al., 1999).

[t was shown that the ACC, dorsolateral prefrontal cortex, and
orbitofrontal cortex were activated after SCS. The ACC and prefrontal
cortex are reported to be involved in the modulation of pain and
emotion. The activation of prefrontal cortex and ipsilatearl lateral
precentral cortex was correlated with the degree of SCS efficacy
(Table 4, Fig. 3). A previous report on MCS showed correlation
between pain relief and ACC activation (Kishima et al., 2007; Peyron
et al., 2007). Peyron et al. (2007) also reported that the prefrontal
region, orbitofrontal region, and ACC act as descending (top-down)
inhibitory controls for pain threshold in patients treated with MCS.
Ochsner et al. (2004) reported that the prefrontal region and ACC
recruit the up- and down-regulation of negative emotion. It has been
reported that the activity of the right ventrolateral prefrontal region
correlates with reduced negative emotional experience (Wager et al.,
2008) and that fear of various types of physical pain predicts
activation of the ventrolateral frontal region and anterior and
posterior cingulate regions (Ochsner et al, 2006). Furthermore,
because the ACC and prefrontal area are components of the brain
reward system, it is possible that this system is also activated by SCS.
In line with these findings, SCS itself and/or pain relief induced by SCS
would control the emotional aspects of pain, resulting in a long lasting
effect. The role of ipsilateral precentral area activated after SCS is not
clear. The activation of dorsolateral prefrontal regions would reflect
the most of the patients' satisfaction.

It was reported that rCBF increases to noxious stimuli are observed
in S2, S1, thalamus, ACC, dorsal parietal, and prefrontal area (Peyron
et al. 2000). SCS during heat stimuli increased rCBF in S2, S1, and
posterior insula (Stancdk et al. 2008). Thalamus, ACC, dorsal parietal,
S2 and prefrontal regions were activated after SCS with neuropathic
pain in this study. In line with those results, we could suppose that
both acute pain stimuli and pain reduction by SCS would induce the
neuronal activation in the similar regions. After SCS for patients with
neuropathic pain, the change of sensory input, pain cognition,
attention, and memory network would activate thalamus, parietal
areas, ACC, and prefrontal areas.

Conclusions

For treatment of neuropathic pain, SCS controls pain cognition by
modulating the thalamus and parietal association area. SCS also
controls the emotional aspects of pain by modulating the prefrontal
region and ACC. These findings support the use of SCS for treatment of
neuropathic pain.
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Spinal Cord Stimulation for Central Poststroke Pain

BACKGROUND: Although spinal cord stimulation (SCS) has been shown to be effective
for treating neuropathic pain of peripheral origin, its effectiveness for central poststroke
pain (CPSP) is not well established. ,

OBJECTIVE: We report our experience \ wzth SCS in 30 consecutive patients w:th intractable
CPSP.

METHODS: All patients underwent a percutaneous SCS trial. When patients decided to
proceed, they received a permanent SCS system. Pain intensity was evaluated by a visual
analogue scale (VAS). The Patient Global Impression of Change (PGIC) scale was also
‘assessed at the latest follow-up visit as an indicator of overall improvement.

'RESULTS: During trial stimulation, pain relief was good (=50% VAS score reduction) in 9
patients (30%), fair (30%-49% reduction) in 6 patients (20%), and poor (<30% reduction)
in 15 patients (50%). Ten patients elected to receive a permanent SCS system. Nine of these
10 patients were followed long-term (mean, 28 months; range, 6-62 months). Seven patients
reported significant pain relief on the VAS (5 = good and 2 = fair). On the PGIC scale, 6 of
these 7 patients reported a rating of 2 (much improved) and 1 reported a rating of 3 (min-
imally improved). Of the remaining 2 patients, 1 reported a rating of 4 (no change) and 1
reported a rating of 5 (minimally worse). The median VAS score in the 9 patients decreased
significantly from 8.6 (range, 6.0-10.0) to 4.5 (range, 3.0-8.0; P = .008). There were no sngnlﬁ-

cant reported complications.

CONCLUSION: SCS may provide improved pain control in a group of patlents with mtractable
CPSP and may have therapeutic potential for intractable CPSP. .

KEY WORDS: Central poststroke pain, Medically refractory, Neurostimulation, Spinal cord stimulation
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neuropathic pain that affects approximately
1% to 8% of patients after stroke!? and is
characterized by pain and sensory dysfunction
involving the area of the body that has been
affected by the stroke.?> Once present, CPSP rarely
abates, causing a considerable long-term impact
on patient’s quality of life. Although amitripty-
line and gabapentin are usually the drugs of first
choice, they are often ineffective. In addition, the
utility of amitriptyline is limited by its intolera-
ble side effects, including dry mouth, urinary
retention, arrhythmias, and sedation, especially
in elderly stroke patients.’
The use of neurostimulation techniques has
been proposed for severe medically refractory
CPSP° Deep brain stimulation has yielded vari-

C entral poststroke pain (CPSP) is a type of

ABBREVIATIONS: CPSP, central poststroke pain;
MCS, motor cortex stimulation; SCS, spinal cord
stimulation; VAS, visual analogue scale

ons206 | VOLUME 67 | OPERATIVE NEUROSURGERY 1 | SEPTEMBER 2010

— 103 —

able results,” whereas motor cortex stimulation
(MCS) has been reported to achieve pain relief in
approximately half of patients.® MCS involves
implanting electrodes over the motor strip through
a craniotomy. Its use is correspondingly restricted
to well-established functional neurosurgical centers.®

Spinal cord stimulation (SCS) is the most
widely used neurostimulation technique for
chronic pain because it is minimally invasive, has
a low complication rate, and is generally effec-
tive.” SCS has been proven effective for various
types of neuropathic pain of peripheral origin,
in particular, failed back surgery syndrome and
peripheral neuropathy.® In contrast, SCS is con-
sidered ineffective for central neuropathic pain,
including CPSP” However, the efficacy of SCS for
CPSP has not been adequately explored, and
there are only a few reports of its use in a small
number of patients.®”"1%!! To evaluate the effi-
cacy of SCS in CPSP, we retrospectively reviewed
our clinical data from SCS in 30 consecutive

www.neurosurgery-online.com



patients with intractable CPSP and report the results of trial as
well as long-term stimulation.

PATIENTS AND METHODS

Patient Population

Between May 2002 and July 2009, 87 patients with medically refrac-
tory CPSP underwent one or more of the following neuromodulatory
procedures at the Department of Neurosurgery of Osaka University
Hospital: MCS (13 patients), repetitive transcranial magnetic stimula-
tion (59 patients), or SCS (30 patients). We reviewed the records of the
30 consecutive patients with medically refractory CPSP who underwent
SCS trials or implantations. They included 21 men and 9 women, with
a mean # standard deviation age of 64.8 + 7.4 years and a mean dura-
tion of pain before surgery of 44.8 + 35 months.

All patients were diagnosed with CPSP according to the following
findings'?: (1) development of pain after stroke, (2) sensory disturbance
correlated with the cerebrovascular lesion, (3) pain located within the
territory of sensory disturbance, and (4) exclusion of other causes of noci-
ceptive and peripheral neuropathic pain, especially lumbar canal steno-
sis and poststroke shoulder pain caused by contracture deformity.
Comprehensive neuropsychological assessment was performed in all
patients to rule out serious psychiatric disorder or severe cognitive dys-
function. All patients had a poor response to medical treatment for at
least 6 months before the SCS treatment, including antidepressants and
anticonvulsant drugs.

We used to recommend MCS as a primary neurostimulation option
for patients with medically refractory CPSP. However, we found that
some patients refused MCS because of the need for a craniotomy. Another
group of patients had a poor response to repetitive transcranial magnetic
stimulation, which predicted a poor response to MCS.'? In these situa-
tions, we discussed an SCS trial as an alternative and less invasive option.
Moreover, because SCS is most effective in well-localized pain,'? we con-
sidered SCS in patients with restricted pain distribution or when pain
had a wide distribution but the area with greatest pain and disability was
restricted to a small area like a foot or hand (Figure 1).

The most frequent cause of stroke was putaminal hemorrhage (n =
12; 40%), followed by thalamic hemorrhage (n = 9; 30%). Other less
frequent causes (n = 9; 30%) are listed in Table 1. All patients had uni-
lateral pain, which varied in distribution from single limb to hemibody
pain (Figure 1). Allodynia was observed in 18 patients (60%) and hyper-
pathia in 11 patients (37%). Motor weakness was mild in 20 patients
(Manual Muscle Test grade 4; 67%) and moderate in 3 patients (Manual
Muscle Test grade 3; 10%).

Trial Stimulation

With the patient under local anesthesia and in the prone position, a
percutaneous lead with quadripolar electrodes (Pisces Quad, Model
3487A; Medtronic, Inc, Minneapolis, Minnesota) was inserted into the
epidural space using a Touhy needle. The tip was advanced to the required
spinal level: C4 to C7 for upper limb pain or T9 to T12 for lower limb
pain. The electrodes were manipulated with fluoroscopic guidance so
that the stimulation-induced paresthesia covered the entire region affected
by pain.'4

Using an externalized temporary lead connected to a test stimulator
(Model 3625; Medtronic, Inc), trial stimulation was performed to eval-
uate the efficacy of pain relief before permanent implantation. During

NEUROSURGERY
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FIGURE 1. llustrated case (patient
16). Magnetic resonance imaging
reveals evidence of an old right puta-
minal hemorrhage (A). The distribu-
tion of pain in the left hemibody shows
that pain was more severe in the left
foot; the patient therefore underwent
implantation of a lower thoracic elec-
trode targeting the foot region (B).

the trial period (2-7 days), patients were allowed to test the pain-
relieving effects of several stimulation parameters and combinations of
active electrodes. Thereafter, the temporary electrodes were removed, and
patients were discharged. After counseling the patients in the outpa-
tient clinic, those who decided to proceed were scheduled for implan-
tation of a permanent SCS system.

Implantation of Permanent SCS System

A permanent lead was implanted in a similar manner as used for the
trial lead and was anchored subcutaneously. A second trial stimulation
was performed to verify consistent efficacy. Finally, an implantable pulse
generator (Itrel III Model 7425 or Synergy Model 7427 V; Medtronic,
Inc) was implanted in the left lower abdomen or anterior chest with the
patient under general anesthesia.

Evaluation of Pain Relief

Pain intensity was evaluated using a visual analogue scale (VAS) rang-
ing from 0 (no pain) to 10 (worst possible pain) at baseline, during the
trial, and at follow-up visits every 6 months. In patients with wide regions
of pain, the VAS score was assessed independently for each region, and
the target area for SCS was determined based on the area with greatest pain
and disability (Figure 1).

In addition, the Patient Global Impression of Change (PGIC) scale
was assessed at the latest follow-up visit after the permanent implanc.
The PGIC scale indicates overall improvement according to a 7-point
categorical scale: 1, very much improved; 2, much improved; 3, mini-
mally improved; 4, no change; 5, minimally worse; 6, much worse; and
7, very much worse. The ratings 2 and 1 were considered clinically sig-
nificant improvement.'®

During data analysis, the degree of pain relief was classified into 3 cat-
egories: good (250%), fair (30%-49%), or poor (<30%) based on the per-
centage of reduction of the VAS score: [% reduction = (VAS, simulation
~ VAS post-stimutation’ VAS pre-seimulacion) % 100%6].'3 Pain relief of fair or bet-
ter was considered clinically significant based on a report documenting
that a pain reduction as low as 30% corresponds to clinically meaningful

success.!®
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