864 H. Nakata et al. / Neuralmage 42 ( 2008) 858-868

Friedman et al,, 1980; Burton, 1986), and a serial feed-forward
mode of somatosensory processing from SI to Sl has been
confirmed in monkeys (Friedman et al,, 1986; Pons et al., 1987,
1992; Garraghty et al., 1990) and humans (Disbrow et al., 2001 ;
Inui et al., 2004). Our data also indicated the peak latency of Sl to
be significantly earlier than that of the ¢Sl (Figs. 6 and 7). Several
investigators have also reported strong connections between SII
and IPL (Pandya and Seltzer, 1982; Cavada and Goldman-Rakic,
1989; Burton, 1986; Andersen et al., 1990; Wu and Kaas, 2003).
This anatomical data was also supported by our findings that the
peak latency of PPC was significantly later than that of the ¢Sl
(Figs. 6 and 7). Thus, there might be a hierarchical structure for
human pain processing from SI to IPL.

The second is parallel pain processing in SI and SII to IPL
(Fig. 8B). Anatomical studies have provided evidence that the
Sl receives nociceptive projections from lateral thalamic
nuclei (Friedman and Murray, 1986; Stevens et al, 1993).
These projections originate mostly from the ventral posterior
inferior nucleus (VPI), whereas nociceptive projections to Sl
originate predominantly from the VPL (Kenshalo et al., 1980;
Gingold et al., 1991; reviewed in Schnitzler and Ploner, 2000;
Treede et al., 2000). Thus, differences in spinal input and
response characteristics of VPl and VPL neurons indicate
anatomic and functional segregation of nociceptive pathways
from the spinal cord to SI and SII (Apkarian and Hodge, 1989;
Dong et al., 1989; Apkarian and Shi, 1994; Schnitzler and
Ploner, 2000). However, our findings did not confirm this
hypothesis, since the ECD peak latency of the thigh SI was
significantly earlier than that of cSII (Figs. 6 and 7).

Third, two parallel streams of processing may flow in the
cortical hierarchy, one from SI to IPL via area 5, and the other
via SII (Fig. 8C), based on the cortico-cortical pathways in
monkeys (Neal et al, 1986, 1987, 1990). The human Brod-
mann's areas 5/7 of PPC receives main inputs from areas 1 and
2 of SI(Pons and Kaas, 1986), and it has been shown that area 5
sends cortico-cortical fibers to [PL as a feed-forward connec-
tion (Friedman et al., 1986; Neal et al., 1986, 1987, 1990; Cavada
and Goldman-Rakic, 1989; Padberg et al, 2005). Some
neuroimaging studies using PET and fMRI showed activities
in both areas 5 and 40 after noxious stimulation (Hsieh et al.,
1995a, 1995b; ladarola et al., 1998; Davis et al., 2002; Niddam
et al,, 2002, 2008; Mainhofner et al., 2006; Staud et al., 2007).
Consequently, two parallel pathways of pain processing might
exist in the human cortico-cortical network. However, this
study could not directly address the third hypothesis, because
we did not detect the activation of area 5.

The present study could not detect the neural activities
from ACC, while some EEG studies have shown the ACC
activity by using dipole modeling (Tarkka and Treede, 1993;
Bromm and Chen, 1995; Valeriani et al., 1996, 2000; Garcia-
Larrea et al., 2003; Schlereth et al., 2003; Tsuji et al., 2006) and
intracranial recordings (Ohara et al, 2004ab,c; Frot et al,
2008). Some MEG studies also reported small MEG activities
in ACC following strong electrical stimulation (Kitamura et al.,
1995), laser stimulation (Bromm et al, 1996) and noxious
stimulation caused by specialized intra-epidermal needle
electrode (Inui et al., 2003a). However, in a common sense,
it is difficult for MEG to detect dipoles generated in the deep
areas compared with EEG, and we could not find significant
clear activity there in the present study, probably due to a
small signal-to-noise ratio.

In addition, we could not separate the neural activities of
the insula cortex from those of Sl on ECD analysis. The spatial

resolution of MEG is much higher than that of EEG, which
cannot separate activity in the insula cortex from SlI, but it
seems difficult for ECD analysis in Neuromag MEG system to
separate the activity between the insula and SII. On the other
hand, a study reported activities in the insula, using other
machines such as BTl machine (Inui et al., 2003a). This would
relate to one of disadvantages of this system that activation of
areas less than 2 cm apart can be difficult to discern (reviewed
in Hari et al, 2000). Indeed, many pain and tactile studies
using the same MEG system could not separate these activities
(Ploner et al., 1999, 2000, 2002; Kanda et al., 2000;
Timmermann et al, 2001; Raij et al, 2003; Wasaka et al,,
2003, 2005, 2007; Nakata et al., 2004; Forss et al., 2005; Kida
et al., 2006, 2007).

Activation of the IPL

In humans, a number of neuroimaging studies have shown
the IPL of PPC to be activated after noxious stimulation
(Derbyshire et al, 1994, 1997; Hsieh et al., 1995a,b, 1996;
ladarola et al., 1998; Svensson et al., 1998; Gelnar et al., 1999;
Apkarian et al., 2000; Coghill et al., 2001; Davis et al., 2002;
Gracely et al.,, 2002; Kurata et al., 2002; Niddam et al., 2002,
2008; Dunckley et al., 2005; Mainhéfner et al., 2006; Symonds
et al,, 2006; Albanese et al., 2007; Staud et al,, 2007; Ogino
et al., 2007). In these studies, the IPL of PPC is activated by
noxious stimulation more frequently than the SPL. When PPC
is activated during noxious stimulation, the percentage that
the activity of the IPL was identified is 94% (17/18) and 82%
(14/17) in right and left hemispheres, respectively. On the
other hand, the percent of the SPL is 50% (9/18) and 53% (9/17)
in right and left hemispheres, respectively.

In monkey brain, the IPL is subdivided according to Vogt
and Vogt (1919) into a caudal and rostral area, 7a and 7b,
respectively. Anatomical evidence indicates that some neu-
rons in the IPL including monkey area 7b, which is located in a
similar region to Brodmann's area 40 in humans, responded
exclusively to noxious mechanical stimulation to accurately
encode stimulus duration (Dong et al., 1989, 1994; reviewed in
Treede et al., 1999), and monkey area 7b also contains more
neurons, which respond to nociception, than SII (Robinson
and Burton, 1980). To our knowledge, we do not know any
monkey studies examining the neuron activity in the IPL to
laser stimulation. However, there are some fMRI and PET
studies in humans that the IPL was activated by laser
(Derbyshire et al., 1997) and mechanical stimulation (Gracely
et al.,, 2002; Mainhdfner et al., 2006). Thus, we consider that
IPL may play some roles in pain processing, not depending on
a kind of noxious stimulation.

However, the temporal dynamics of IPL during pain proces-
sing is not well understood. Some patient data have shown that
Brodmann's area 40 in IPL is related to the discrimination and
sensation of pain (Schmahmann and Leifer, 1992; Bassetti et al.,
1993). IPLs are polymodal association cortices with a role in pain
processing, especially in orientating attention toward a noxious
stimulation and the high sensory integration of pain (Dunckley
et al., 2005; Oshiro et al., 2007). In addition, several neuroima-
ging studies revealed right lateralized activation in IPL during
noxious stimulation, regardless of the side stimulated (Coghill
et al., 2001; Symonds et al., 2006). According to Coghill et al.
(2001), Brodmann's area 40 in IPL is activated during noxious
stimulation, but is also active during non-painful thermal
stimulation and not sensitive to the intensity of the thermal
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stimulus (Coghill et al,, 2001). The present study was not de-
signed to evaluate the difference in activities of IPL between the
right and left hemispheres after noxious stimulation of the
thigh, but the data obtained using MEG confirmed the activation
of IPL within the right cerebral hemisphere.

Activation of the thigh SI

The foot Sl is located deeper, facing the interhemispheric
fissure, and not on the cortical surface. Based on the structural
organization of the brain, Hari et al. suggest that the foot Sl is
cytoarchitectonically different from the hand SI (Hari et al,,
1996). They recorded somatosensory evoked magnetic fields
(SEFs) after presenting tactile stimulation to the left and right
tibial nerves at the ankles. Of note, they found that the dipole
orientation of the foot SI changed dynamically with counter-
clockwise rotation. This result has been confirmed (Fujita
et al., 1995; Kakigi et al., 1995b). Taking these previous studies
into consideration, we were afraid of not being able to identify
the activities in Sl, if we presented noxious stimulation to the
foot. That is, since the dipole location and orientation of the
foot Sl is very complicated, it is possible that MEG could not
detect the activity precisely. This is because MEG has difficulty
in detecting brain dipoles radial to the skull, and dipoles
generated in deep areas (Kakigi et al,, 2000 and Hari et al.,
2000).

The present MEG study recorded the neural activity of the
thigh SI after noxious stimulation. Previous neuroimaging
studies using fMRI and PET have also indicated the hemody-
namic response of the foot SI relating to noxious stimulation
(Andersson et al,, 1997; Porro et al., 1998, 2002, 2003; Chen et al,,
2002; Bingel et al., 2004; Ferretti et al., 2004; Moulton et al,,
2005). As shown in Table 3, the mean Talairach coordinates
among these previous studies were X=9.2 mm, Y=-37.0 mm,
and Z-=64.3 mm in the right hemisphere, and X=-7.7 mm, Y=
-37.7 mm, and Z=60.8 mm in the left hemisphere. In the
present study, the mean Talairach coordinates of SI were X=
9.1 mm, Y=-34.2 mm, and Z=56.5 mm, respectively, showing
similar regions of SI to previous neuroimaging studies. S is
involved in determining the localization and intensity of a
stimulus for the sensory-discriminative component of the
nociceptive system, as well as the tactile system (Treede et al.,
1999: Schnitzler and Ploner, 2000). Because of the limited

Table 3
Talairach coordinates of primary somatosensory cortex (S1) evoked by noxious
stimulation of the foot in previous neuroimaging studies

Scan Pain stimulus x 7 z
Right hemisphere
Porro et al, (1998} MRI Ascorbic acid, saline 7 =40 60
Chen et al, (2002) MR Contact heat 16 =33 68
Porro et al. (2002) MRl Ascorbic acid 10 -35 B5
Porro et al. (2003) MRI Ascorbic acid, saline 6 =37 58
Bingel er al. (2004) MR laser 9 -36 66
Moulton et al (2005} MR Contact heat 7 -39 69
Average 92 -370 643
Left hemisphere
Andersson et al. (1997)  PET Capsaicin =1 -34 60
Porro et al. (2002) IMRI Ascorbic acid =10 =-35 65
Porro et al. (2003) MRI Ascorbic acid. saline -6 =37 58
Bingel et al. (2004) MR Laser =1 =39 57
Ferretti et al. (2004) IMRI  Electrical -4 -42 59
Moulton et al, (2005) MRI Contact heat =16 -39 66
Average -77 =317 608

MMRI = functional magnetic resonance imaging; PET= positron emission tomography.

spatial resolution of ECD estimation, we could not refer to the
precise regions of SI, that is, which area of S was activated after
noxious stimulation of the thigh. Some MEG studies suggest the
generation of a nociceptive response in area 1 (Kanda et al.,
2000; Ploner et al., 2000; Inui et al,, 2003b), and an EEG study
using a dipole source analysis also indicated area 1 or 2
(Schlereth et al., 2003). In addition, intracortical and subdural
recording studies tried to conciliate EEG and MEG findings by
showing that such postcentral activity was located outside of
area 3b (Kanda et al., 2000; Valeriani et al., 2004; Ohara et al.,
2004a). It was suggested to arise from a more posterior area
such as area 1 or 2, or deeper in area 3a. Consistent with these
studies, previous studies recording neuronal activity in mon-
keys have revealed that nociceptive neurons in S| were
frequently found at the rostral and caudal borders of area 1
(Kenshalo and Isensee, 1983; Chudler et al., 1990). On the other
hand, Tommerdahl et al. using intrinsic optical imaging showed
evidence that area 3a of SI was activated by nociceptive input
(Tommerdahl et al., 1996, 1998). Our findings suggest that the
thigh SI was activated after noxious stimulation, but further
studies are needed to identify the precise location.

Comparison between the present study and previous MEG studies

Some MEG studies reported a simultaneous activation of SI
and SlI, with peaks at a latency of about 170 ms after noxious
stimulation of the hand, indicating a parallel thalamocortical
distribution of nociceptive information (Ploner et al., 1999,
2000, 2002; Inui et al., 2002; Nakata et al., 2004). However, a
critical issue in these studies was that the peak latency of SI
was significantly and/or clearly later than that of Sll, though
onset latency was similar between SI and SII. Peak latency has
been used to know the time course of neural activities in
neurophysiological studies, such as with MEG and EEG. As for
the onset latency of ECD moment waveforms, we inferred that
the evaluation included a technical problem of analysis,
because the onset of ECDs was defined by visual evaluation
of experimenters. For example, in Fig. 6 of the present study,
the evaluation of the onset was complicated in some subjects.
Strictly speaking, data on the onset latency from previous
MEG studies showed “almost the same latency”, not “exactly
the same latency”. Thus, even if the onset latencies differed
between SI and SII, the difference might not be reflected
clearly on the ECD moment waveform. However, the peak
latencies for each component were easily defined in all
subjects, and the data indicated "just latency”.

In addition, we considered that there are several hypoth-
eses to interpret the delay in peak latency of SI in some
previous MEG studies. One hypothesis is that the nociceptive
information flowed from SII to SI. However, as indicated earlier,
hierarchical somatosensory information basically flows from
Sl to SIl in the cortex. Thus, this hypothesis can be ruled out,
because of the contradictory pattern observed. A second
hypothesis is that the response recorded at about 170 ms
after noxious stimulation indicated the neural activity of PPC,
not SL It is possible that noxious somatosensory information
flows from SII to PPC, since Forss et al. reported that a cortical
pain network included SII and PPC, not SI (Forss et al., 2005).
They referred to area 5/7 as the source of PPC activity. However,
SII does not project at all to area 5 in monkeys (Jones and
Powell, 1969; Stanton et al., 1977; Friedman et al., 1986), while
some studies reported findings on projections from Sl to area
5 in cats (Burton and Kopf, 1984; Avendafio et al., 1988). Thus,
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direct cortical projections from Sl to area 5 may not exist in the
human cerebral cortex. Moreover, since a large number of
studies have shown a role for SI in human pain processing
(Treede et al., 2000; Treede and Lenz, 2006), further studies
would be needed to clarify the second hypothesis in more
detail. A third hypothesis is that the activities of the hand SI
and PPC overlapped during a similar period after the stimula-
tion, because the distance between the hand SI and PPC is
anatomically very small. In Fig. 5, this notion was verified and
the hand Sl and PPC could not be separated after stimulation of
the hand dorsum. This hypothesis does not exclude the
findings of both Forss et al. (2005) and those of some MEG
studies showing the activity of SI. We considered that the
location of the ECD should change for each subject, depending
on whether dipole strengths are larger for SI or PPC. The
current study confirmed the third hypothesis by presenting
noxious stimulation to the thigh.

Summary

The present study investigated human pain processing
using MEG following the application of a YAG laser to the left
thigh. The pain-related activities were recorded in the
contralateral thigh SI, IPL (Brodmann's area 40), and bilateral
SII. The mean peak latencies of SI, ¢Sll, iSIl, and IPL were 152,
170, 181, and 183 ms, respectively. The differences of peak
latencies among these activities indicated a serial mode of
pain processing from Sl to IPL, and the time course of each
activated region.
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Abstract

Evidence suggests that the arterial baroreceptors modulate pain. To examine whether cortical processing of nociception is mod-
ulated by natural variations in arterial baroreceptor stimulation during the cardiac cycle, peak-to-peak amplitudes of the N2-P2
pain-related potential and pain ratings were recorded in response to noxious laser stimulation at different times during the cardiac
cycle in 10 healthy males. Significant variations in the N2-P2 amplitudes occurred across the cardiac cycle, with smaller amplitudes
midcycle, indicating that cortical processing of nociception was attenuated during systole compared to diastole, Pain ratings did not
vary across the cardiac cycle. These data support the hypothesis that arterial baroreceptors modulate the processing of nociception

during each cardiac cycle.

© 2007 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The arterial baroreceptors are stretch receptors located
in the aortic arch and carotid sinus that are naturally stim-
ulated during systole by distension of the arterial wall by
the pressure pulse wave [24]. Baroreceptor activation has
been shown to inhibit sensory [18] and motor [23] pro-
cesses. Mounting evidence indicates that pain and noci-
ception also vary with baroreceptor activity. Using the
nociceptive flexion reflex, a polysynaptic spinal reflex that
facilitates withdrawal from noxious stimuli to avoid tissue
injury [39], a series of studies found that nociception was
attenuated during systole, when the baroreceptors are
most active, compared to diastole [2,13-15.26]. In con-
trast, concurrent pain ratings did not vary across the car-
diac cycle [13-15]. However, pain was attenuated when

" Corresponding author. Tel.: +44 121 415 8785; fax: +44 121 414
4121.
E-mail address: L. Edwards@bham.ac.uk (L. Edwards).

the carotid baroreceptors were artificially stimulated,
beyond the normal physiological range, by neck suction
(for review, see [33]).

Studies have also examined the effects of neck suction
on pain-related evoked brain potentials comprising a
negativity (N2) followed by a positivity (P2). These
potentials correlate with both pain reports and stimulus
intensity [9] and are atienuated by centrally-acting anal-
gesics [41], and therefore, have been interpreted as
reflecting the cognitive processing of a noxious stimulus
[20]. Both N2 and P2 amplitudes [28] and the peak-to-
peak N2-P2 amplitude [3] elicited by noxious intracuta-
neous electrical stimulation of the finger were found to
be attenuated by neck suction. However, another study
has reported that the N2-P2 amplitude was augmented
by neck suction [5]. Accordingly, these studies indicate
that stimulation of the arterial baroreceptors can modu-
late processing of noxious stimuli.

To date, no studies have investigated whether natural
variations in baroreceptor stimulation across the cardiac

0304-3959/$34.00 © 2007 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved
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cycle, in the normal physiological range, influence corti-
cal processing of noxious stimuli. The current study
investigated the influence of the cardiac cycle, as an
index of pulsatile variations in blood pressure, on the
cortical processing of nociception. The study used thu-
lium-evoked laser stimulation, that exclusively activates
nociceptive nerve fibers, to evoke pain-related late brain
potentials [22,29]. Based on previous findings that the
nociceptive flexion reflex is attenuated during systole,
it was hypothesised that the N2-P2 amplitude, an objec-
tive index of the degree of induced pain [6], would be
smaller during systole than diastole.

2. Methods
2.1. Participants

Ten healthy male normotensive volunteers, with a mean age
of 33 years (SD = 6), mean height of 171 cm (SD = 4), mean
weight of 65kg (SD = 6), mean systolic blood pressure of
120 mmHg (SD = 11), mean diastolic blood pressure of 77
mmHg (SD = 9) and mean heart rate of 63 bpm (SD = 11),
participated in the study. All participants were free from neu-
rologic and psychiatric diseases and psychiatric and analgesic
medications. Participants were asked to refrain from alcohol,
caffeine and smoking for at least 12 h prior to testing. The
study was approved by the Ethics Committee at National
Institute for Physiological Sciences, Okazaki; all volunteers
gave informed consent to participate,

2.2, Laser stimulation

A thulium:YAG laser stimulator (Carl Baasel Lasertech,
Starnberg, Germany) was used to produce noxious stimuli.
Laser pulses (1 ms in duration, 2000 nm in wavelength, and
3mm in spot diameter) were delivered to the dorsum of the
right hand at an interval of between 15 and 20 s. The irradiated
points were moved slightly for each stimulus to avoid tissue
damage and habituation of the receptors. At the start of the
session, 10-20 laser stimuli were delivered to determine the
stimulus intensity required to produce a painful sensation.
After each stimulus, the participants rated the stimulus using
a visual analogue scale (VAS), with anchors of 0 (no painful
sensation) and 100 (imaginary intolerable pain sensation). A
stimulus intensity (M = 158, SD =9 mlJ), rated as approxi-
mately 50 on the VAS, was used to examine pamn-related
evoked potentials (see below). At this laser intensity, all sub-
jects rated the stimulus as a pricking pain sensation. Trained
subjects can discriminate the first and second pain sensations,
however, no subjects in this study reported a sensation other
than pricking.

2.3. Laser evoked potential recording

The laser evoked potentials were recorded with an Ag/AgCl
disk electrode placed over Cz (vertex), referred to the linked
carlobes (Al + A2) of the International 10/20 System. A pair
of electrodes placed on the supra- and infra-orbit of the right
eye was used for recording an electro-oculogram. An electro-

cardiogram was recorded using a pair of disk electrodes placed
on each forearm. The impedance of all electrodes was kept
below 5kQ. The -electroencephalographic signals were
recorded with a 0.1 to 100 Hz bandpass filter and digitized at
a sampling rate of 1000 Hz. The period of analysis was
800 ms before to 600 ms after stimulus onset; the pre-stimulus
period was used as the DC baseline. Individual trials contain-
ing artifacts due to eye blinks were rejected before averaging.

2.4. Procedure

Each subject was seated in an armchair in a quiet, electri-
cally shielded, and temperature controlled (24 to 26 °C) room.
Laboratory systolic blood pressure (mmHg), diastolic blood
pressure (mmHg), and heart rate (bpm) were measured three
times using a mercury sphygmomanometer and a brachial cuff
attached to the participant’s upper left arm. The experimental
session consisted of 5 blocks of 12 trials. Each block was sep-
arated by a 10-min rest period. During the experiment, a fixa-
tion point (a white circle 2 cm in diameter) was displayed on a
screen 1.5 min front of the subjects from 10 to 15 s before until
2 s after each stimulus, Subjects were instructed to look at the
fixation point when it was displayed. Two seconds after the
onset of each stimulus, the fixation point disappeared and
‘VAS' was displayed for 3 s, during which subjects rated the
perceived sensation. Then the fixation point appeared again
to prepare the next stimulus. The participants were instructed
to rate the perceived pricking sensation associated with each
laser stimulation by marking a 100 mm VAS.

2.5, Data reduction and analysis

The R-wave latency relative to stimulus onset (ms) and
peak-to-peak amplitude (uV) of the N2-P2 component were
measured in each trial. The peak of N2 and P2 was determined
during a latency period of 180-240 and 280-400 ms, respec-
tively, for each trial. To show the variability of N2/P2 compo-
nents in each trial, the waveforms of 12 consecutive trials in a
representative participant are depicted in Fig. 1. In addition,
the amplitudes of each N2 and P2 component were measured,
using a DC offset. from the prestimulus baseline of —100 ms to
the peak negativity and positivity, respectively. Trials were
then sorted into one of eight 100 ms wide intervals (¢ach inter-
val is labeled by its midpoint), whose minimum and maximum
indicated the timing of the noxious stimulation after the R-
wave: 0-99 ms (R + 50 ms), 100-199 ms (R + 150 ms), 200
299 ms (R + 250 ms), 300-399 ms (R + 350 ms), 400-499 ms
(R+450ms), 500-599ms (R+550ms), 600-699 ms
(R + 650 ms) and 700-800 ms (R + 750 ms). The mean (SD)
number of trials per R-wave to stimulation interval was 5.0
(1.6), 5.3 (2.8), 6.3 (2.8), 54 (2.8), 54 (1.8), 6.2 (1.9), 54
(2.9), 6.4 (2.2) for R-wave intervals R + 50 to R + 750 ms,
respectively. All participants provided data for every R-wave
to stimulation interval. Data were lost (25% of total number
of trials) on trials with blink artifacts and trials when the R-
wave occurred more than 800 ms before the onset of noxious
stimulation. The mean N2, P2 and N2-P2 peak-to-peak ampli-
tudes (uV) and pain ratings were calculated for each R-wave 1o
stimulation imterval. Repeated measures analyses of variance
(ANOVAs) with R-wave to stimulation interval (i.e., R + 50,
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Fig. 1. Pain-related evoked potential waveforms of 12 consecutive
trials, depicting N2 and P2, in a representative participant,

R+ 150, R-+250, R+350, R+450, R+550, R+ 650,
R + 750 ms) as a within-subjects factor were performed on
the N2, P2 and N2-P2 amplitudes and pain ratings. ANOVAs
were corrected for the assumption of independence of data
points using the Huynh-Feldt correction (&). Eta-squared
{1;3}, a measure of effect size, is also reported. A significance
level of .05 was adopted, Significant results were followed by
LSD post hoce tests. The data were analyzed using Statistica’99.

3. Results
3.1. N2-P2 peak-to-peak amplitudes

A repeated measures ANOVA (8 Intervals) revealed
significant variations in the N2-P2 amplitude across
the cardiac cycle, £=.74, A7, 63)=3.15, p=.02,
n* = 26, which were characterized by a quadratic trend,
H1,9) = 29.83, p = 0005, * = .77 (see Fig. 2). Post hoc
comparisons confirmed that the N2-P2 amplitudes elic-
ited by stimulation at R + 250, R + 350 and R + 450 ms
were smaller than those elicited at R + 50, R + 150 and
R + 750 ms. For illustrative purposes, the grand mean
waveforms, averaged for the early (R + 50,
R + 150 ms), middle (R + 250, R + 350, R + 450 ms)

N2-P2 Peak-to-Peak Amplitudes (V)

50 150 250 50 450 550 650 750
R-Wave to Stimulation Interval (ms)

Fig. 2. Mean (SE) N2-P2 peak-to-peak amplitudes as a function of
phase of the cardiac cycle. A repeated measures ANOVA revealed
significant variations in the N2-P2 amplitude across the cardiac cycle
(p = .02). Post hocs comparisons confirmed that N2-P2 amplitudes
elicited by stimulation at R + 250, R + 350 and R + 450 ms were
smaller than those elicited at R+ 50, R+ 150 and R+ 750 ms.
N =10, Trials = 45. SE =8D + \/N.

and late (R + 550, R + 650, R + 750 ms) phases of the
cardiac cycle, are presented in Fig. 3, where it can be
seen that the amplitudes were smaller mid-cycle com-
pared to early and late cycle.

3.2. N2 amplitudes

A repeated measures ANOVA (8 Intervals) revealed
significant variations in the N2 amplitude across the car-
diac cycle, &= .99, F7, 63)=4.13, p=.001, n* = 31,
which were characterized by a quadratic trend, A1,
9) =2543, p=< 001, y° =.74 (sec Fig. 4). Post hoc
comparisons confirmed that the N2 amplitudes elicited
by stimulation at R + 250 ms were smaller than those
elicited at R + 50, R + 150, R + 650 and R + 750 ms.
Stimulation at R + 350 ms produced smaller N2 ampli-
tudes than R + 150, R + 650 and R + 750 ms. Finally,
stimulation at R -+ 450 ms produced smaller N2 ampli-
tudes than R + 650 and R + 750 ms.

3.3. P2 amplitudes

A repeated measures ANOVA (8 Intervals) did not
reveal significant variations in the P2 amplitude across
the cardiac cycle, ¢ = .84, F7, 63)=0.73, p= .63,
q: = .07 (see Fig. 5).

3.4. Pain ratings

A repeated measures ANOVA (8 Intervals) revealed
no significant differences in pain ratings across the car-
diac cycle, e=.64, F(7, 63)=1.10, p= 37, q: =.}1
(see Fig. 6).
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Fig. 3. Grand average pain-related evoked potentials waveforms
grouped into ecarly (R+ 50 to R+ 150 ms), middle (R + 250 to
R + 450 ms), and late (R + 550 to R + 750 ms) phases of the cardiac
cycle. N = 10, Trials = 45,

4. Discussion

The present study found significant variations across
the cardiac cycle in the amplitude of the N2-P2 pain-
related components of the evoked potential elicited by
noxious laser stimulation. The N2-P2 amplitude differ-
ence is believed to be an objective index of the degree
of induced pain [6]. Indeed, positive relationships have
been found between the intensity of noxious laser stim-
uli, the amplitude of the N2-P2, and the magnitude of
pain sensation [7]. The observation of smaller amplitude

N2 Amplitudes (V)
= o8

-
o

-
Y

50 150 280 350 480 550 650 750
R-Wave to Stimulation Interval (ms)

Fig. 4, Mean (SE) N2 amplitudes as a function of phase of the cardiac
cycle. A repeated measures ANOVA revealed significant vaniations in
N2 amplitude across the cardiac cycle, (p = .001). Post hocs compar-
isons confirmed that N2 amplitudes elicited by stimulation at
R +250ms were smaller than those elicited at R+ 50, R+ 150,
R + 650 and R + 750 ms, Stimulation at R + 350 ms produced smaller
N2 amplitudes than R+ 150, R+ 650 and R + 750 ms. Finally,
stimulation at R +450 ms produced smaller N2 amplitudes than
R + 650 and R + 750 ms. N = 10, Trals =45. SE =SD+ /N,

32 4
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Fig. 5. Mean (SE) P2 amplitudes as a function of phase of the cardiac

cycle. A repeated measures ANOVA did not reveal significant

variations in the P2 amplitude across the cardiac cycle (p=.63).
N=10, Trials =45 SE=SD+ /N.

N2-P2 waveforms during the middle of the cardiac cycle
indicates that pain-related cortical responses were atten-
uated during systole compared to diastole. Accordingly.
these data support the hypothesis that stimulation of the
arterial baroreceptors by natural changes in blood pres-
sure during the cardiac cycle has a dampening effect on
the nociceplive system.

In the present study, we only recorded the N2-P2
components ol the evoked potential from one electrode
at Cz. Therefore, the data cannot reveal the precise
mechanisms of N2-P2 modulation across the cardiac
cycle. However, the grand-averaged waveform (see
Fig. 3) suggests that the cardiac cycle effect was larger
for N2 than P2. Indeed. separate analyses of the N2
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Fig. 6. Mean (SE) VAS pain ratings as a function of phase of the
cardiac cycle. A repeated measures ANOVA revealed no significant
differences in pain ratings across the cardiac cycle (p =.37). N = 10,
Trials = 45, SE = 8D + /N.
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and P2 components revealed cardiac cycle time effects
for N2 and not P2, The N2 and P2 components are gen-
erated mainly in the anterior cingulate cortex [8,43,46].
In addition to anterior cingulate cortex, the secondary
somatosensory cortex or insula cortex contribute to
shape the N2 component [8.31,43,46]. Therefore, our
findings are compatible with the hypothesis that the tar-
get site of the interaction between N2 and P2 and baro-
receptor output is the somatosensory or insula cortex.
Further studies employing multi-channel recordings
are required to test this hypothesis.

This is the first study. to our knowledge, to describe
modulation of the pain-related evoked potential with
natural variations in baroreceptor activation across the
cardiac cycle. The current findings broadly agree with
previous research which has reported reduced N2-P2
amplitudes elicited by intracutaneous stimulation of
the finger during artificial stimulation of the barorecep-
tors using neck suction [3,28]. In addition, the current
data are in line with reports of dampened lower limb
nociceptive flexion reflex responding during systole com-
pared to diastole [13-15,26]. The modulating effect of
the cardiac cycle on the brain appears not to be exclusive
to nociception. Auditory and visual perception vary
with the phase of the cardiac cycle: sensitivity is gener-
ally lowest at the start of the cardiac cycle and increases
as the cycle progresses [37.40]. Further, modulation of
visual and auditory event-related potentials has been
demonstrated during systole and diastole: the P1 com-
ponent of the visual evoked potential [47] and the NI
component of the auditory evoked potential [38] were
smaller during systole. Previous research has demon-
strated that rhythmic oscillations of the EEG, most
notably in the alpha range, were time locked to the car-
otid pressure wave [48]. Other research has examined the
effects of artificial baroreceptor stimulation on the brain.
A classic study in cats showed that mechanical stimula-
tion of the carotid sinus baroreceptors had an inhibitory
influence on cortical excitability [4]. Further, artificial
baroreceptor stimulation in humans has been shown to
cause a substantial reduction in slow cortical negative
potentials, particularly the contingent negative varia-
tion, an index of cortical arousal [17.34,35]. Accord-
ingly, the current cycle time effect for the pain-related
evoked potential adds to a compelling body of evidence
for a relationship between the cardiovascular system and
the brain.

Pain was not modulated across the cardiac cycle in
the current study. This is in line with previous studies
which found no differences in pain reports for electrocu-
taneous stimuli delivered at various intervals after the
R-wave of the electrocardiogram [13-15], These findings
contrast with the results of other studies that employed
artificial baroreceptor manipulations. These studies
reported that pain was lower during systole compared
1o diastole during neck suction [2], during repeated neck

suction and compression [28,32], as well as during single
neck suction and compression pulses [13]. These contra-
dictory findings may be due to differences between nat-
ural and artificial baroreceptor stimulation studies in
terms of the level of baroreceptor stimulation achieved.

The mechanism by which pain-related cortical pro-
cessing is attenuated by the cardiac cycle has yet to be
determined. However, it is reasonable to assume that
these effects might be due to natural fluctuations in arte-
rial baroreceptor activity across the cardiac cycle (see
[15,16]). The integrated baroreceptor output of aortic
baroreceptors located in the aortic arch and carotid
sinus can be estimated to extend from 90 to 390 ms after
the R-wave. The current study found that the N2-P2
amplitude was attenuated when noxious stimuli were
delivered to the hand during the 200-299, 300-399 and
400499 ms intervals after the R-wave. The onset
latency of cortical activity in SI and SII, the proposed
site of interaction, following noxious YAG laser stimu-
lation to the hand has been recorded at 90-110 ms
[30,49]. Thus, as N2-P2 was modulated from 200 ms
after the R-wave. the earliest time the SII must be
affected by baroreceptor activity is 290 ms after the R-
wave. Accordingly, the observed pattern of modulation
of the N2-P2 amplitude is compatible with the pattern
of baroreceptor activation when a sensory transduction
and processing delay of approximately 150 ms is
included. This 150 ms delay may be explained by neural
transmission times within the brainstem. For example,
electrical stimulation of baroreceptor afferents in dogs
and cats has been shown to cause inhibition of sympa-
thetic activity with a latency of 150-200 ms, dependent
on the recording site at the spinal level [10,36]. Allowing
10-15 ms for transmission of nerve impulses from caro-
tid sinus and aortic arch to the nucleus of the solitary
tract [42], and approximately 30 ms from the rostral
ventrolateral medulla to sympathetic preganglionic neu-
rons [25], this leaves 100-150 ms for transmission in the
lower brainstem from the nucleus of the solitary tract to
the rostral ventrolateral medulla [11]. This 100-150 ms
transduction latency could perhaps explain the 150 ms
delay between baroreceptor activation and atlenuation
of the N2-P2 amplitudes found in the current study.
Further, there is substantial evidence suggesting that
structures involved in the baroreflex pathway could also
influence the pain system (for review, see [19]). For
example, stimulation of the nucleus of the solitary tract
induces antinociception [1] and the A5 cell group and
locus coeruleus are sources of descending noradrenergic
fibers that modulate spinal nociceptive transmission
[27]. Furthermore, other evidence shows that pain areas
are involved in baroreflex control. The periagueductal
grey matter, which produces analgesia when stimulated,
can modulate the arterial baroreflex [21]. The nucleus
raphe magnus in the rostral ventrolateral medulla,
which plays a role in pain modulation, is involved in
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the baroreflex pathway mentioned above, and also con-
lains neurons that respond to noxious stimuli that show
spontaneous fluctuations in phase with both natural
variations and experimentally-induced changes in blood
pressure [44.45]. Accordingly, this evidence demon-
strates a close integration of areas involved in pain mod-
ulation and cardiovascular regulation.

The current study should be interpreted in light of
some possible limitations. Neither blood pressure nor
vessel diameter was measured during laser stimulation.
Accordingly, the extent to which the pulse pressure wave
distended the aortic arch and carotid sinus was not char-
acterized, and therefore, the precise timing and magni-
tude of arterial baroreceptor stimulation is not known.
Further, respiration was not measured in the current
study and therefore the potential moderating effects of
the phase of the respiratory cycle on the effects observed
across the cardiac cycle were not determined. Given that
baroreceptor function can vary between inspiration and
expiration [12], research is needed to explore these puta-
tive effects. The sample size may be considered a poten-
tial weakness. However, many pain-related evoked
potential studies tested similar numbers of participants,
This study only tested men and therefore the generaliz-
ability of the cycle time effect for the N2-P2 amplitude
needs to be determined in female participants. Accord-
ingly, firm conclusions regarding the influence of barore-
ceptor activation on pain-related cortical processing
should not be drawn until the current findings have been
replicated by larger studies of mixed gender.

In conclusion, variations in the N2-P2 amplitudes
across the cardiac cycle, with smaller amplitudes mid-
cycle, indicated that cortical processing of nociception
was attenuated during systole compared to diastole.
These data support the hypothesis that arterial barore-
ceptors modulate the processing of nociception during
each cardiac cycle.
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Multiple-Cell Spike Density and Neural Noise
Level Analysis by Semimicroelectrode
Recording for Identification of the Subthalamic
Nucleus During Surgery for Parkinson’s
Disease
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ABSTRACT

Objective. For targeting the subthalamic nucleus (STN), we attempted to quantify the changes in multiple cell activities by computing
the neural noise level and multiplecell spike density (MSD). Methods. We analyzed the neural noise level and MSD by stepwise
recording at every 0.25-mm increment during the final tracking in 90 sides of 45 patients with Parkinson's disease. The MSD was
analyzed with cut-off levels ranging from 1.2- to 2.04old the neural noisc level in the internal capsule or zona incerta in each
trajectory. Results. The dorsal boundary of the STN was identified from an increase in the neural noise ratio in all sides, The ventral
boundary was identifiable, however, from a decrease in the neural noise ratio in only 70 sides (78%). In contrast, both the dorsal and
ventral boundaries were clearly identified from an increase and a decrease in the MSD, respectively, in all of the 90 sides.
Conclusion. MSD analysis by semimicroelectrode recording represents a useful, practical, and apparently reliable means for identifying
the boundaries of the STN.

KEY WORDS: Deep brain stimulation, Parkinson's disease, semimicrelecirode, subthalamsc nucleus.

passed through the dorsal boundary of the STN, densely
distributed cells characterized by irregular discharges are
encountered (10,12,18). Detection of cells characterized
by rapid and tonic discharges indicates that the electrode
has passed through the dorsal boundary of the STN (14).

The ventral boundary of the STN, however, is some-
times unclear (10). This is because the cells in the STN

Introduction
Deep brain stimulation (DBS) of the subthalamic nucleus

(STN) affords great benefits to the daily activity of patients
with advanced Parkinson’s disease (PD) (1-4). Most recent
reports have placed emphasis on the microelectrode record-
ing of single cell activity to refine the anatomical targeting
of the STN during surgery (5-11). When the electrode has

Submitted: July 10, 2007; accepted: September 11, 2007.
Address correspondence and reprint requests to: Yoichi Katayama, MD, PhD, Department of Neurological Surgery, Nihon University
School of Medicine, 30-1 Ohyaguchi Kamimachi, Itabashi-ku, Tokyo 178-8610, JAPAN. Email: ykatayam@med.nihon-u.acjp

© 2008 International Newromodulation Society, 1094-7159/08/$15.00/0




2 - KANO ET AL

show several different discharge patterns (12,14). Multiple
sampling of single cell activities is useful through changing
the location of the electrode tip to determine whether or
not the electrode has passed through the ventral boundary
of the STN and entered the small band of white matter
and pars reticulata of the substantia nigra (SNr).

We have been employing semimicroelectrode recording
(1,15-18) for many years in an attempt to refine anatomical
targeting. The semimicroelectrode can detect electrical
events arising from a relatively wide area. This method
results in stable recordings of spikes and neural noise
generated by multiple cells at any location of the electrode
tip, and enables stepwise recording with predetermined
intervals. In addition, a relatively blunt tip of the semimicro-
clectrode, as compared to a sharp tip of the microelec-
trode, may be associated with a lower risk of hemorrhagic
complications (14,19).

Semimicroelectrode recording of multiple cell activities
as a whole reveals robust changes at the dorsal and ventral
boundaries of the STN, and, therefore, appears to be more
practical and timesaving, Litte has yct been reported,
however, conceming the standardization of such a technique.
We attempted in the present study to quantify the changes
in multiple cell activities by computing the multiple-cell
spike density (MSD).

Materials and Methods

Patient Population

We analyzed data from intraoperative semimicroelectrode
recordings in 45 patients, including 23 men and 22 women
ranging in age from 42 to B0 (mean = 65), who underwent
single-stage surgery for bilateral STN-DBS. These patients
were diagnosed as having idiopathic PD and demonstrated
past evidence of a good response to levodopa, but were
disabled by severe motor symptoms despite receiving
medications at a tolerable dose and schedule. The patients’
Hoehn and Yahr stage with medication was within the
range from stage I11-V during the off-period, and stage
[I-1V during the on-period. The patients and their
families gave informed consent for STN-DBS with intra-
operative semimicroelectrode recording to be performed.
Patients continued best medication on the day before
the DBS operation and even on the morning of the day
of the DBS operation. The clinical characteristics and
demographic data for all 45 patients are summarized
in Table 1.

Surgical Procedures
A Leksell Series G head frame (Elekta Instrument AB,

Stockholm, Sweden) was fixed to the skull. Magnetic
resonance imaging (MRI; 1.5-tesla unit; Siemens Magnetom
Vision®, Siemens AG, Erlangen, Germany) was carried out
at a2 l-mm slice thickness, and the anterior commissure

TABLE 1. Clinical Characteristics and Demographic Data for All 45
Patients

Characteristics

No. of patients 45

Male/female ratio 23:22
Age (years)®

At diagnosis 553182

Al surgery 65.0£75
LED (mg/day) 627.0 4 3059
UPDRS parts 1-4*

On period 39.3418.0

Off period 63.4+209
UPDRS part 3°

On period 2174126

Off period 3794145

*Data are expressed as the means £ 5D,
LED, levodopa equivalent dose; UPDRS, Unified Parkinson’s Disease
Rating Scale.

and posterior commissure were identified with specialized
software (Leksell SurgiPlan®, Elekta Instrument AB).

In an attempt to minimize cerebrospinal fluid leakage
and, consequently, intraoperative brain shift, the head was
elevated to approximately 30 degrees from the horizontal
plane and the burr hole was made 30-35 mm anterior to
the coronal suture and 20-25 mm lateral to the midline
(17,20,21). The STN was then approached from the burr
hole at an angle of 40-50 degrees to the horizontal plane
parallel to the anterior commissure—posterior commissure
line and 0-12.5 degrees to the sagittal plane. The tentative
target was placed at the posteroventral boundary of the
STN in such a way that the trajectory passed through the
center of the STN. The trajectory was visualized three-
dimensionally on MRI, onto which a digitized version of the
Schaltenbrand-Wahren atlas (AtlasSpace®, Elekta Instrument
AB) was superimposed (Fig. 1).

A DBS quadripolar electrode (model 3387, Medtronic
Inc., Minneapolis, MN, USA) was placed through the frontal
burr hole into the STN. Contact point 0 was placed in the
posteroventral boundary of the STN, contact points 1 and
2 were placed within the STN, and contact point 3 was
placed at the H fields of Forel or zona incerta (ZI) located

just above the STN. Immediately after completion of the

stereotactic operation, we undertook MRI again under
conditions where the stereotactic frame was fixed to the
skull, and the locations of each contact point of the DBS
electrode were confirmed. The mean coordinates of the
center of the most distal simulation point, as evaluated by
postoperative MRI, were 11.0 mm lateral, 4.5 mm posterior,
and 5.2 mm inferior to the midcommissural point. DBS
electrodes were implanted bilaterally as single-stage
surgery in all patients. No hemorrhagic complications were
encountered in this series of patients.

FIGURE 1. Simulation of the trajectory of the semimicroelectrode for targeting the STN. The trajectory Is visualized three-dimensionally on
MRI, onto which a digitized version of the Schaltenbrand—Wahren atlas adjusted to the size of each brain is superimposed. Red crosses
indicate the positions of the anterior commissure and posterior commissure projected to the sagittal, axial, and coronal planes of the
tentative target. White dotted lines indicate the simulated trajectory of the semimicroelectrode. The green cross within a circle is the tentative
target, which is located at the posteroventral boundary of the STN. The simulated trajectory passes through the H2 fields of Forel (yellow
dotted triangle) and the STN {green dotted oval ring). The red dotted area just below the tentative target is the SNr. MRI, magnetic resonance
imaging: SNr, pars reticulata of the substantia nigra; STN, subthalamic nucleus.

Semimicroelectrode Recording

Neural activities were recorded with a pencilshaped bipolar
concentric type semimicroclectrode (Unique Medical
Co., Tokyo, Japan}. The diameter of the exposed tip was
approximately 0.1 mm, and the interpolar distance was
0.5 mm with an electrical resistance of 0.2 m{) at 1000 Hz.
The catheter needle (Leksell Stereotactic System, Elekta
Instrument AB) with an outer diameter of 2.1 mm and
inner diameter of 1.5 mm was first inserted and advanced
to a point 10 mm above the tentative target, and the
semimicroelectrode with a diameter of 1.0 mm was passed
through the inside of the catheter needle.

Tracking with the semimicroclectrode was performed
targeting the posteroventral boundary of the STN. The tip
of the semimicroelectrode was advanced in consecutive
0.25-mm increments from a depth of 10 mm above the
tentative target employing a hydraulic microdrive (Narishige
Co., Tokyo, Japan). Recording first yielded the ventral
anterior thalamic nucleus or the internal capsule (IC),
and this was always followed by the Z1 and H fields of Forel
before entering the STN., In addition, the semimicroelectrode
was further advanced 3 mm from the tentative target to
confirm the border between the STN and the SNr. Signals
were amplified, filtered (300 Hz to 10 kHz), displayed on
an oscilloscope, played on an audio monitor, and stored
in a data recorder. When the semimicroelectrode recording
in the initial track failed to detect neural activity consistent

with the STN at a length (distance from dorsal to ventral
boundary) greater than 4 mm, a sccond tracking was
made. We moved the tentative target depending on the
characteristics of the recorded neural activity and the
position of the semimicroelectrode verified from an intra-
operative X-ray film taken after the semimicroelectrode
recording.

Analysis of Neural Noise Level and Multiple-Cell
Spike Density

The electrical events recorded by a semimicroelectrode
include spikes with variable amplitudes arising from
multiple cells as well as neural noise, ie, fluctuations of field
potentials generated by various neural elements. Large
amplitude spikes could be scparated from neural noise by
setting an appropriate cut-off level of amplitude. It is not
always possible, however, to separate small- or medium-
sized spikes from sharp compound waves, which are
contained in the neural noise. Therefore, we computed
the density of spikes as well as sharp compound waves
together, as the MSD, counting their occurrence at various
cut-off levels.

In the final tracking by semimicroelectrode recording,
we determined the neural noise level along the trajectory
(Fig. 2A). The neural noise level was defined as the lowest
cut-off level at which the neural noise was separated from
larger amplitude spikes. The MSD at a given recording
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FIGURE 2 (A) Neural noise levels in the IC, STN and SNr. The
neural noise level was defined as the lowest cut-off level at which the
neural noise was separated from larger amplitude spikes. (B) Cut-off
levels for analyzing the MSD were set in the range from 1.2- to 2.0
fold the neural noise level recorded at the IC or ZI. When the
electrode entered the STN, the neural noise level was ralsed more
than twofold the level recorded at the IC or ZI. IC, Internal capsule;
MSD, multiple-cell spike density; SNr, pars reticulata of the
substantia nigra; STN, subthalamic nucleus; ZI, zona incerta.

site was analyzed with cut-off levels ranging from 1.2- to
2.0-fold the neural noise level in the IC or ZI (Fig. 2B), and
we examined to find the best cut-off level in each trajectory.
Because, as the electrode enters the STN, the ncural noise
level is raised more than 2.0-fold the level in the IC or ZI
(see Results), the MSD within the STN reflects both spikes
and sharp compound waves, although spikes are pre-

Thalamus

Superior
Antarior ——,

Sagittal representation

dominantly represented at higher cut-off levels. For
identification of the dorsal and ventral boundaries of the
STN, the differences in neural noise level and MSD were
compared at cach 0.25-mm increment of the electrode.
The neural noise level and MSD recorded at every 0.25-mm
increment were averaged in each structure, and used for
comparisons between the IC or ZI, the STN, and the SNt

The data are expressed as the means + standard deviation.
For statistical analysis, the Mann-Whitney Uitest was used
for comparisons of the MSD and neural noise level, and
the Kruskal-Wallis Fitest for comparisons of the MSD
within the STN. If the probability value was less than 0.05,
the difference was considered to be significant. The present
study was approved by the institutional committee for
clinical research on humans.

Results

Changes in Neural Noise Level Along the
Trajectory
The ncural noise level clearly increased when the electrode
crossed the dorsal boundary of the STN, and decrcased
when the electrode passed through the ventral boundary
of the STN and entered the SNr (Fig. 3). The neural noise
ratio (neural noise level in each structure/neural noise
level in the IC or ZI) was clearly higher in the STN
(2.52 £ 0.78) as compared to that of the SNr (1.43 £ 0.35;
#<0.0001, N=90; Fig. 4).

The dorsal boundary of the STN was definitely identified
from an increase in neural noise ratio during the final

I -3m

0.1s

FIGURE 3. Changes In multiple cell activities along the trajectory (dotted line) passing through the subthalamic nucleus (STN). The
recording, which was initiated at 10 mm above the tentative target, first yielded the internal capsule, followed by the zona incerta (ZI) and
H2 field of Forel (H2), STN, and substantia nigra (SNr). The multiple cell activities increased markedly when the electrode entered the STN,
and decreased when the slectrode passed through the ventral boundary of the STN. Numbers indicate the distance (mm) from the tentative

target (dotted arrow) set at the posteroventral boundary of the STN.

Neural noise ratio
n

STN SNr

FIGURE 4, Comparison of neural noise levels along the trajectory
passing through the STN. Data are expressed as the neural noise
ratio (neural noise level in each structure/neural noise level in
the IC or ZI), *p < 0.0001. IC, internal capsule; STN, subthalamic
nucleus; ZI, zona incerta.

tracking in all of the 90 sides. The ventral boundary of the
STN was identifiable, however, from a decrease in neural
noise ratio during the final tracking in only 70 (78%) of
the 90 sides. In the remaining 20 sides (22%), the border
between the STN and SNr was unclear (Fig. 5A). In these
cases, the neural noise ratio began to decrease in the
posteroventral part of the STN before the electrode passed
through the ventral boundary of the STN as presumed by
MSD analysis (see below).

Change in Multiple-Cell Spike Density Along the
Trajectory
The MSD clearly increased when the electrode crossed the
dorsal boundary of the STN, and decreased when the
electrode passed through the ventral boundary of the STN
and entered the SNr. The MSD within the STN was large
as compared to that in the 1C or ZI and that in the SNr at
any cut-off level ranging from 1.2- to 2.04fold (Fig. 5B). The
cut-off level of 1.2fold revealed the largest increase in
MSD in the STN (554 + 201 spikes/s), which was markedly
higher than the MSD in the 1C or ZI1 (19 11 spikes/s;
$<0.0001, N=90) and SNr (106 £ 77 spikes/s; p< 0.0001,
N=90) at this cut-off level. The dorsal and ventral boundarics
of the STN were clearly identified from the increase and
decrease in the MSD, respectively, in all of the 90 sides.
Along the trajectory of the semimicroelectrode, we
divided the STN into 4 parts equally, and named them
sequentially as part 1 to part 4 in the direction from the
most anterodorsal part (part 1) to the most posteroventral
part (part 4). The MSD was the lowest in part 4 (404 & 130
spikes/s) as compared to part 1 (560+ 185 spikes/s;
$<0.0001, N=90), part 2 (601 + 226 spikes/s; p <0.0001,
N=90) and part 3 (543 %205 spikes/s; p<0.0001,
N =90; Fig. 6). Nevertheless, the MSD in the SNr (see
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FIGURE 5. (A) Representative example of changes in neural noise
level in the STN and SNr. (B) Changes of MSD in the STN and SNr
at different cut-off levels in the same case as shown in A. The cut-off
level was varied from 1.2- to 2.0-fold the neural noise level in the IC.
The MSD increased at 5 mm from the point where the recording
was initiated, and decreased at the tentative target point (10 mm).
A cutoff level of 1.2-fold revealed the clearest changes. IC, internal
capsule; MSD, multiple-cell spike density; SNr, pars reticulata of the
substantia nigra; STN, subthalamic nucleus.
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FIGURE 6. Changes in MSD within the STN and SNr. The trajectory
passing through the STN was divided equally into 4 parts. The parts
were named in such a way that the most anterodorsal part of the
STN was part 1, and the most posteroventral part of the STN was
part 4. The MSD was lower in part 4 as compared to any of the
other parts. The MSD in the SNr was the lowest, as compared to
any of the four parts within the STN, *p < 0.0001, MSD, Multiple-
cell spike density; SNr, pars reticulata of the substantia nigra; STN,
subthalamic nucleus.
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above) was low even as compared to that of part 4 of the
STN (p < 0.0001, N = 90).

The initial tracking correctly targeted the STN in 40
(88.9%) of the 45 initially operated sides (number of
trackings, 1.1 1 0.4; length of the STN at final tracking,
6.0+ 1.2 mm) and in 42 (98.3%) of the 45 contralateral
sides (number of trackings, 1.1 # 0.3; length of the STN at
final tracking, 5.8 + 1.1 mm). Two or more trackings were
needed in the remaining sides. In total, 82 (91.1%) of the
90 initial trackings correctly targeted the STN (number of
trackings, 1.1 0.3),

Discussion

Dorsal Boundary of the Subthalamic Nucleus
The present study demonstrated that the neural noise

level and MSD clearly increased when the clectrode entered
the STN. Hutchison etal. (12) reported that when the
microelectrode entered the STN, cells generating large
amplitude spikes were encountered, In the typical recording
within the STN reported by Starr et al, (10), large amplitude
spikes from multiple cells and elevated neural noise levels
can be seen. The increases in neural noise level and MSD
at the dorsal boundary of the STN are consistent with
these findings. It appears that the neural noise level and
MSD reflect the discharge rate of multiple cells on average
and the cell density.

The present study also revealed that the neural noise
level in some cases decreased gradually in the posteroventral
part of the STN. In addition, the MSD was lower in this
part as compared to the rest of the STN. It has been
reported that the cellularity of the STN is homogenous in
the monkey (22). Sterio etal. (28) found by microelectrode
recording, however, that the cell density, estimated from
the encountered single cell activity, was lower in the
ventral part of the STN (4.7 £ 1.8 cells/mm) as compared
to the dorsal part of the STN (6.8+ 2.0 cells/mm), and
the discharge rate of cells was lower in the ventral part
of the STN (43 £ 9.5 Hz) as compared to the dorsal part
of the STN (52 % 12 Hz). The gradual decrease in neural
noise and relatively lower MSD in the posteroventral part
of the STN are consistent with these findings, again
indicating that they efficiently reflect both the discharge
rate of multiple cells on average and the cell density.

Ventral Boundary of the Subthalamic Nucleus
The discharge rate of STN cells is approximately half the

discharge rate of SNr cells, if analyzed as the single cell
activity by microelectrode recordings. Hutchison etal.
(12) reported that while STN cells show discharges with
an irregular pattern at varying rates ranging from 25 to
45 Hz (37+17 Hz), SNr cells exhibit discharges with a
more regular pattern at a much faster rate (71 + 28 Hz).
The illustration in their report indicates that the back-

ground multiple cell activities are higher in the SNr than
in the STN. Starr et al. (10) also reported that cells in the
SNr showed discharges at a faster rate (86+ 16 Hz) as
compared to cells in the STN (34 + 14 Hz). -

In contrast o these previous data obtained by micro-
clectrode recording, the neural noise level and MSD were
always higher in the STN than in the SNr in the present
study. The background multiple cell activitics may vary
in microelectrode recording depending on the location
of the electrode tip. The discrepancy in spike density
(discharge rate) between studies employing microelectrodes
and semimicroelectrodes appears to reflect a difference in
the capability of detecting information regarding the cell
density in addition to the discharge rate of cells on average.

Targeting by Semimicroelectrode Recording
The present results demonstrated that the ventral boundary
was not always identifiable from the ncural noise level
alone, because it begins to decrease in the posteroventral
part of the STN. In contrast, the dorsal and ventral
boundaries of the STN were always identified by MSD
analysis with appropriate tracking, indicating that MSD
analysis is more important for determining the boundaries
of the STN. Although there was no anatomical verification,
these functionally defined boundaries represent the most
important information for appropriate placement of the
DBS electrode within the STN.

In the present study, the lowest cut-off level of 1.2-fold
revealed the largest changes. This is clearly because the
MSD at such a cut-off level includes fluctuations of the
field potential that becomes larger in amplitude within
the STN. Because the increase in amplitude of the field
potential may also reflect an increase in multiple cell
activities as well as the cell density, the significance of MSD
analysis may not differ at any cut-off level for determining
the boundaries of the STN.

It has been reported that detection of movement-related
cells is important for the identification of the dorsolateral
part of the STN, and the DBS electrode should be placed
in this region (11,14,24). It is not readily possible to isolate
such cells with a semimicroelectrode, which may be the
only major drawback of the use of a semimicroelectrode.

If the DBS electrode is placed too lateral, however, the
stimulation current may spread to the corticospinal tract.
We therefore examined by stimulation whether or not the
electrode is too close to the lateral boundary of the STN.
The distance of the DBS electrode from the midline, as
measured on postoperative MRI (see Materials and Methods),
in the present series of patients was the same as the distance
reported previously by others (11-12 mm) (8B,10).

Conclusion
The present study suggests that MSD analysis by semi-

microelectrode recording represents a useful, practical, and

apparently rcliable means for identifying the boundaries
of the STN.
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v Beginning-of-dose motor deterioration (BDMD) is a icati ' :

complication of medications in Parkinson discase
(PD) that is presumably caused by inhibitory effects of levodopa. Only limited experience of BDMD has been described
iutheliwrmmThenuhmmpmﬂ:mohpcﬁmwimmwmdmm*ndamtedﬁnmnwnobdum-
ed with standard levodopa medications. This 55-year-old woman had a 12-year history of PD and a 10-year history of
levodopa treatment. Marked exacerbation of symptoms occurred 15 to 20 minutes after every dose of Jevodopa at 100
mg and lasted approximately 15 minutes. The PD symptoms, particularly tremor and rigidity, were exacerbated more
mutuﬂythmngmispuiadﬂ}mdndnglhe i deterioration. The BDMD could be controlled very well by
subthalamic nuclens (STN) stimulation without any change in the regimen of levodopa medications. These observa-
tions suggest that the BDMD was inhibited by STN stimulation through a direct effect.
(DOI: 10.3171/INS/2008/10801/0160)

Key Worns +  deep brain stimulation + inhibitory effect * levodopa s
motor flactnation + Parkinson disease + subthalamic nucleus

' N-OFF fluctuation of motor symptoms, which fol- tuations,'48-1014 attumanng&newmng-oﬂ:‘ motor deteri-

lows exposure to chronic, itive administration oration.'® This effect of STN stimulation is similar to the of-

- of levodopa medications, licates levo-  fects of a maximal dose of levodopa in each patient, 441413

; in paticats with advanced PD. End-of-doseor ~ In contrast, little is yet known regarding the influence of

2 motor deterioration ls the fall in plas- STN stimulation on the motor deterioration caused by inhi-

A concentration of levodopa.” In addition, end-of-dose bitory effects of levodopa. We report on a patient with PD

m&tm'ml;lzi;;_m caused by inhibitory effects of levo-
plunges patients into a worsening of disability from
baseline off-medication motor status.** In 19;)’2. Me-
Lees" first reported that some patients with PD al-
nstrate motor deterioration, presumably through
binrycﬁmof!evor!omumharisjngphmuf
- nated as “beginning-of-dose motor deteriora-
* abbreviated in the present as BDMD.

ation of the STN can i on-off motor fluc-

who demonstrated a marked BDMD under standard levo-
dopa medications, which was found to be inhibited directly

by STN stimulation withstanding levodopa

L
s
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lations used in this paper: BDMD = beginning-of-dose
deterioration; PD = Parkinson disease; STN = subthalamic
UPDRS = Unified Parkinson's Disease Rating Scale.

Deep brain stimulation for levodopa-induced motor deterioration
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Fi. 1. A: Graph showing the
PD after administration of levodopa
B: Temporal relationship between the

relationship between BDMD and dosc-onset dyskinesia (DID) in a patient with
). The asterisks indicate intervals from the previous dose of levodopa in hours.
nce of tremor in BDMD and dose-onset dyskinesia after an early-moming

levodopa dose (indicated by number sign in A). DRS = dyskinesia rating scale; TRS = tremor rating scale.

dopa-induced dosc-onset dyskinesia. For these reasons, she
was referred to us for STN stimulation.

When the patient presented to us the total duration of the
off-medication period reached 50% of the day. She com-
plained that the BDMD always appeared after every dose
of levodopa.

Presurgical Evaluation. During 2 days of observation, we
confirmed that the BDMD occurred at 15 to 20 minutes
aﬁcrev&rydnseof]cvodomut 100 mg and lasted for ap-
proximately 15 minutes, while the intervals from the previ-
ous dose of levodopa varied in the range from 2.5 to 8 hours
(Fig. 1). The severity of the BDMD was variable, and the
BDMD after the first dose of levodopa in the early morn-
ing was apparently most severe (Fig. 1B, Table 1). Exacer-
bation of the PD , particularly the tremor and
rigidity, which in the lower extremities, was
noticeably worse during the BDMD than during the wear-
ing-off period. The motor (Part IIT) score on the UPDRS
was increased during the BDMD by 188% from the score
during the best on-medication motor condition (on period)
and by 44% from the score during the ing-off mo-
tor deterioration (off period). The BDMD was foilowod by
levodopa-induced dose-onset dyskinesia, which consisted
of dystonic posture and pain in the left lower extremity (Fig.
1). The temporal relationship between the BDMD and dys-
kinesia was uniform, the onset and peak of the BDMD
always preceded those of the dyskinesia by 15 to 20 min-
utes. These clinical findings were consistent with the char-
acteristics of BDMD described in the literature. ™ It was im-

J. Neurosurg. / Volume 108 / January 2008

possible to attribute such short-lived motor deterioration to
a continuation of wearing-off or end-of-dose motor deterio-
rations, since it occurred abruptly and invariably after every
dose of levodopa, despite varying intervals between doses,

Surgery and Postsurgical Course. The patient underwent
implantation of electrodes (Model 3387, Medtronic; Inc.)
and pulse generators for deep brain stimulation of the STN
bilaterally. The PD symptoms were greatly improved by bi-
polar STN stimulation, especially during the off periods, at
intensities ranging from 2.0 to 2.5 V (pulse width 180 pusec,
frequency 135 Hz) during the follow-up period. Subsequent
to the initiation of STN stimulation, the of medication
were reduced to 200/20 mg levodopa/dopa-decarboxylase,
750 p.g pergolide mesylate, and 10 mg selegiline hydrochlo-
ride per day. The medications were not completely with-
drawn, because the patient reported some motor deteriora-
tion in the afternoon (lasting approximately 30 minutes). We
confirmed that the BDMD was still induced by every dose
of levodopa at 100 mg if the STN stimulation was kept
turned off, and was immediately attenuated when the STN
stimulation was turned on at intensities of > 1.8 V. Com-
plete inhibition of the BDMD was achieved at intensities
of >25V.

Standard follow-up evaluation at 6 months after surgery
revealed that the UPDRS motor score was markedly im-
proved by bilateral STN stimulation at an intensity of 20V
during the off period as well as the on period (78 and 75%,
respectively; Table 1). The dose-onset dyskinesia disap-
peared completely. The BDMD was controlled almost com-
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TABLE |
Preoperative and postoperative UPDRS scores*
Preop
%
pom Postop (% imprs)
6 Mos
BDMD
On WO (%detert) On off 12 Mos§

3 17 19312 2063 504 2
32 4644 4019 10(78)

6 5
0 5 10000 o 2 (80) 0
S 8 12(500 18 1092 1
7 11 13318 0(00) 289 1
8 & 2(0) 0 1 (50) 0
0 1 2(500 0 0 (100) 0

m,-:cﬁvkyd&ily%b;.duu-dﬁnﬂmulm impr = hwmve—
Off = off ; On = on period; Wonmu.ng-oﬂpeﬂ

oration compared with wearing-off,
Percentage improvement compared with before surgery.
No off-medication assessment was performed at the 12-month follow-
“Mmml“nouﬂ'mmion condition had been achieved.

, leaving occasional slight and transient tremor in the
er extremities. The results of this evaluation confirmed
ﬂwhnmodlatecﬁaao[mmnmhnmmunﬂnhﬂ)
remained The i had lasted and

: momhuﬁu'smsu'y We attempted a dopa challenge test
Immgfwmglcvodowmpn-duwboxylmmmustaed
ly) at 14 months postoperatively, but BDMD did not

BDMD at 10 to

ence of it has been described

. dyskinesia.” Inaddmon most cases of BDMD have been

~ detected previously under intentional pharmacological ex-

- aminations, so it remains unknown how common BDMD
i mlshbcmpouontsmcewmsmdard!c
: Emmmmgmttmamm'lwdﬂ MD sim-
_iIa:tolhc DMD observed in intentional pharmacological
examinations'*" can also occur in patients receiving stan-
dard doses of levodopa medications.
Beginning-of-dose motor deterioration has been account-
ed for on the basis of the inhibitory effects of levodope,
which suppress release and synthesis

endogenous
predominant activation of presynaptic qummne
9202 This h implies that

mybemducodbyadmc levodopa that is insufficient to
dopamine ors, 46
o{BD may therefore be difficult ts who are al-
ready receiving a relatively large dosage of levodopa, and
whcnredmngdwle dosage in patients who are dis-
uemdbyvmmsldnefgnof&ndmg
To the best of our knowledge, the present case demon-
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strates for the first time that BDMD can be inhibited by
STN stimulation and further indicates the benefit of STN
stimulation for managing the inhibitory effects of levodo-
pa.irmcyucmfactmsqmaiblefwunBthm In
tients with PD, mem‘ghﬁdwm
m-
mednmmnalmwmmbo&,t?omﬂaﬁn:mmem
t of the globus pallidus™* during L3 and
mdﬁ motor deterioration.” Such increased neuronal
nctlvmcsmalmobserveddunngmng-oﬂ‘mmdun-

rioration but are quantitatively more pronounced in that set-
ting."!' These suggest that motor deterioration in

mlsmthPch ly related to the activities of the
ganglia, which result in an enhanced inhibitory input
to the thalamus. Stimulation of the STN is suggested to sup-
press such abnormal nearonal activities underlying the PD
symy and to release the thalamus from excessive in-
hibition by the basal ganglia.** It is possible that BDMD
and wearing-off motor deterioration are inhibited by STN
stimulation through the same mechanism. The precise pro-
cess whereby STN stimulation can improve on-off mo-
tor fluctuation remains to be clucidated. Both presynaptic
and postsynaptic mechanisms bave been lated.’** [n a
study on the interaction between deep brain stimulation and
levodopa by Nutt et al.,'* the improvement effect of acute
STN stimulation (when patients were awake during the
day) on wearing-off motor fluctuation was inferred to be
dtwtoamdumonofoﬁ'-dnagd:sahl'lny and not alterations
in the levodopa mcs.msmywmm
the action of on may be independent of stri-
atal dopamine transmission; nam .apostsynapticmncha—
nism is primary. In contrast, Nimura et al.” demonstrated
that chronic STN stimulation can induce stabilization of
the striatal synaptic mmmog::;mmm
["*Fli tron emission y study, and
mm -off motor fluctuation may thus be
nnamamd.’lhemsults the positron emission tomography
study indicate that the stabilization induced by STN stimu-
lation involves a ic mechanism. This is assumed
to incorporate the following two main processes: 1) acti-
vated output from the motor and premotor cortex, which is
induced by relaxant output from the STN via the pallido-
thalamocortical pathway, tending to attenuate dopamine re-
lmacmﬂwmnmm.andﬂmstmmohutomguhuonm
striatal praynag_.nlgN release through a feedback
input from the to striatal somatodendritic autorecep-
tors. We inferred that a reduction of levodopa dosage may
also contribute stability of striatal dopamine transmission.
These combined mechanisms could facilitate further im-
nt in dopa-induced motor fluctuations with chron-

ic STN stimulation.

Conclusions

The present case confirms that STN stimulation can
provide benefits in improving off-medication motor status
through levodopa-like effects, through improving the on-
medication motor status in paticnts who are intolerant to
larger doses of and through the levo-
dopa dose in patients who are distressed by various side ef-
fects of levodopa.® In addition, our observations suggest that
STN stimulation has direct effects on some of the
induced motor symptoms, such as BDMD. The combina-
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tion of chronic STN stimulation and reduction in dosage of
levodopa may contribute further by i levodopa-
induced motor fluctnations through the stabilization of stri-
atal dopamine transmission.
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