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and Eero Pekkonen, M.D., Ph.D.

 

We used 122-channel magnetoencephalography (MEG) 
and 64-channel electroencephalogrphy (EEG) 
simultaneously to study the effects of dopaminergic 
transmission on human selective attention in a 
randomized, double-blind placebo-controlled cross-over 
design. A single dose of dopamine D2 receptor antagonist 
haloperidol (2 mg) or placebo was given orally to 12 right-
handed healthy volunteers 3 hours before measurement. In 
a dichotic selective attention task, subjects were presented 
with two trains of standard (700 Hz to the left ear, 1,100 
Hz to the right ear) and deviant (770 and 1,210 Hz, 
respectively) tones. Subjects were instructed to count the 
tones presented to one ear; whereas, the tones presented to 
the other ear were to be ignored. Haloperidol significantly 

attenuated processing negativity (PN), an event-related 
potential (ERP) component elicited by selectively attended 
standard tones at 300–500 ms after stimulus presentation. 
These results, indicating impaired selective attention by a 
blockade of dopamine D2 receptors, were further 
accompanied with increased mismatch negativity (MMN), 
elicited by involuntary detection of task-irrelevant 
deviants. Taken together, haloperidol seemed to induce 
functional changes in neural networks accounting for both 
selective and involuntary attention, suggesting 
modulation of these functions by dopamine D2 receptors. 
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Selective attention refers to the ability to attend to rele-
vant information simultaneously ignoring irrelevant
information (Posner and Boies 1971). The neural basis
of selective attention can be noninvasively studied with
high temporal resolution using event-related potentials
(ERP) and magnetic fields (ERF), which are electroen-
cephalogram (EEG) or magnetoencephalogram (MEG)
changes time-locked to the presentation of external
stimuli (Hari and Lounasmaa 1989; Näätänen et al.
1992). MEG and EEG detect slightly different aspects of
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the simultaneous electromagnetic brain activity; for ex-
ample, localization of cerebral sources brain activity
may be simpler and more accurate with MEG
(Hämäläinen et al. 1993). However, EEG shows many
attention-related components that are not clearly de-
tected with MEG (Näätänen 1992). A simultaneous
EEG and MEG recording, thus, provides high spatial
and temporal resolution and makes it possible to differ-
entiate neural events related to voluntary attention
and involuntary perceptual processes.

During a dichotic listening task, the selectively at-
tended task-relevant tones elicit the processing negativ-
ity (PN), or a negative difference (Nd; Hansen and Hill-
yard 1988) potential between the ERPs to task relevant
and irrelevant stimuli (Näätänen 1992). MEG studies of
selective attention have, in turn, indicated that the am-
plitude of the N1m, elicited at about 100 ms poststimu-
lus, is increased by selective attention, but the PN
seems to be less visible for the MEG than EEG (Fujiwara
et al. 1998). The mismatch negativity (MMN), or mag-
netic counterpart MMNm, is a pre-attentive ERP/ERF
component elicited by any change in a sequence of fre-
quent standard tones reflecting automatic detection and
orientation to sudden environmental changes (Alho
1995; Näätänen 1992; Näätänen et al. 1978; Tiitinen et al.
1994).

Only a few studies have been devoted to drug effects
on selective attention indexing by the PN. The NMDA
receptor antagonist ketamine, alcohol, and adrenocorti-
cotropic hormone (ACTH) have been shown to reduce
PN (Smolnik et al. 1999; Hirvonen et al. 2000; Oranje et
al. 2000). Opposite effects were observed after the ad-
ministration of the antagonist of GABA receptors flu-
matzenil and cholecystokinin analog ceruletide
(Schreiber et al. 1995; Smolnik et al. 1998). Anesthetic
gas nitrous oxide (N

 

2

 

O) and adrenergic alpha 2-antago-
nist atipamezole had no effects on the PN (Mervaala et
al. 1993; Pang and Fowler 1999). Shelley et al. (1997)
studied effects of another adrenergic alpha 2-receptor
agonist clonidine and dopamine D2 receptor antagonist
droperidol on ERP indices of selective attention. They
found that clonidine increased and droperidol de-
creased the PN.

Haloperidol is a potent, partially selective dopamine
D

 

2

 

 receptor antagonist, which is widely used to treat
psychotic disorders in clinical practice. Haloperidol af-
fects spontaneous EEG activity, increasing slow waves
and decreasing alpha and beta activity in healthy
humans (McClelland et al. 1990). There is also evidence
that haloperdiol decreases the transient 40 Hz response
elicited by selectively attended tones (Ahveninen et al.
2000).

Our study was designed to investigate with simulta-
neous MEG and EEG recordings whether haloperidol,
affects selective attention in healthy subjects.

 

METHODS

Subjects and Procedure

 

A randomized, double-blind, placebo-controlled, cross-
over design study with dopamine D2 receptor antago-
nist haloperidol (Serenase® 1 mg, Orion Pharma, Es-
poo, Finland) 2 mg or placebo was performed. Drugs
were orally given to 12 right-handed healthy volunteers
(aged 20–28 years; six females) after informed written
consent and institutional approval were obtained. Dos-
age was chosen in accordance with studies showing
that 2 mg of haloperidol affects cognitive performance
without causing akathisia in healthy subjects (King
1994). The drugs were administered before 3 h, because
electrophysiological and positron emission tomagraphy
(PET) data have shown that the effects peaked within 2
to 6 hours after haloperidol administration in normal
subjects (Bartlett et al. 1994; Leigh et al. 1992; McClel-
land et al. 1990). The subjects were instructed to avoid
alcohol for at least 48 h, and caffeine and tobacco for 12 h,
before the recordings. The subjects reported having no
history of neurologic or psychiatric disorders or using
any drugs for 2 weeks before the study. None had been
exposed to any class of neuroleptics previously. The
hearing levels were confirmed by measuring the indi-
vidual auditory thresholds. All experimental sessions
were carried out between 0800 to 1200, and the sessions
were separated by 1 week.

 

Stimulus and Task

 

The subjects were presented, dichotically through ear
pieces and plastic tubes, with standard (700 Hz to the
left ear, 1,100 Hz to the right ear, 

 

p

 

 

 

�

 

 .44 for each), and
deviant (770 Hz and 1,210 Hz, respectively, 

 

p

 

 

 

�

 

 .06 for
each) 60 ms pure tones (with 5 ms rise and fall times) at
60 dB above the individually determined subjective
hearing threshold. The interstimulus interval (ISI) ran-
domly varied at 210 to 410 ms. The subject task was to
attend to the tones presented to one ear and to silently
count the number of deviants, while ignoring tones pre-
sented to the other ear. The ear to be attended was
counterbalanced across the subjects.

 

Data Acquisition

 

During the MEG and EEG recordings, each subject sat
in a comfortable chair in a magnetically and electrically
shielded room (Euroshield, Finland). The ERF and ERP
were recorded with a 122 channel MEG (Neuromag,
Finland; Ahonen et al. 1993) and 64-channel EEG (sam-
pling rate 1 kHz) in each. Each two-channel sensor unit
in MEG measured two independent magnetic field gra-
dient components 
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y, the z-axis being
normal to the scalp. The position of the subject’s head
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relative to the recording instrument was determined by
measuring the magnetic fields produced by marker
coils in relation to cardinal points of the head (nasion,
left and right preauricular points) that were determined
before the experiment using an Isotrak 3D-digitizer
(Polhemus, Colchester, VT, USA) (Ahlfors and Ilmoniemi
1989).

ERPs were recorded with an electrode cap (Virtanen
et al. 1996) and an amplifier (Virtanen et al. 1997) specif-
ically designed and built for simultaneous EEG and
MEG measurements. The nose electrode was used as a
reference. Vertical and horizontal electro-oculograms
(EOG) were recorded. The locations of the EEG elec-
trodes and the marker coils in relation to the cardinal
points on the head were determined with the digitizer.

The recording passband was 0.03 to 100 Hz for EEG
and MEG and 0.5 to 30 Hz for EOG. Digital bandpass
filtering was performed off-line at 0.5 to 30 Hz. The
analysis period for averaged epochs was 750 ms (in-
cluding a 50 ms prestimulus baseline). The first 20 re-
sponses and all the epochs coinciding with EOG, EEG,
or MEG changes exceeding 100 

 

�

 

V, 150 

 

�

 

V or 3,000 fT/

cm, respectively, were omitted from averaging. At least
100 artifact-free responses were averaged.

The distinct EPR/ERF peaks were obtained from la-
tency ranges of 30 to 80 ms for P1/P1m, 50 to 150 ms for
N1/N1m, 150 to 250 ms for P2/P2m, 150 to 400 ms for
N2b/N2bm, 250 to 700 ms for P3b/P3bm and P3a/
P3am, 130 to 250 for MMN/MMNm, and 100 to 700 ms
for PN. The responses were judged significant when
they were 
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 2 
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 standard deviations (SD) of the pre-
stimulus noise.

 

Data Analysis

 

The ERF peak latencies and amplitudes were measured
from the channel pair showing the highest amplitude
over the left and right temporal areas ([
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. The sources of N1m and MMNm were further
estimated with single equivalent current dipoles (ECD),
found by a least-squares fit a fixed subset of 34 channels
separately over each auditory cortex (Hämäläinen et al.
1993). Dipole fits with at most 30% residual variance
were considered successful. A spherical head model was

 

Table 1.

 

Mean 

 

�

 

 SD Latencies and Amplitudes of Attended and Unattended P1m, N1m, N2m, MMNm and P3bm in the 
Haloperidol and Placebo Conditions

 

Component Condition Hemisphere
Haloperidol

Amplitude (fT/cm)
Placebo

Amplitude (fT/cm)
Haloperidol
Latency (ms)

Placebo
Latency(ms)

 

P1m Attended Right 21.4 

 

�

 

 6.8 20.9 

 

�

 

 7.7 61.9 

 

�

 

 8.5 59.8 

 

�

 

 10.7
P1m Attended Left 22.8 

 

�

 

 10.4 27.2 

 

�

 

 12.8 64.3 

 

�

 

 4.7 59.6 

 

�

 

 9.6
P1m Unattended Right 20.2 

 

�

 

 9.9 20.5 

 

�

 

 9.1 65.1 

 

�

 

 8.9 64.1 

 

�

 

 7.4
P1m Unattended Left 21.7 

 

�

 

 5.1 23.9 

 

�

 

 10.2 60.3 

 

�

 

 7.1 60.2 

 

�

 

 10.1
N1m Attended Right 26.7 

 

�

 

 11.4 25.9 

 

�

 

 9.5 126.6 

 

�

 

 26.4 113.1 

 

�

 

 34.2
N1m Attended Left 29.3 

 

�

 

 21.3 34.1 

 

�

 

 20.7 125.3 

 

�

 

 29.5 126.2 

 

�

 

 27.1
N1m Unattended Right 22.1 

 

�

 

 9.2 20.1 

 

�

 

 8.2 135.2 

 

�

 

 27.4 123.7 

 

�

 

 35.0
N1m Unattended Left 27.6 

 

�

 

 10.6 28.9 

 

�

 

 11.6 127.3 

 

�

 

 33.2 120.7 

 

�

 

 30.2
MMNm Right 40.8 

 

�

 

 20.4 30.8 

 

�

 

 14.2 185.8 

 

�

 

 22.0 183.3 

 

�

 

 38.7
MMNm Left 34.2 

 

�

 

 29.9 21.1 

 

�

 

 7.6 180.7 

 

�

 

 25.3 179.4 

 

�

 

 41.3
N2bm Right 33.8 

 

�

 

 13.7 30.5 

 

�

 

 10.5 181.1 

 

�

 

 35.9 193.2 

 

�

 

 57.4
N2bm Left 29.0 

 

�

 

 10.1 23.0 

 

�

 

 11.3 182.4 

 

�

 

 26.9 179.9 

 

�

 

 47.8
P3bm Right 23.2 

 

�

 

 14.7 17.2 

 

�

 

 6.3 325.1 

 

�

 

 60.6 317.9 

 

�

 

 63.7
P3bm Left 20.9 

 

�

 

 14.3 18.3 

 

�

 

 7.8 292.0 

 

�

 

 49.2 324.0 

 

�

 

 77.0

 

Table 2.

 

Dipole Locations and Strength (Mean 

 

�

 

 SD) of MMNm and N1m after Haloperidol and Placebo Administrations

 

Component Hemisphere

x (mm) y (mm) z (mm) Q (nAm) g (%)

 

n

 

Hal Placebo Hal Placebo Hal Placebo Hal Placebo Hal Placebo

 

MMNm Contralateral 47 

 

�

 

 11 44 

 

�

 

 15 17 

 

�

 

 13 24 

 

�

 

 12 60 

 

�

 

 15 58 

 

�

 

 16 14 

 

�

 

 9 24 

 

�

 

 37 81 80 8
MMNm Ipsilateral

 

�45 � 12 �45 � 10 5 � 7 13 � 11 48 � 8 60 � 12 18 � 13 13 � 8 76 76 7
N1m (attended) Contralateral 47 � 9 46 � 10 15 � 17 12 � 14 65 � 10 59 � 9 12 � 8 11 � 5 89 88 8
N1m (attended) Ipsilateral �49 � 8 �47 � 10 2 � 10 �0.1 � 9 67 � 12 54 � 13 8 � 4 14 � 9* 88 91 9
N1m (unattend) Contralateral 50 � 9 50 � 3 14 � 15 11 � 11 63 � 64 64 � 7 10 � 5 10 � 5 90 92 7
N1m (unattend) Ipsilateral �51 � 7 �52 � 10 5 � 19 1 � 7 50 � 19 62 � 10 18 � 31 10 � 5 88 92 8

The x-axis runs from left pre-aural point to the right. The y-axis runs through the nasion, and z-axis points upward. Q � dipole moment; g � good-
ness-of-fit; n � number of subject modeled; *p 	 .05; paired t-test between haloperidol and placebo conditions.
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used in the source modeling (Hämäläinen et al. 1993).
The peak ERP peak amplitudes and latencies of the dif-
ferent components were measured from the channel
where a given deflection was largest. The MMN and P3a
for the unattended deviants were determined from sub-
straction curves (deviant minus standard ERP, unat-
tended channel). The MMN and P3a peak latencies and
amplitudes were obtained at the electrode sites CFz and
Fz. The N2b and P3b were determined for attended devi-
ants from subtraction curves (deviant minus standard
ERP, attended channel) at the electrode sites Cz and Pz.
The PN was determined from substraction curves (stan-
dard ERP at attended channel minus standard ERP at
unattended channel) at the electrode site Fz. The P1, N1,
and P2 were determined from standard responses, at
the Cz.

The MEG data were analyzed with three-factor (drug �
hemisphere � attended) repeated measures analyses of
variance (ANOVAs). The EEG data analysis was carried
out with permutation test for evaluating differences be-
tween potential maps (Karniski et al. 1994). Furthermore,
the paired t-test was also used to detect differences of ERP
data in the channel showing the strongest responses.

RESULTS

MEG Results

MEG results are summarized in Tables 1 and 2. The di-
pole moments (Q) for N100m at the hemisphere ipsilat-
eral to the stimulated ear in the attended, but not in the
unattended, condition were significantly smaller after
haloperidol administration (t � �2.23; p � .05) (Table
2). The dipole moments for N100m did not differ at the
hemisphere contralateral to stimulated ear in the at-
tended and unattended conditions after the haloperidol
or placebo administration. Haloperidol did not affect
the MMNm dipole moments.

No significant differences were found in the ampli-
tudes and latencies of the P1m, N1m, and P2m in the at-
tended and unattended conditions. Furthermore, halo-
peridol did not affect the amplitudes and latencies of
the MMNm, N2bm, and P3bm (Table 1). The source lo-
cations of the responses were not significantly influ-
enced by haloperidol (Table 2).

EEG Results

Grand average unattended ERPs and PN are presented
in Figures 1 and 2. All ERP data are summarized in Ta-
ble 3. Haloperidol decreased PN, being significant in in-
terval 300 to 500 ms only (t � �3.32; p 
 .05). Haloperi-
dol significantly increased the amplitude of MMN (t �
�3.02; p 
 .05) but no change was observed in its peak
latency. The P2 latency for attended stimuli but not for
unattended stimuli was shorter after the haloperidol
administration (t � �2.62; p 	 .05). No differences were
found in P2 amplitudes. Furthermore, no significant
changes were detected in the P1 and N1 amplitudes or
latencies in attended or unattended conditions after ha-
loperidol administration. Nor did haloperidol affect the
amplitudes and latencies of N2b, P3a, or P3b. Permuta-
tion test revealed no significant differences between ad-
ministration of haloperidol and placebo in the potential
maps of the P1, N1, and P2 amplitudes in the attended
and unattended conditions or in amplitudes of MMN,
N2b, P3a, or P3b. However, the region with high-ampli-
tude MMN response is much larger for haloperidol as
compared with placebo (Figure 3).

DISCUSSION

MEG and EEG were used to determine the effects of an
acute haloperidol challenge on selective attention in
healthy subjects. Our results showed that a single low

Table 3. Effects of Haloperidol and Placebo on ERPs (Mean � SD

ERP deflection Electrode
Haloperidol

Amplitude (�V)
Placebo

Amplitude (�V)
Haloperidol
Latency (ms)

Placebo
Latency (ms)

P1 (attended) Cz 0.77 � 0.66 0.67 � 0.66 52 � 8.1 50 � 9
P1 (unattended) Cz 0.68 � 0.64 0.55 � 0.68 45 � 12 49 � 16.3
N1 (attended) Cz �1.36 � 1.1 �1.10 � 0.90 111 � 17.8 120 � 28
N1 (unattended) Cz �0.73 � 0.91 �1.00 � 1.14 108 � 20.0 105 � 20.0
P2 (attended) Cz 1.39 � 0.87 1.40 � 0.73 203 � 27 221 � 23*
P2 (unattended) Cz 2.27 � 0.94 2.29 � 1.43 198 � 27 195 � 25
MMN FCz �2.08 � 1.02 �1.03 � 0.8* 190 � 52 199 � 55
N2b Cz �3.10 � 1.44 �1.98 � 1.82 203 � 46 206 � 44
P3a Fz 0.64 � 1.90 0.20 � 1.01 302 � 43 321 � 76
P3b Pz 4.29 � 3.9 5.75 � 4.5 402 � 83 418 � 99.7
PN (100–300 ms) Fz �0.61 � 0.9 �0.75 � 0.7
PN (300–500 ms) Fz �0.21 � 0.9 �0.83 � 0.9*
PN (500–700 ms) Fz 0.05 � 0.7 �0.03 � 0.9

*p 	 .05; paired t-test between haloperidol and placebo conditions.
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dose of haloperidol (2 mg) produced a specific pattern
of changes in ERP and ERF components elicited by the
tones presented to task-relevant and task-irrelevant
ears. As for the attended tones, the PN amplitude and
the ipsilateral N1m dipole strength decreased; whereas,
the MMN to task-irrelevant deviants increased in am-
plitude. In principle, our data support the previous re-
sults of Shelley et al. (1997), who found that PN was re-
duced by droperidol, another antagonist of dopamine
D2 receptors. The present result, however, provides
novel information of the role played by the dopamine
D2 receptors, because it is shown that droperidol has
also antiadrenergic properties affecting cognitive func-
tioning (Peroutka and Snyder 1980; Puumala et al.
1997); whereas, haloperidol is relatively devoid of them
(Richelson and Nelson 1984). However, haloperidol is
known to bind with high affinity to sigma receptors
(Weisman et al. 1988). Therefore, it is possible that some
of the observed effects in D2-poor areas reflect direct
binding at nondopaminergic sites.

PN is identified with the negative difference be-
tween the ERPs to attended and to unattended stimuli,
and it is supposed to be the electrophysiological corre-
late of selective attention (Näätänen 1982). Notably, ha-
loperidol reduces glucose metabolism in the prefrontal

and anterior cingulate (Barlett et al. 1994). A recent PET
study, using a dichotic-listening task resembling the
present experimental setting, showed the same brain
regions are activated by auditory selective attention
(Kawashima et al. 1999). The present result of decreased
PN could, thus, reflect haloperidol-induced impairment
of regions that implicated in selective attention.

In addition, our results showed a significantly in-
creased MMN, which reflects automatic stimulus–
change detection. MMN is suggested to be composed of
two subcomponents. The detection of a sound change is
proposed to elicit the temporal MMN subcomponent
and the subsequent involuntary attention shift to this
sound change, is probably reflected by the later frontal
MMN subcomponent (Alho 1995; Näätänen 1992; Rinne
et al. 2000). The frontal subcomponent might be radially
oriented, judging from the fact that it is not detected by
MEG. Because MMNm was not significantly affected
by haloperidol; whereas, MMN was, we might assume
that the MMN augmentation might reflect the enhance-
ment of frontal subcomponent. The MMN augmentation
could, thus, be related to increased involuntary atten-
tion shifting to task-irrelevant channel, thus impairing
the maintenance of concentration to the relevant task.
One more explanation to MMN augmentation might be

Figure 1. Grand averaged ERPs for the unattended condition
after haloperidol (dotted lines) and placebo (solid lines) admin-
istration. The enlarged responses shown from frontocentral
channel. Negativity is upward. Std � standard; dev � deviant.

Figure 2. Grand averaged PN responses per lead for the
haloperidol (dotted lines) and placebo condition (solid
lines). The enlarged responses shown from frontal channel.
Negativity is upward.
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increased dopamine transmission followed after acute
haloperidol administration (Lidsky and Banerjee 1993).

The N1 or N1m ERF waveforms were not signifi-
cantly affected by haloperidol, which lends support to
previous results (Abduljawad et al. 1999). This result is,
futhermore, generally in line with the observations of
Shelley et al. (1997) indicating no effects of droperidol
in the audiory ERP elicited at 100 to 200 ms after stimu-
lus onset. However, the present source modeling re-
sults indicated a significant reduction in dipole strength
for N1m to attended stimuli in the ipsilateral hemi-
sphere. This result was not supported by the ERF wave-
forms and contralateral N1m dipoles, nor by the PN an-
alyzed during 100 to 200 ms poststimulus, and it, thus,
must be interpreted cautiously. Tentatively, this effect
might be related to attenuation of attentional modula-
tion of the supratemporal N1m sources (Fujiwara et al.
1998) by haloperidol. Further studies on effects of halo-
peridol on N1m are clearly needed.

The different sensitivity of the EEG and the MEG to
detect the changes of auditory components after halo-
peridol administration may partly explain why the ef-
fects were predominately detected in EEG. ERP might
be partially constituted by deep sources, such as the
subcortical sources that were affected by haloperidol
(Barlett et al. 1994), are practically invisible to MEG, be-
cause the magnetic fields fall off more rapidly than the
electric fields with increasing distance from the source.
Furthermore, MEG detects only the tangential cortical
sources (Hämäläinen et al. 1993), and, therefore, the
electromagnetic activity in the fissures can be measured
with MEG. EEG, in turn, detects certain aspects of the
tangential sources, particularly the radial currents gen-
erated by in the cortical gyri. For example, the frontal
brain regions might contribute to the signal recorded at
the frontocentral leads. As already mentioned, halo-
peridol significantly reduced the activity in the frontal
lobes (Barlett et al. 1994). Thus, we might assume that
haloperidol primarily affected such attentional sources,

either with radial orientation or deep origin, that are
relatively invisible to MEG.

One further explanation to the differential sensitivity
of auditory components to haloperidol may be linked to
the different localization of D2 receptors in the auditory
cortex. Recent histopathological studies showed that
the majority of dopamine D2 receptors were located the
lateral and inferior aspects of the superior temporal gy-
rus, less frequently on the lateral surface of the inferior
temporal gyrus and the parahippocampal cortices, and
were absent from the primary auditory cortex (Gold-
smith and Joyce 1996). Consistent with this, the su-
pratemporally generated ERFs (P1m, N1m, and
MMNm) in our study were not affected by haloperidol,
the only trend being observed in the ipsilateral dipole
for N1m to attended tones.

In conclusion, our results show that MEG and EEG
have different sensitivity to auditory components after
haloperidol administration showing the importance of
measuring both MEG and EEG in neuropharmacologi-
cal studies. In addition to these, dopamine D2 receptors
modulate selective attention.
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