Fig. 2. An example of PSD oflocal field po-
tential around the STN recorded by DBS
electrode. a Raw data of MER and LFP ob-
tained from a 65-year-old patient. LFP was
obtained during advancing DBS lead after
MER. b The relationship between the
depth and PSD. The image was construct-
ed by offline analysis using MATLAB
{(The MathWorks, Inc., Mass., USA). The
x-axis indicates the frequency in Hertz
and the y-axis indicates the depth of the
bipolar center of the lowermost contacts of
the DBS electrode, advancing from 15 mm
dorsal to 5 mm ventral to the tentative tar-
get (depth 0 mm) through the STN. A col-
or bar on the right represents power in
square microvolt/Hertz.
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cells were distributed in the dorsal STN [5]. Since these
LFP analyses were performed by tetrode or multiple mi-
croelectrodes, the LEP signals were interpreted to origi-
nate from an area narrow enough to localize the borders
of the STN. However, the DBS electrode in the present
study may have received the oscillatory LFP extensively
from the surrounding structures other than the STN, es-
pecially the SNr. Therefore, the 3-power recorded by DBS
electrode did not show any clear distribution dominant
in the dorsal area of the STN as explained in previous
physiological studies [3, 5] and anatomical research [17].
Moreover, the increase in LFP power was not specific to
B-band frequency in the present study, which did not
agree with the microelectrode study by Trottenberg et al.
[4].

Furthermore, the thickness of the DBS electrode (1.27-
mm diameter with a blunt tip) will cause a microlesion or
microedema during insertion which is usually recog-
nized as a transitory improvement of parkinsonian mo-
tor symptom (microlesioning effect) [18]. So, it is proba-
ble that the low-frequency oscillatory activity might have
been considerably influenced by the intraoperative mi-
crolesioning effect of the DBS lead itself, as compared
with MER [3-5] or the DBS electrode recording several
days postoperatively [9].

STN DBS is now accepted as a powerful surgical ap-
proach for advanced PD with intractable motor fluctua-
tion [19]. An image-guided anatomical targeting and
physiological verification of the nucleus with MER is cru-
cial to achieve an accurate implantation of a DBS elec-
trode in the sensorimotor part (dorsolateral region) of the
STN, which is commonly assumed to be the most direct-
ly related to the development of cardinal motor fluctua-

Fig. 3. Summary of offline analysis of the background MER activ-
ity and low-frequency LFP power around the STN. a The back-
ground activitiesin MER from 9 STNs were realigned in reference
to the dorsal border (0 mm) of the STN, which was defined as a
point of 50% increase of the maximum SD from the baseline.
f Similarly, the background activities in MER from 9 STNs were
realigned in reference to the ventral border (0 mm) of the STN,
which was defined as a point of 50% decrease from the maximum
value. b-e, g-j The relationships between the depth along the tra-
jectory and LEP power of low-frequency band. The data were ex-
pressed as means (thick line) £ SD (grey zone). Changes in LFP
powers were realigned in reference to the dorsal border (b-e) and
the ventral border (g-j). b, g 8-Band, 4-7 Hz. ¢, h a-Band, 8-13
Hz. d, i Low B-band, 14-20 Hz. e, j High B-band, 21-35 Hz. The
negative and positive values in depth mean dorsal and ventral to
the border (0 mm), respectively.

Subthalamic Field Potential by DBS Lead

tion in PD and therefore the best surgical target for DBS
[20, 21]. In particular, the physiologically determined
width of the STN larger than 4 mm is considered to be
one of the reliable determinants of an effective trajectory
for STN DBS [10, 11, 14]. The preliminary results from
this study suggest that the dorsal border of the STN can
be estimated by the increase in low-frequency powers re-
corded with the DBS electrode and a decline in high -
power may indicate the ventral border. However, further
physiological techniques for detecting the range of the
sensorimotor area of the STN would be needed, such as
synchronization or desynchronization of neuronal activ-
ity in response to motor task or stimulation [15], to re-
place the role of MER by DBS electrode recording.

Conclusion

In addition to MER study, a spectral power analysis of
LFP recorded by DBS electrode is useful for the final con-
firmation of the physiological borders of the STN in DBS
implantation surgery. Further physiological studies and
online data analyses are required to define the exact bor-
ders of the sensorimotor STN, if subthalamic LFPs sub-
stitute the role of MER.

Acknowledgement

We thank Ms. Nancy Venarske and Dr. Daniel Venarske for
their kind assistance in preparing this manuscript. This study was
supported by Aihara Complexity Modelling Project, ERATO, Ja-
pan Science and Technology Agency.

References P-1 Kithn AA, Kupsch A, Schneider GH, Brown
P: Reduction in subthalamic 8-35 Hz oscil-
latory activity correlates with clinical im-
provement in Parkinson’s disease. Eur  Neu-
rosci 2006;23:1956-1960.

B2 Brown P, Williams D: Basal ganglia local
tield potential activity: character and func-
tional significance in the human. Clin Neu-
rophysiol 2005;116:2510-2519.

B3 Kithn AA, Trottenberg T, Kivi A, Kupsch A,
Schneider GH, Brown P: The relationship
between local field potential and neuronal
discharge in the subthalamic nucleus of pa-
tients with Parkinson’s disease. Exp Neurol
2005;194:212-220.

B4 Trottenberg T, Kupsch A, Schneider GH,
Brown P, Kithn AA: Frequency-dependent
distribution of local field potential activity
within the subthalamic nucleus in Parkin-
son’s disease. Exp Neurol 2007;205:287-291.

Stereotact Funct Neurosurg 2009;87:211-218 217

— 211 —



L)

L

b7

L&

B9

Weinberger M, Mahant N, Hutchison WD,
Lozano AM, Moro E, Hodaie M, Lang AE,
Dostrovsky JO: Beta oscillatory activity in
the subthalamic nucleus and its relation to
dopaminergic response in Parkinson’s dis-
ease. ] Neurophysiol 2006;96:3248-3256.
Chen CC, Pogosyan A, Zrinzo LU, Tisch S,
Limousin P, Ashkan K, Yousry T, Hariz M1,
Brown P: Intra-operative recordings of local
field potentials can help localize the subtha-
lamic nucleus in Parkinson’s disease surgery.
Exp Neurol 2006;198:214-221.

Foffani G, Ardolino G, Egidi M, Caputo E,
Bossi B, Priori A: Subthalamic oscillatory ac-
tivities at beta or higher frequency do not
change after high-frequency DBS in Parkin-
son’s disease. Brain Res Bull 2006;69:123~
130.

Liu X, Ford-Dunn HL, Hayward GN, Nandi
D, Miall RC, Aziz TZ, Stein JF: The oscilla-
tory activity in the parkinsonian subthalam-
ic nucleus investigated using the macro-elec-
trodes for deep brain stimulation. Clin
Neurophysiol 2002;113:1667-1672.

Kempf F, Kithn AA, Kupsch A, Brucke C,
Weise L, Schneider GH, Brown P: Premove-
mentactivities in the subthalamic area of pa-
tients with Parkinson’s disease and their de-
pendence on task. Eur J Neurosci 2007;25:
3137-3145.

P10

L@}

P12

P13

P14

P15

Saint-Cyr JA, Hoque T, Pereira LC, Dostro-
vsky JO, Hutchison WD, Mikulis D], Abosch
A, Sime E, Lang AE, Lozano AM: Localiza-
tion of clinically effective stimulating elec-
trodes in the human subthalamic nucleus on
magnetic resonance imaging. | Neurosurg
2002;97:1152-1166.

Sterio D, Zonenshayn M, Mogilner AY, Rezai
AR, Kiprovski K, Kelly PJ, Beric A: Neuro-
physiological refinement of subthalamic nu-
cleus targeting. Neurosurgery 2002;50:58-
67; discussion 67-59.

Miyagi Y, Shima F, Sasaki T: Brain shift: an
error factor during implantation of deep
brain stimulation electrodes. ] Neurosurg
2007;107:989-997.

Benazzouz A, Breit S, Koudsie A, Pollak P,
Krack P, Benabid AL: Intraoperative micro-
recordings of the subthalamic nucleus in
Parkinson’s disease. Mov Disord 2002;
17(suppl 3):S145-S149.

McClelland S 3rd, Kim B, Winfield LM, Ford
B, Edwards TA, Pullman SL, Yu Q, McKhann
GM 2nd, Goodman RR: Microelectrode-re-
cording-determined subthalamic nucleus
length not predictive of stimulation-induced
side effects. Neurosurg Focus 2005;19:E13.
Kiithn AA, Williams D, Kupsch A, Limousin
P, Hariz M, Schneider GH, Yarrow K, Brown
P: Event-related beta desynchronization in
human subthalamic nucleus correlates with
motor performance. Brain 2004;127:735-
746.

218

Stereotact Funct Neurosurg 2009;87:211-218

— 212 —

P16

P17

P18

P19

P20

P21

Welch PD: The use of fast Fourier transform
for the estimation of power spectra: a meth-
od based on time averaging over short, mod-
ified periodograms. IEEE Trans Audio Elec-
troacoust 1967;15:70-73.

Lévesque J-C, Parent A: GABAergic inter-
neurons in human subthalamic nucleus.
Mov Disord 2005;20:574~584.

Deuschl G, Herzog ], Kleiner-Fisman G,
Kubu C, Lozano AM, Lyons KE, Rodriguez-
Oroz MC, Tamma F, Troster Al, Vitek JL,
Volkmann J, Voon V: Deep brain stimula-
tion: postoperative issues. Mov Disord 2006;
21(suppl 14):5219-8237.

Krack P, Batir A, Van Blercom N, Chabardes
S, Fraix V, Ardouin C, Koudsie A, Limousin
PD, Benazzouz A, LeBas JF, Benabid AL, Pol-
lak P: Five-year follow-up of bilateral stimu-
lation of the subthalamic nucleus in ad-
vanced Parkinson’s disease. N Engl ] Med
2003;349:1925-1934.

Godinho F, Thobois S, Magnin M, Guenot
M, Polo G, Benatru I, Xie ], Salvetti A, Gar-
cia-Larrea L, Broussolle E, Mertens P: Sub-
thalamic nucleus stimulation in Parkinson’s
disease: anatomical and electrophysiological
localization of active contacts, ] Neurol 2006;
253:1347-1355.

Yokoyama T, Sugiyama K, Nishizawa S,
Tanaka T, Yokota N, Ohta §, Uemura K: Neu-
ral activity of the subthalamic nucleus in
Parkinson’s disease patients. Acta Neurochir
(Wien) 1998;140:1287-1290.

Miyagi et al.



473
BRAIN and NERVE 61(4) : 473-483, 2009

45 & o KANEER— 2 FERENDIRRET

IN—F UV IRES A M= TIIKT S
R I ot 15

Deep Brain Stimulation for Parkinson’s Disease and Dystonia
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Abstract

Deep brain stimulation (DBS) has proved highly effective in the treatment for Parkinson’s disease and
dystonia. Presently, many types of dopamine agonists, monoamine oxidase B (MAOB) inhibitors,
catechol-O-methyltransferase (COMT) inhibitor or other antiparkinsonian drugs are being developed.
However, it is still very difficult to medically treat motor complications associated with levodopa therapy.
Surgical intervention using DBS was possible to stimulate the subthalamic nucleus as the treatment of
Parkinson’s disease. Stimulation of the subthalamic nucleus improves the cardinal parkinsonian symp-
toms and motor complication associated with levodopa treatment. DBS is a reversible treatment and the
original status could be observed by turning off the stimulation. This procedure enables the observation
of clinical outcomes or brain mechanisms under both the conditions of turned on and turned off stimula-
tions. On the other hand, dystonia is heterogeneous and refractory and hence, it has been difficult to
medically treat it. Since there was no effective treatment available for patients with generalized dystonia,
these patients became disabled. However, recently, bilateral pallidal DBS has been shown to markedly
improve the conditions of patients with generalized dystonia, and it has proven to he a reliable treatment.
‘There are two characteristic clinical effects of pallidal DBS on dystonia. It improves primary hereditary
generalized dystonia, particularly DYT 1, more prominently than secondary dystonia and its beneficial
effects are obhserved over a period of time course. The beneficial effects of pallidal DBS in patients with
dystonia are not immediate but progress over weeks to months. The brain mechanism underlying the
improvement of pallidal DBS in dystonia has been unclear. Many studies on DBS in Parkinson’s disease
and dystonia have been carried out to elucidate the clinical outcomes and/or the underlying neuro-
physiological mechanisms. In this review, the clinical outcomes of DBS for Parkinson’s disease and
dystonia will be focused on.

Key words : deep brain stimulation, Parkinson's disease, dystonia
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STN-DBS & [#H & RS E 134 2 v, Mental
flexibility, working memory, visuomotor sequencing,
conceptual reasoning 7% & DRE DT, apathy ¥ %
WY aWEN D 530, WHMEEREFCET 2 R
—ERT, 5 EOREPEE T LI IETRABREDE
THEERVWEREINRTVEIY OT, K TEFH%E
#H <o BHER, FSaEoHmELE {, BER
DOFFEF T 2547 (1996~2005 ) T, I DEERH
2~ 4 %, BEERIE 0.9~1.7%, BiEZIZ 0.1~0.2%,
B BRERIEZ 0.3~0.7% O HBETH - 7239, itk
T 2 0 DiERIE, TR0 B Ldopa BlE K X
BEREMEN R I N TV 588, —H CIRAREEREE DA
W 5 DIEREFRGID D 5. £ STN WA LB
LD, RIMBHRE &b B TWrSBSTEIDEIR
KE»SBMEHT LD, REPLTY CRER
Rl Sl STN #E T #EEHERNRE T 5255 D
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BEHEFRI NP3, £7:4/ STN TREL 5 DNEE
Fah, A STN R TETERPEE L PD B
T8, EAEFNFNO STN-DBS 7 L 5 ARG (-
MRI CHET & iz, EEEROA 2 HET 24 STN-
DBS T3 premotor cortex, motor cortex, ventrolater-
al thalamus % EEECBE L L BEEBEOELCRE s> 1
72e D DHEEFEL 724 STN-DBS TiEBNC L /-4
HoE{kid 7% <, superior prefrontal cortex, anterior
cingulate, anterior thalamus, caudate, brainstem T
BOLD ##8/1L, medial prefrontal cortex T{ET L,
STN-DBS #% mesolimbic cortical structure & %% %
BT U mTREME DS B o 72,

i OTENEY GECRES, W, ABEtid)
IDOWTORE T, STN-DBS TRHTHTD & H o otk
ST EGITSEY T, BHEOBCTHIOMBIBENE, &
Pl E i B 2 SIS EENEL, HEEED
KEBFR L EOBRBETRESE U Tnw3%, PD T
FORBEMR T 2660 (BIERH) PHEAEFCHL
fersrE, MEOFE, RE, TEH» S ZOEED
B - TEN R T A TS RERAMBRE D EEE, 2R & B
BEOXRFAMEELH D, kA & ABEOHEER TS
PD 0 &WBHRECHES L Twas ez R T
%37, STN-DBS T, —#H9727AERER 5 DBV DA
a7, REMBEABREOEL TR brrb e, i
BIEL A, BY, BEEORBAMOREES 10 251 & 2,
FDG-PET iz & 2 RIEFMERE OB Tld, BhoOFF
REEAL & A OFC OB L OBENED 5 h,
STN-DBS 2 & % limbic fHE~OEENTE I N T
B,

4) DBS DX H XL EHRIREER

(1) FBDAHZ=XL

BB R CIIEEHETH 2 EEZ o Tuiess, RiK
WL BHERMROHE - BHOKA 245 &, ENNTF
M OBBRAER I X KR T3 2 OBFE2HHT
ERw, BT a—u EEHENHT 5, H50ITHE
BB EWEST, EREBES I LI EokL
MK T 251 H D, DBS OHF >RGN
T (Fig 4),

STN-DBS i+, wEEK, KO R 2 E,
#HEESHT (SMA), premotor cortex O EArILER
(rCBR) 2@ 38222 T, STN o0 R21EmM
BB EFZOSNTELY, STN-DBSHIE W & %
rCBF 0Zbix, FMHEORIE E RIS L . Ha T
X5 549, KRR (HTET L Wi 5 4 H O L) 0%
1k Tk presupplementary motor cortex, premotor cor-
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A STN-DBS

GPi

@ —{Thalamus

B. GPi-DBS
Striatum

Fig. 4 BIRERRBEOEREE
Awoma—oYREESY - —o Yy, Bouzo—a i3
Hoza—urERT, O @OIMHEE, @ @REEHR, ©
Za—urHInEEENRMEINDS, 2 -0 DD
A YF ¥ AN Ko TEFEMECHRESIHEN S, @
HHIE A TP AT = 2 — o U PRI & h T
Za—urPififlashs, QHERFBOBIMEEFHRO = 2 —
O YRR S D A, SREBOEEOF TREMII
e tACHREREDR, OFBEEESFIIMIBHO
Za—u R FEMLTREIS Y2 I I LD, RIEE
B HIRIEE) B S REIH 2 € Gamming), FERYYE
T2 (CEk41 X 0),

tex, dorsolateral prefrontal cortex @ rCBF »3&h1L,
B3 (57 A%E 4 FROHE) T, ElTE
{3 - - HiEZESER O rCBF 23& o 8ghn, #hiahn
Z T primary motor/sensory cortex, GP, ventral lat-
eral thalamic nucleus, /MY, pons, BE % &trdfidic
B 5 rCBF OEMNFED i1, STN-DBS OIRHFE
BRI 2D, B—OFEREFCL 250 TRWI L
REMT D,

@ N—F2VUREICHT DHIRREER

STN-DBS & & 2 R REFBOMRHE L LT, STN
5 BEBUEE (SNc) ~DIRE O BE A S O H
# 2z 6h 5, Maesawa 691, v b OEIRE 2 6
hydrohydopamine (6-OHDA) TRE#EL T STN Fifeeill
BORER, 772 2 %51 X 5 EEEE & SN
DDA =a2a—0YORETHRE LI, 7728 3
L HOEESIE STN B CEECHES L, #+6-
OHDAF T SNc ® DA —a—u v BERBICHE L
770 B STN Hills 6-OHDA HEAKAITT 2 & EE%
FEM L {,SNc =2 —o YEUIERIE L, STN R
PEBEAE OB INZ T, DA a2 —a 0% EF
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BEL Ty B RJREMEDSTRE S N2, MPTP YV TH A =
BBic X % STN B, &2t STN RO DA =2 —
OV H T AR E AR TE, A VBHLVE
DBS TSTN B2z 7: MPTP ¥ 2 T SNc D
DA = 2—u YN 20~24%BEL, STNBED LI
filliH glutamate excitotoxicity DA &5 & I L,
DA = 2—urOFEEES R I:TRESDH 519,

DA 3 STN-DBS 5.2 555212 2w T, F-dopa
PET % raclopride PET 2 & 2BEF M Th T 543,
STN-DBS 2 & 5 DA ({#Hicx 9 2 £ i 2 v, F-
dopa PET T PD #1172 #a L #F5E T, Misid& Y
L 164 3 CFdopall D A& E HET L,
STN-DBS & & % iR ER O ugEE 22 v, STN
gt > A 7 T raclopride PET I & 2 #pfR{Fc
B 2 tracer binding K257z <, STN-DBS {3 DA &
Hoamns A ERIRE <, FREO DA BRE 28NS
FBHPD 72 o 724959, Raclopride PET ##H1 L-
dopa/DCI  250/25 mg % & L, EROELERE L
7492, L-dopa #8512 & - T L-dopa &5 IO AHE
PEZWCET T 25, STN-DBS TlEZ2DENLR I
D, STN-DBS IR & T synaptic DA BE %2 E L
EHTWLAAGEMELHER S LT W B0,

II. VARZ7

YA b= 7RIS 2 R & T A R REE
T, WBE, BE»OREEOES, REREEORA
(B % & 5, 2OFEBIRSEEET, OFRKE, OFE
s, QRBHAIC L > TG, —Rik (FEFEME)
A MNZTW, VA NETHRFELBEROKEET,DYTL
~DYTIS DBEHEI A P =T R IAhEHEIN S,
DYT1 X Oppenheim 2 & % dystonia musculorum
deformans (DMD) 2383, ZHEEECREREE, K,
Wk PizattT 5P A b= TR (WFE) YA
F=7 T, ERERRIECSEIBTHL, YA NST
IR U T & REEI & » THRRERP#E 2D, 1
RHAR SR RIE T 2B A 2B 2D, MAFE
ETREFES 2 VESHEOEREE T2 2 L%
WD, U R N =7 TED 5 LA REEERNL, BRE LS
REEANE VA =7 L (dystonic posture), BhfERF
WHIERT 2 E8EREY A =7 (action dystonia) % %
B REIEY, Rk X0 & 5 R (phasic)
7 E B X (dystonic movement) WBEET 5, YA b
Z TR HT A RNERE I 1950 FER~1990 IR U B,
TR BT WE RN TR 5 T b L7259 3, BRIRED

Hoid o0& EEAREERC L 2EHFRRESSETH
2728, £7: DBS 8% Kk L7:7: 8, BIfE K Y A b=
7 iz R kAN, sl Thb ik ko
7201999 £, Kumar 5 W L3 28EY A b =7 x¥
% i M GPi-DBS @ #Z % #l, & 512 Coubes 5% #3
DYT1 7 f#iz GPi-DBS # {7 L, 90.3% D &R %
S, PSR =733 5 DBS BIL < fTbh b &
NI oIz,

AT OFEM A r—N & L T Burke-Fahn-
Marsden Scale (BFM : dystonia movement scale &
disability scale 7» 57 %)% &, Unified Dystonia Rat-
ing Scale (UDRS)®", TWTRS A7 — % BS54
%, BFM &G HY A b =7 ORI A, S 9 &L
OFHFNA A7 L HEENSMEAERD, GEFAAT I
120 &, disability scale 1386, EFR C THEEIKC OV
T OERPEFHIT CHA 30 1, Wi & SR EWIE EEIE
TH5, UDRS BEEE 4 LT TFHiL, &&
112 5 TH B, TWSTRS A7 — V3 EHAE O I
Auvsh, EROBLEEDED, B, BEN) v 7,
A EOFHGITRE SN 5,

1. 2BYZANIT, 2EMIARNZTENTSD
PR BRRI A

—REVA LT OREWD 5 VEOHEIEY A =T
Wt L Cid, FCHIE GPi-DBS #MThbi, YA =70
FEELRWENREZIN TS, LEL, KX I L O
LEREIB DI, FEREVAM=T EWIRHTE L
HTLES D, TOFHIEHW T2 EHEH LWL, E
TR B L ZEERIC L 2 FHIESY %, sham #
B ERB O g i YR AW, LD FEBA LM
BEASN TS, VA =TT % GPi-DBS O
KRRz WL OrOBELH L, O—KEYA =T L
TRWY A N =TT BEERMROER, @ GPi-DBS
W BYA =7 OWERE TN T {fRe
ECHIAL, YAMSTHEHEIE YR P =T ESTRER
%, QHBENI L 2BERIEOENIET 5N 5,

1) —RMIANZFEDREIARNZTICHT D

GRMROER

DYTI B, BiEOBREY A =7 EO—RHEY X
FET ok, BFEMYA =T, FEEREBRERNE SME
#, hallervorden-Spatz & (PKAN) R EDIREY A
b =7 wextd 3 GPi-DSB 17 SlosE ¢k, DYT1 B
T ik BEM A 7 —n 2 55.6%, DYTIEWH Tk
B A%DWETH 5720, ZREY A =7 HICirsE
WIEe2E0H Y, MEERHITEIELL, BHEMEY A
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b =7 BITHED, EEEFHSDH D, PKAN THY X b
ZTREE LR 2.5 EHECEROEITICE 5 &
B 2EROETHH -7, ZREY X P =7 Blow
FNRIFFE TS 03035 {, BEERICL 5108
BEDLBD R ERNBET L L Bbns, HiiOEEk: e
DI3HH & GPi-DBS OISR = FHIT 548 Tbn T
WBH, FHIZRMY A b =7 PIOSEDTFHIE Ok
VSO IR I RIS 2 EIWEA T DBS OB RO ES,
B (IPG ) A PD ATV, ZDIEh, DBS
RO & R, FI RS TSRICRATE Z itk -
THHSNDIELE, FIHEGEEZ I LIRE-T
HET 2R EBRINITEE 2BIER 34 2 v RER,
FHBREOBELD b,

2) GPI-DBS IC&2I AN T DOMEBRR

VAL ETICBWTRHD 5 FHEEEENIIE- TR
GPi-DBS & & 2 THEEHOHRBECEVYH 5, 7
WTERET R B TR BRI WEE L, 20BN Y
AL ZTBIOSENTEEL, M IEL2ETH 7K
EPEONSS,GPi-DBS #4 7Lz EEDY R b=
7 OWMBEED, DEMY A N7 THES LTV,
R EA 71045 L, TXNTOBRE TSNS phasic
dystonia 3HELL 7z, tonic dystonia D FE AR i,
WEOSDENREL LN, METEASRY A P =T HH
BI 23 TAEB s oTe, $hb b BIEKE B
ERTSCEHEL, FENSEBRBRCER L, §
DY — > & BRI B BIRS e o Tz, ZOFK
BEHOFHBLBE» S YA =7 THED 511 % phasic
& tonic WEFRIE, AVWEBRTCELR L A D =X L
F LR EZT TRBAREESEZ 5N T2, KE
BRICHDIAE N RBER D 5 0 S iz local  field
potential (LFP) L, REHEN, SESNI-HIEE) -
DR ERITEN TN 25768, GPi hsEohi- LEP ®
oscillation IZAFIEEID rhythmic burst & B2 5 2 53,
Frfc e G Eh & IXBAE N 2 <, BEH TSN L
rhythmic burst & FHRRRIEBIOFECEL T, BE
DEEIBERRIZLTWAE I N RSN TV,

3) RUBERI SRR

(1) RUBERGL

SHUB L USHNES R b= 78T 2 DBS O&Y
HLE L CHERVR DS L, EhrOMREIC & 2%
Bz, WERRD S EE % 210 2 1R SMEIBE R o 3
LT, DBS #FE L/~ XEB LU RO A F =7
BITAPHEES) & EEORBSBE IR T VL3 H, HEK
DBS THELHENED 5T, BRI GPi i EK
FHEEL CUERSHEL LY, 8B L OSEINRY
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APZTOWHEEELTH GPIDBS R LESEE 2 &
N5, GPiOY I ZRMT 20 & » CHRRICE
ENHb, —RUELBHY A =74 % GPi-DBS
T, WEBKOMEM & M ORBIC X 2EEESIEDE LD
HFRENT WD, GPi H 5 W IZEIBER OB TIE 2 %
b= T 2% E LTS, GPe KB T 2B L 2
GP OFHHEIB T, BRASEBIE LAY BOoN G-
7o, —75, STN-DBS B PD DA 7E Y A + = 7 12 E%h
THbHIEE2BEA2T, STNDBS 5% —%w b LT
HIRT 2, HZWIEDYTI TH GPi-DBS BWEI TR W
Blicxd 35 STN-DBS O it 45, R THITY 260
%, L, L STN-DBS #5E%), H %213 GPi-DBS #5§E%)
YA b =T BIOBKRIEROBHZ e onTatrsh
JebDii2<, STN YR =7 OENETZH IO
LZEF AN, BHOA =7 4 et LT STN-
DBSIc X 2EENHA SN T W EY, SiiEEY> 22
&, STN-DBS BHIATEHI Y A b = 7I2HE D B A OBR
FRBBONTVER, YR b FRESEI W E
B Z B,

© RBERH

—MANC Y A b = 7RO DBS HlE &I PD L B
Z0, XDIEOLARE (PW) WEITHL LEZ SR
T 57273, L L Vercueil & 13 PW 238 v (60-90
us) ~HfE (120-150 us) *Fv> (450 ys) 140 TEERSH
REFMUZRERE, PWIZE2E O L 0nE LT 3™,
B & 2R OENITOWTIE, 5~250 Hz O F
O TI180Hz, 250 Hz 1o k2 P A F =7 EH
130 Hz & b bHEWCEN, 130 Hz £ T 5 Hz, 50 Hz
TRRVBBIIT 5 EBRESN TR E™, FE5D
Mizz Tt PD EIZIZRICEMH T & D K GPi 3
SHET, VA7 OUENBOLATNE®, YA b
7 TR PD AT R RISERE S <, PDcH:
LTIPGORDBZHEESHEWI LRE»TH D™,
[PG OFEM ZH#IfTE T, WO Z BHEND R ERK
FHERRIOINIVERDbNSY, FEREHE TN,

YA =TT B GPi-DBS OEEKRIRO S b Hi
e Z &3, WERBANETHETHL LT, BLDOD
BARDI BRwARPOERIT L 50, WMiR1ETH
ERWERA LN D,GPI-DBS I & 2 38R0 RS &
LT, #RAIZI4D reorganization (plasticity) % DBS 12
FoTHETHWLZIEERMLTWAEEWIEZ D
5o %72 GPi-DBS OZERSER LV RNV ET HETIC T
VETEDPWET LZOT, ROBIEOWE L ETROE
BELLAIZAACEBZELERNEING, BETHED
dl3# 3 synaptic reorganization % Kt L, FHIO F &)
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% OWE T GPi O EE Ir oscillatory activity & BHE L
TWBATREME DS H %, DBS BlIRR O SE W, R
BRI 2 RECEM > 5By H, FRCE THEL SV
P5IHMb ST, WEhOREA > LA 7 TRIREH
BEEORIE L 0 L RSP EBT 5, b RIEEH
B, BEZEELT L2080V L
synaptic reorganization 2342 ¥, FFHAEHIE TEHE
L7z HktE, 372 b b %17 network 8 CE % LIRE S W
5™,

o, BEMYZRNZTICHT DRCREBRIEE

Bty A b = 73 B R & BEEL - HRER & R ERE
W+ FHPEE - FEELE - WREE, S, A, bR Ok
=y, T (MR o 8R4l &, 20535 1HB
P EET YA =T RIET. KWTHE, BERCED
FERMFR O SEESMTb N T & fo LR O BTE
VA NZT, BUE{EFEY A P 2T RDOVTOAHENT
5. PIEEWEEY R b =7 T, task-specific dystonia T
BB ER R 28K Vim-Vo complex O iE 23k
XN TW B, GPi-DBS i & 2 iEshE & g 217w,
B DBS BWEMTH 5 LG L T 545, Goto & 0D
4Tk, GPi-DBS T #K Vo-complex DBS T [H
U k5w BROUEHFED &Nl MHDHE L bR
L ABEEIRBOTEIE R, £HEY A =T OUE
ErizBRE LN, RIUYAN=TERBTHE
BTHIEN, VALZTOFRRAL =K L 4 By 5 ulEe
HHH D EHRIN D,

=X VY VBB LUV A = 7 ckhT IR
BRI T AR LT, JOBRFEEIHEEES
WEEAIRE LR L 5T, THEZESHORIKS X
VIR NTRENCRBEL T b 2 EET 5, &
BERFSE £ b b R U RE TR 235 7 2 e
ORIV, BESEETHLIAINZTRELD
AHEME AR L T w3, 5B A—F Y VROV A
=7 OHRST, B2 OTHEEESOWHRE LIRROMKN
12, MR- ERHROB M TTOh S LR HRT 5,
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Electrophysiological assessment of corticorespiratory pathway function
in amyotrophic lateral sclerosis
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Abstract

Respiratory muscle paralysis is inevitable in the clinical course of amyotrophic lateral sclerosis (ALS). Our objective was to
electrophysiologically assess the function of the phrenic nerve and diaphragm motor cortex in ALS. Phrenic nerve M waves,
diaphragm motor evoked potentials (MEPs) induced by transcranial magnetic stimulation, and their clinical correlations
were analyzed in 29 ALS patients. The M wave amplitude was significantly lower in patients than in healthy control subjects
(p <0.001). The MEP amplitudes both in the expiratory and inspiratory phases were significantly decreased in patients
(p <0.01). In particular, 15 patients showed no MEPs in the expiratory phase, six of whom also showed no MEPs in the
inspiratory phase. Five of them had no respiratory complaints. There was a weak, non-significant correlation between
the inspiratory MEP amplitude and forced vital capacity (p =0.052). We conclude that the loss of MEP might reflect the
subclinical involvement of the voluntary respiratory drive from the diaphragm motor cortex, potentially leading to further
respiratory deterioration.

Key words: Amyotrophic lateral sclerosis, corticorespiratory pathway, diaphragm, transcranial magnetic stimulation,
phrenic nerve

Introduction In the present study, we assess the corticorespiratory
pathway in ALS patients using the technique of
TMS, in combination with phrenic nerve stimula-
tion and needle EMG of the diaphragm, and discuss
the clinical significance of these results. We also
compare the findings from diaphragmatic stimula-
tion with those from the first dorsal interosseous
muscle, since both muscles are innervated by the
cervical spinal cord, and postulate a correlation
between their degrees of involvement.

Weakness of the respiratory muscles including the
diaphragm is critical for patients with amyotrophic
lateral sclerosis (ALS), necessitating ventilatory sup-
port. The diaphragm is the main and largest respira-
tory muscle, and degeneration of the phrenic nerve
leads to respiratory failure. Previous morphometric
studies of ALS showed that loss of phrenic motor
axons (1) and accurate measurements of the physio-
logical diaphragm function are clinically important
to appropriately manage respiratory decline (2,3).
ALS is associated with degeneration of both the
upper and lower motor neurons. The diaphragm,

Patients and methods

one of the muscles affected in ALS, is also controlled
by the primary motor cortex (4-7). However, the
role of the motor cortex and upper motor neuron in
diaphragmatic function in ALS has not been fully
investigated (8,9). Transcranial magnetic stimula-
tion (TMS) has been utilized to evaluate diaphrag-
matic function in various patient situations with
clinical or subclinical respiratory disorders (10-13).

Patients

Twenty-nine patients with sporadic ALS (14 men
and 15 women: mean age, 60.8 years; range 27-78
years) participated in the study. The diagnosis of
ALS was based on the revised ‘El Escorial’ criteria
(14). All patients fulfilled the criteria for clinically
‘definite’, ‘probable’, ‘probable-laboratory sup-
ported’, or ‘possible’ ALS. Four patients had bulbar
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onset disease, and the remaining patients were of
spinal onset. No patient was ventilator dependent.
Mean disease duration was 2.5 years (range 0.4-7.8
years). Although seven patients (24.1%) had symp-
toms of dyspnoea, all patients tolerated the proce-
dures. Eleven healthy, age-matched control subjects
(seven men and four women: mean age, 64.2 years;
range: 59-74 vyears) were also investigated for
comparison. All patients and control subjects gave
written informed consent for the study, which was
approved by the ethics committee of Tokyo Metro-
politan Neurological Hospital.

Procedures

Patients and controls were supine for the duration
of the experiments unless otherwise specified. Sur-
face EMG was recorded from the left first dorsal
interosseous (FDI) and bilateral diaphragm (DPH)
muscles. For the FDI, the disk electrodes (Ag/AgCl)
were attached in a belly tendon montage. For the
DPH, two types of electrode setting were utilized.
One was a well established electrode setting devised
by Bolton et al. (15,16). The active surface electrode
(G1) was placed on the xiphoid process, and the
reference electrode (G2) was positioned at the costal
margin on each mid-clavicle sagittal line. For the
other type of electrode setting, the active electrode
(G1”) was placed 5 cm rostral to G1 on the sternal
bone, and the reference electrode (G2’) was 15 cm
lateral to G1’ and on the sixth or seventh intercostal
space. Motor responses obtained from the G1/G2
and G1°/G2’ electrodes were designated as DPH1
and DPH2, respectively. Surface electrodes have
technical limits for diaphragm EMG recording in
TMS studies because of interference of the poten-
tials by neighboring truncal muscles such as the
abdominal, intercostal, and pectoralis muscles. We
originally adopted DPH2 because it might poten-
tially reduce contamination by the abdominal mus-
cle, a large muscle adjacent to the diaphragm. DPH?2
recording is anatomically similar to the method of
Swenson et al. (17).

Responses were amplified and filtered through
Counterpoint (Dantec Co., Denmark) or Neuro-
pack electromyograph (Nihon Kohden Co., Tokyo)
with the band-pass ranging from 5 Hz to 5 kHz, a
sweep time of 500 ms, and a sampling rate at 5 kHz.
Measurements were inspected on-line and stored on
the hard drive of a computer for off-line analysis.

Nerve conduction study

In all subjects, left ulnar nerve and bilateral phrenic
nerve conduction was studied. For the ulnar nerve,

supramaximal electrical stimulation was applied at’

the wrist, and M waves were recorded from the left
FDI. The phrenic nerve was electrically stimulated at
the posterior edge of the sternocleidomastoid muscle

Monday, 17th August 2009 11:42:9

and about 2 c¢cm above the clavicle (2,15,18-20).
Recordings were rejected if electrocardiogram arti-
facts were encountered. The onset latency and peak-
to-peak amplitude of the M waves for FDI and DPH
were measured. According to previous reports, phre-
nic nerve conduction studies show excellent repeat-
ability (18) and are as reliable as median nerve
conduction studies (15). For the present phrenic
nerve conduction study, data of bilateral M waves
were used for individual subjects.

Needle EMG of the diaphragm

In 22 of the 29 ALS patients, needle EMG of the
diaphragm was undertaken with a monopolar needle
electrode inserted between the anterior axillary and
medial clavicular lines, just above the costal margin
(13,21,22). The sweep speed on the monitor was 20
ms per division, and the amplitude gain was 50 to
500 nV per division. The needle electrode was slowly
inserted perpendicular to the skin, and the dia-
phragm EMG was determined when inspiratory
bursts of the motor unit potentials clearly appeared
and also when they diminished during the expiratory
phase. During the expiratory phase between the
voluntary inspiratory bursts, abnormal spontaneous
activity such as fibrillation potentials and positive
sharp waves was checked. Fasciculation potentials
were not evaluated in this study, since they could not
be clearly distinguished from the motor unit poten-
tials firing during respiration.

TMS study

For the FDI muscle, TMS was applied through a
figure-of-eight coil (diameter of each wing: 70 mm)
using Magstim 200 magnetic stimulators (The
Magstim Co., Whitland, Dyfed, UK). The stimula-
tion site on the scalp was the primary motor cortex
where the largest MEPs with the shortest latency
were obtained from the FDI. The coil handle was
directed posteriorly and 45 degrees away from the
parasagittal line. First, the resting and active motor
thresholds (RMT and AMT, respectively) were
measured by a conventional method with a step of
2% of the stimulator output (23,24). The RMT was
the lowest stimulus intensity (%) to produce an
MEP of 50 pV in amplitude in at least three of six
successive trials on complete relaxation. The AMT
was the minimum stimulus intensity (%) that evoked
a clearly distinguishable MEP from the background
EMG activity in at least three of six consecutive
stimuli during slight muscle contraction. Subse-
quently, the MEPs during complete muscle relaxa-
tion and maximal voluntary contraction were
recorded with a maximal stimulus intensity (100%
of output). The mean amplitude and latency were
measured from six to eight consecutive MEPs.
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For the DPH muscle, we used a circular coil
(diameter, 9 cm). The center of the coil was first
placed on the vertex, and then the coil was moved
slightly to search for the motor hot spot for the DPH
on the scalp. For the right DPH, the A side of the coil
was upward and, for the left, the B side was upward
(23). When the A side was upward, the left edge of the
coil was tangentially and strictly placed over the left
hemisphere. We determined the RMT and AMT of
the DPH muscle in the expiratory and inspiratory
phases of normal breathing by visual inspection,
respectively, with a step of 5% of the stimulator’s
output, using the same definition criteria as the FDI.
This relatively wide step of intensity increase enabled
us to define the threshold more easily even in the DPH
muscle, although complete relaxation and constant
contraction was rather difficult for this muscle.
Subsequently, the MEPs in the end-expiratory and
deep-inspiratory phases were recorded with a max-
imal stimulus intensity in order to obtain the maximal
MEP responses for individual patients often having
increased threshold. The mean peak-to-peak ampli-
tude and onset latency were measured from six to
eight consecutive MEPs. In all TMS procedures, the
inter-trial interval was longer than 5 s.

Pulmonary function tests

Arterial blood gases were measured by radial stab
(Rapidpoint 400, Siemens Medical Solutions Diag-
nostics Co., USA). The absolute values of PaO,
>75 mmHg and PaCO, ranging from 40 to 42
mmHg were considered normal. In addition, to
evaluate the maximal voluntary respiratory effort,
we recorded maximal flow-volume curves in a sitting
position using a standard spirometer (Chestac-11
cyber, Chest Co., Japan). Values of forced vital
capacity (FVC) were expressed as a percentage of
the predicted values (% FVC). Values exceeding 80%
of the predicted values were considered normal.

Data analysis

We used the Mann-Whitney U-test for comparison of
each parameter between the patients and control
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subjects. We also analyzed the difference in each
parameter between patients with and without dys-
pnoea. The correlation between each parameter was
analyzed using linear regression and Spearman’s rank
correlation coefficient tests. p-values for all data were
two-sided, and the level of significance was set at 5%.

Results
Nerve conduction study

The M amplitude for the FDI muscle in the patients
(7.90+7.49 mV; mean+S.D.) was significantly
lower than that in the control subjects (19.27 +4.96
mV; p <0.0005). For the diaphragm muscle, the M
amplitude for DPH1 in the patients (0.65 +0.32 mV)
was also significantly lower than that in the control
subjects (1.0540.47 mV; p<0.001) (Figures 1
and 2). However, the M amplitude for DPH?2 showed
no significant difference between the two groups
(0.44+0.17 mV in controls versus 0.37 +0.22 mV in
patients; p =0.092). The M latency for the FDI and
diaphragm muscles in the patients showed no differ-
ences from those in the control subjects. In both the
control subjects and patients, the M amplitude of the
diaphragm showed no significant correlation with
that of the FDI muscle.

Needle electromyography

Eleven (50%) out of 22 patients showed active
denervation potentials (fibrillation potential or posi-
tive sharp wave). Six of those 11 patients showed
a%FVC of more than 70%.

TMS study

In control subjects, the RMT and AMT for the FDI
muscle were 52+7 and 39 +7%, respectively. The
amplitudes of MEPs were 7.234+2.83 and 9.51 +
2.51 mV for the relaxed and contracted FDI muscles,
respectively. For the diaphragm, the RMTand AMT
were 85-+12 and 60+9%, respectively, for DPH]1,
and 90410 and 60+9%, respectively, for DPH2.

A. Control 1 B. Control 2 C. ALS

DPH1 DPH2 DPH1 DPH2 DPH1 DPH2
Mwave LN\ - b~ b—m m Nre—
MEP (- o ! fr
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Figure 1. Representative waveforms of M waves and motor evoked potentials (MEPs) from the diaphragm muscles (DPH1 and DPH2) in
control subjects (A and B) and a patient with ALS (C). Responses were obtained in the end-expiratory and deep inspiratory phases. In the
control subjects, the inspiratory MEPs were often larger than the phrenic nerve M waves. The polarity of the DPH1 MEPs was the same as
that of M waves in Control 1 (A), but was opposite in Control 2 (B). In the ALS patient (C), MEPs from the diaphragm were abolished
even though the phrenic nerve M wave was well preserved. This patient had no respiratory complaints. Vertical and horizontal scale bars

represent 0.2 mV and 10 ms, respectively.
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Figure 2. Amplitude of M waves induced by electrical peripheral
nerve stimulation for the diaphragm muscles (DPH1 and DPH2)
in control subjects and patients with ALS. There was a significant
difference for DPHI1, but the M wave size of DPH2 showed no
difference between the two groups. **p <0.001, (Mann-Whitney
U- test). Horizontal bars represent mean values.

Representative control recordings are shown in
Figure 1A and 1B. The subjects in Figure 1A and
1B (control 1 and 2, respectively) showed larger
inspiratory MEPs than the phrenic nerve M waves. In
the subject in Figure 1A, the polarity of inspiratory
MEPs of DPH1 was the same as that of the phrenic
nerve M wave, whereas that of DPH2 was reversed.
As for the subject in Figure 1B, the polarity of MEPs
was opposite both in the DPH1 and DPH2 record-
ings. This inversed polarity might be a result of
contamination of the EMG by neighboring muscles
other than the diaphragm. The amplitudes of dia-
phragm MEPs of the end-expiratory and deep-
inspiratory phases are shown in Figures 3 and 4.
For both DPH1 and DPH2, the MEPs were indu-
cible in all control subjects both in the expiratory
and inspiratory phases, although there was a wide
variation in amplitude. The MEP amplitude of the
expiratory phase was 2 0.41+0.56 mV for DPHI1
and 0.3440.60 mV for DPH2, and that of the
inspiratory phase was 1.274+1.03 mV for DPH1
and 0.9941.16 mV for DPH2, respectively.
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Figure 3. Amplitude of MEPs from the diaphragm muscles (DPH1
and DPH2) at the end-expiratory phase in control subjects and
patients with ALS. No MEPs were evoked in 15 patients for the
DPHI1 and in 13 patients for the DPH2 muscle even with a
maximal stimulus intensity, whereas all control subjects showed
visible MEPs. There were significant differences for both DPH1
and DPH2 between controls and patients. *p <0.01 (Mann-
Whitney U- test). Horizontal bars represent mean values.
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Figure 4. Amplitude of MEPs from the diaphragm muscles (DPH1
and DPH?2) at the deep-inspiratory phase in control subjects and
patients with ALS, No MEPs were evoked in six patients for the
DPH!1 and in nine patients for the DPH2 muscle, whereas all
control subjects showed visible MEPs. There were significant
differences for both DPHI and DPH2 between controls and
patients. *p <0.01 (Mann-Whitney U- test). Horizontal bars
represent mean values.

In the ALS patients, the RMT and AMT for the
FDI were 71 +25 and 54 +25%, respectively. The
MEP amplitude for the FDI was 1.74+2.65 and
2.68-+2.86 mV for the relaxed and contracted FDI
muscles, respectively, both of which were signifi-
cantly lower than the control data (p <0.0005). For
the diaphragm, in some patients, MEPs were not
elicited even with the maximal stimulus intensity in
spite of preservation of the M wave (Figure 1C). In
such cases, we determined the threshold as 100%
and the MEP amplitude as 0 mV. Fifteen of 29
patients showed no MEPs of DPH1 in the expira-
tory phase, in six of whom no MEP was obtained
even in the inspiratory phase (Figures 3 and 4). With
regard to DPH2, 13 patients showed no expiratory
MEDPs, nine of whom had no inspiratory MEPs
(Figures 3 and 4). In total, the RMT and AMT were
90414 and 79+19% for DPH]I, respectively, and
91417 and 83 +22% for DPH2, respectively. The
AMTs for both DPH1 and DPH2 were significantly
higher than the control data (p <0.01). The MEP
amplitude of the expiratory phase was 0.12+40.29
mYV for DPHI1 and 0.1040.20 mV for DPH2, both
of which showed significant decreases compared
with the control data (p <0.01) (Figure 3). That
of the inspiratory phase was 0.46+0.47 mV for
DPHI1 and 0.254+0.36 mV for DPH2, both of which
were also significantly lower than the control data
(p <0.01) (Figure 4). As shown in Figures 3 and 4,
there were overlaps between the data of controls and
patients. In addition, variation in the normal data
made it difficult to determine the lower limits of
normal values. However, the disappearance of the
MEP from the diaphragm was observed only in
patients, whereas all healthy subjects showed visible
responses. There were no significant differences in
the diaphragm MEP latency between the patients
and control subjects. The parameters of the DPH1
and DPH2 showed no significant correlation with
those of the FDI.

— 227 —



C:/3B2WIN/temp filessy MALS420911_S100.3d{x]

Chlinical correlation

The mean arterial blood oxygen (PaO,) and bicar-
bonate pressure (PaCO,) were 81.2 mmHg (range
64.5-109.5 mmHg) and 41.1 mmHg (range 29.0—
55.8 mmHg), respectively. The % FVC ranged from
18.1 to 133.2% (mean, 72.6%). Forced vital capa-
city (% FVC) showed a weak, non-significant corre-
lation with the expiratory and inspiratory MEP
amplitudes of DPH1 (p =0.063 and 0.052, respec-
tively). p-values between%FVC and the DPH2 MEP
amplitude (0.108 and 0.103 for the expiratory and
inspiratory phases, respectively) were higher than
those between % FVC and DPHI1. For the other
clinical parameters, including PO,, PCO,, presence
of dyspnoea, and disease duration, there were no
significant correlations with the amplitude of M
waves or MEPs of the diaphragm.

The % FVC of the six patients showing disap-
pearance of the inspiratory DPH1 MEPs varied from
18.1 to 115.6%. Of these six patients, only one with
18.1% %FVC complained of daily dyspnoea, and the
remaining five (%FVC: 46.3-115.6%) had no re-
spiratory symptoms. Four of the six patients showed
a normal M amplitude of the DPH1 (0.55-0.88 mV).

Discussion

The present study revealed the disappearance of
diaphragm MEPs by TMS in ALS patients,
although some patients showed preservation of the
phrenic nerve M wave and were clinically asympto-
matic. Although the forced vital capacity showed a
weak, non-significant correlation with the dia-
phragm MEP amplitude, there was no significant
correlation between the presence of dyspnoea and
MEP amplitude (8).

In controls, there was a variability in the MEP
amplitude of the diaphragm, making it difficult to
determine the lower limit of the normal range. This
might be attributable to limitations of the recording
technique. Placement of the electrode on the motor
point is impossible in the case of the diaphragm, and
accordingly, electrical signals from the diaphragm
may be derived from a point distant to the recording
electrode. In addition, surface electrode recording
for DPH in the TMS study is contaminated by the
EMG of the abdominal, intercostals, and pectoralis
muscles. The polarity of the initial segment of the
diaphragm- MEPs was often variable, and this was
probably because the activated muscles near the
diaphragm were different between the subjects. For
the same reason, the diaphragm MEP amplitude is
sometimes greater than the M amplitude. However,
there are limited options in a clinical condition
necessitating non-invasive examinations, and the
use of chest wall electrodes is the only practical
recording technique (25). Although we applied the
DPH2 recording in an attempt to eliminate the
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effect of abdominal muscle responses, the M ampli-
tude was lower in DPH2 than in DPHI1 in control
subjects, indicating the greater participation of
diaphragmatic responses in DPH1 and less clinical
significance of DPH2.

Considering the above technical limitations and
that all healthy subjects showed visible MEPs (26),
the loss of MEPs in spite of preserved M waves is
likely to be of clinical significance in ALS. This may
come from the involvement of the primary motor
cortex, either through decreased excitability or a
reduction of the upper motor neuron pool for the
diaphragm and surrounding chest wall muscles. The
MEP amplitudes, inspiratory or expiratory, showed
no significant correlation with clinical symptoms of
dyspnoea, and did not correlate with blood gas
analysis. This suggests that the respiratory function
in ALS patients was more dependent on the function
of the phrenic nerve than of the motor cortex (3).
The cortico-diaphragmatic drive acts directly and
independently on the phrenic motor nucleus via
the corticospinal tract, ‘bypassing’ the brainstem
respiratory centers (27). In other words, if the
involuntary respiratory drive in the medulla oblon-
gata was intact under the condition of pyramidal
tract dysfunction, respiration would be preserved.

Forced vital capacity (%FVC) showed a slight,
non-significant correlation with the MEP amplitudes
of DPH1. The%FVC is more strongly influenced by
the voluntary respiratory drive directly through the
primary motor cortex rather than the medullary
respiratory center. The diaphragm motor cortex
involvement, reflected as the reduced MEP ampli-
tude, might have subclinically decreased the volun-
tary respiratory drive in our patients (11).

The present results of the FDI muscle analysis in
patients corresponded with those of previous studies
(28-30). However, we could not identify a correla-
tion between the results for the diaphragm and FDI
muscle. Although both muscles are innervated by
cervical spinal neurons, the former originates from
the upper cervical segments and the latter the lower
segments. Our results are in line with previous
studies suggesting that the deterioration of respira-
tory function in ALS was not time-linked with
upper-limb or bulbar onset of the disease (31).

Detection of the active denervation potential by the
needle EMGisimportantin establishing a diagnosis of
ALS. The limited sensitivity of the El Escorial electro-
physiological criteria leads physicians to examine as
many muscles as possible to make a correct diagnosis
(32). Disorders showing active denervation of the
phrenicnerve, other than ALS, are rare, and the needle
EMG of the diaphragm is precise for an accurate
diagnosis of ALS (22,33). Considering that the needle
EMG plays a significant role in the early diagnosis of
ALS, combination of the EMG, phrenic nerve con-
duction study, and TMS could contribute to an
increase in diagnostic sensitivity.
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