that circulating levels of BDNF are negligible. In addition, Karege
et al. [26] also reported that an alteration of serum or plasma
BDNF is not due to the change in blood BDNF but rather is prob-
ably related to the mechanisms of BDNF release, and that depres-
sion results from lowered platelet BDNF release. Moreover, Lom-
matzsch et al. [30] demonstrated that age, weight, gender, and
the menstrual cycle have a specific impact on platelet and plas-
ma BDNF levels in healthy adults. In the present study, however,
no association was found between age, weight, and the gender
and plasma BDNF levels in depressed patients. In addition, we
have demonstrated that no significant correlation was observed
between serum levels of BDNF and age, weight, and the genderin
103 healthy volunteer (manuscript in preparation). Taking these
findings together, although It still remains controversial whether
the plasma levels of MHPG and BDNF reflect those of the brain,
we speculate that rTMS influences noradrenergic neurons and
BDNF, which might be related to the improvement of depressive
symptoms, especially agitation/anxiety, Actually, several reports
have demonstrated that exposure to stress induced an increase
in the MHPG levels, suggesting hyperactivity of noradrenergic
systems [43,47,49]) and decreased BDNF mRNA levels {45]). The
results in the present study are in accordance with these find-
ings.

We are aware of the limitations of the present study; i.e., our
sample size was very small and heterogeneous, and the duration
of treatment was not adequate. The most serious problem in the
present study is that there was no control group without rTMS
(the sham-controlled group), which makes it difficult to attri-
bute the improvements of Ham-D to rTMS rather to a placebo re-
sponse, In addition, the patients were taking antidepressants.
Moreover, neurcchemical changes are also not incompatible
with a placebo effect, as imaging findings in depressed patients
showed that the clinical improvement following placebo treat-
ment was substantiated by regional metabolic changes in the
cortical and subcortical regions [33]. Thus, definitively attribut-
ing the behavioral or neurochemical changes to rTMS is not pos-
sible until these results are replicated in a controlled fashion. In
addition, we used antidepressant drugs combined with rTMS
treatment, which could not rule out the effects of ongoing drugs
on plasma levels of catecholamine metabolites and BDNF. There-
fore, further study will be needed to confirm these preliminary
findings.

In conclusion, we have found that rTMS results in some improve-
ment and is well tolerated for treatment-refractory depression,
especially in those for whom the symptom of agitation is domi-
nant. In addition, the efficacy of rTMS for treatment-refractory
depression might be related to its effect on noradrenergic neu-
rons and BDNF.
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Abstract We measured cortical hemoglobin-concentra-
tion changes under the coil induced by single-pulse
transcranial magnetic stimulation (TMS) using a tech-
nique of simultaneous recording with near-infrared
spectroscopy (NIRS). Single-pulse TMS was delivered
over the hand area of the left primary motor cortex at an
intensity of 100, 120, or 140% of the active motor
threshold (AMT). NIRS recordings were also made
during sham stimulation. These four different stimula-
tion sessions (TMS at three intensities and sham stim-
ulation) were performed both when the subject slightly
contracted the right first dorsal interosseous muscle and
when relaxed it (active and resting conditions). Under
the active condition with TMS at 100% AMT, we ob-
served a transient increase in oxy-hemoglobin (oxy-Hb),
which was significantly larger than sham stimulation.
Under the resting conditions with TMS at 120 and 140%
AMT, we observed significant decreases in both deoxy-
hemoglobin (deoxyHb) and total-hemoglobin (total-Hb)
as compared to sham stimulation. We suggest that the
increase of oxy-Hb concentration at 100% AMT under
the active condition reflects an add-on effect by TMS to
the active baseline and that decrease of deoxy-Hb and
total-Hb concentrations at 120 and 140% AMT under

H. Mochizuki - Y. Ugawa (B<) - Y. Terao

Department of Neurology, Division of Neuroscience,
Graduate School of Medicine, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan
E-mail: ugawa-tky@umin.acjp

Tel.: +81-3-58008672

Fax: +81-3-58006548

H. Mochizuki

Third Department of Internal Medicine,
National Defense Medical College, Tokorozawa,
Saitama, Japan

K. L. Sakai

Department of Basic Science,

Graduate School of Arts and Sciences,

The University of Tokyo, Komaba, Tokyo, Japan

the resting condition are due to reduced baseline firings
of the corticospinal tract neurons induced by a lasting
inhibition provoked by a higher intensity TMS.

Keywords Transcranial magnetic stimulation -
Near-infrared spectroscopy - Motor cortex

Introduction

Transcranial magnetic stimulation (TMS) has been
widely used in both clinical neurological (Currd et al.
2002) and neurophysiological examinations (Petersen
et al. 2003; Chen 2004). Regional cerebral blood flow
(rCBF) and cerebral metabolic changes induced by
repetitive transcranial magnetic stimulation (TMS)
over the motor cortex have been studied by several
researchers using positron emission computed tomog-
raphy (PET), single-photon emission computed tomog-
raphy (SPECT), or functional magnetic resonance
imaging (fMRI) (Brandt et al. 1996; Fox et al. 1997;
Wassermann et al. 1997; Paus et al. 1998; Bohning et al.
1999; Siebner et al. 2000, 2001; Baudewig et al. 2001;
Bestmann et al. 2003; Okabe et al. 2003a). However, the
results are inconsistent, presumably because of differ-
ences in the stimulation parameters of TMS: e.g.,
intensity, frequency, duration (total number of stimuli),
and direction of currents in the brain. For example, at
the site of stimulation (the motor cortex), rCBF or
metabolic activity has been reported to increase (Brandt
et al. 1996; Fox et al. 1997; Bohning et al. 1999; Paus
et al. 1998; Siebner et al. 2000, 2001), decrease (Was-
sermann et al. 1997; Paus et al. 1998), or show no sig-
nificant changes (Okabe et al. 2003a) during or after
TMS.

These previous functional imaging investigations
have utilized rTMS with more than ten pulses and only a
few studies have investigated rCBF changes induced by
single-pulse TMS because of the following technical
difficulties. First, the hemodynamic changes associated
with single-pulse TMS are too small and transient to be



suitable for temporal resolution of SPECT or PET
studies. Second, the large magnetic field produced by
magnetic stimulation, as well as the mere presence of a
TMS coil, interferes with the f/MRI measurements due to
low signal-to-noise ratio.

Near-infrared spectroscopy (NIRS) is one of appro-
priate non-invasive methods that allows visualization of
the effect of single-pulse TMS. This method has three
distinct advantages over the preexisting techniques: high
signal-to-noise ratios for single events, non-interference
with magnetic field changes, and no use of radioisotopes.
This technique estimates hemoglobin (Hb) concentration
changes by measuring the reflected light, based on the
differences in absorption spectra between oxy-hemoglo-
bin (oxy-Hb) and deoxy-hemoglobin {(deoxy-Hb) (J&bsis
1977; Chance et al. 1988; Villringer et al. 1993). Our
previous study with NIRS has successfully detected Hb
concentration changes evoked by single-pulse TMS using
a novel technique to record NIRS signals just beneath the
coil (Noguchi et al. 2003). Significant oxy-Hb increase
was observed after single-pulse TMS when the subjects
voluntarily contracted a target hand muscle.

Our previous result of oxy-Hb increase is consistent
with a transient activation of the motor cortex above the
active baseline by TMS. From a physiological point of
view, it is known that transient, monosynaptic facilita-
tion is almost always followed by di- or oligosynaptic
inhibition in the central nervous system. In humans,
such later inhibition at the motor cortex has also been
known as the intracortical inhibition demonstrated by
paired-pulse TMS (Kujirai et al. 1993; Ridding et al.
1995; Berardelli et al. 1996; Hanajima et al. 1998; Chen
2004) or as the silent period after motor-evoked poten-
tials (MEPs) elicited by TMS (Inghilleri et al. 1993; Chen
et al. 1999). The rCBF changes elicited by TMS may
thus reflect the final outcome produced by a combina-
tion of all these short-lasting facilitation (facilitatory I-
wave interaction), moderately lasting inhibition (mainly
synaptic activities), and lasting inhibition of the post-
synaptic neurons. According to analyses in vivo, syn-
aptic activity causes an rCBF increase (Mathiesen et al.
1998, 2000; Strafella and Paus 2001), but it remains
unknown whether the decrease of baseline activity at the
postsynaptic neurons influences the rCBF or not. Such
modification after TMS may be masked by voluntary
activity of the motor cortex when the subjects contract
the target muscle. In the present study, therefore, to
study metabolic changes produced by TMS, we mea-
sured cortical Hb concentration changes induced by
single-pulse TMS under active and resting conditions
using a NIRS method and compared them.

Materials and methods
Subjects

Eight healthy volunteers (8 men, 28-51 years old) par-
ticipated in this study. All subjects were right-handed,
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scoring 70-100 on the laterality quotient of the Edin-
burgh Handedness Inventory (Oldfield 1971). Written
informed consent was obtained from all subjects after
the nature and possible consequences of the studies were
explained. The experimental procedures used here were
approved by the Ethics Committee of the University of
Tokyo, Hongo and were carried out in accordance to the
Declaration of Helsinki.

Transcranial magnetic stimulation

Single-pulse TMS was delivered with a figure-of-eight-
shaped coil (outer diameter of each wing was 7 cm)
connected to a Magstim 200 magnetic stimulator (The
Magstim Co., Ltd, Whitland, UK). The coil was posi-
tioned over the hand area of the left primary motor
cortex (M1). M1 was defined as the “hot spot” where a
stimulation evoked the largest MEP from the right first
dorsal interosseous (FDI) muscle. In two of them, that
position was confirmed to be over the primary motor
cortex by the neuronavigation system (Spetzger et al.
1995; Boroojerdi et al. 1999). The coil was oriented to
induce medially directed currents in the brain. The
intensity was adjusted to be 100, 120, and 140% of the
active motor threshold (AMT) at M1. We defined the
AMT as the lowest intensity that evoked five small re-
sponses (about 100 V) in a series of ten stimulations
when the subject made a 5% maximal voluntary con-
traction (MVC) (about 50 pV). Sham stimulation was
performed as described in our previous report (Okabe
et al. 2003b). During sham stimulation, the coil was
positioned 10 cm above the head and discharged, while
an electric stimulus was given to the skin of the head
with electrodes fixed on the head to mimic skin sensation
associated with real TMS. For this stimulation, we used
a conventional electrical stimulator for peripheral
nerves. The anode was placed over the left M1 and the
cathode was over S cm anterior to the left M1. The
duration of the electric stimulus was 0.2 ms, and the
intensity was fixed at twice the sensory threshold for skin
sensation. This protocol aimed to exclude non-specific
effects associated with TMS, such as noise and skin
sensation. TMS was tested under the eight different
conditions in all the subjects. TMS pulses at three dif-
ferent intensities and sham stimulation were applied
when the subject sustained a 10% MVC or when they
maintained the relax condition. Each session consisted
of 20 single TMS pulses given at random inter-trial
intervals of 24-26 s. The same session was repeated two
to four times to confirm the reproducibility of the re-
sults. The order of sessions was counterbalanced within
and across the subjects.

NIRS measurement

We used the same NIRS system as described previously
(Noguchi et al. 2003). In brief, the NIRS system (ETG-
Al; Hitachi Medical Corporation, Tokyo, Japan)
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consisted of two emitters and two detectors, and the four
measurement points (midpoints) were placed on the
center of the left-hand M1. These measurement points
were aligned parallel to the medio-lateral line for mini-
mizing the influence of the Hb-concentration change in
the pre-motor and sensory cortices. Near-infrared laser
diodes with two wavelengths, 790 and 830 nm, were
used as the light sources, and transmittance data of the
light beams were obtained every 500 ms. The combina-
tion of these wavelengths may not be the best selection
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because some degree of cross-talks between oxy-Hb and
deoxy-Hb may occur in this combination (Uludag et al..
2002; Strangman et al. 2003) and the signal-to-noise
ratio is not the highest (Yamashita et al. 2001; Sato et al.
2004). However, even using this combination of wave-
lengths, other groups (Watanabe et al. 1996, 1998; Isobe
et al. 2001; Noguchi et al. 2003) have obtained several
typical Hb-concentration changes same as those ob-
tained by using another better combination of wave-
lengths. These suggest that our method could show
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compatible results to other studies even though the
wavelengths are not the best for NIRS recordings. The
TMS coil was placed over the fiber probes on the scalp.
The minimum distance between the coil and the scalp
was 8.5 mm. We calculated concentrations of oxy-Hb,
deoxy-Hb, and total hemoglobin (total-Hb) from the
transmittance data with the two wavelengths. In this
study, each event period ranged from 5s before the
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TMS onset to 23 s thereafter. Each Hb change in each
session was calculated by averaging the two data at the
two measurement points. The Hb change was calculated
under each condition by averaging the results of two to
four sessions. The 95% confidence interval was also
calculated for each time point of oxy-Hb, deoxy-Hb, and
total-Hb changes. Two-way analysis of variance
(ANOVA) (factors: active/resting condition and four
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types of TMS) was performed on the mean Hb changes
by averaging the Hb data from 3 to 15 s after each TMS
pulse.

Results
TMS under the active condition

Figure | shows averaged relative Hb-concentration
changes and the 95% confidence intervals when the
subjects made a 10% MVC (the active condition). Under
the active condition with TMS at 100% AMT, oxy-Hb
and total-Hb began to increase after the TMS onset, and
returned to the baseline around 15 s later (Fig. 1a). The
oxy-Hb significantly increased as compared to the
baseline 7-14 s after the TMS onset, as shown by the
95% confidence lines (the lower dotted line was more
than zero). In contrast, there were no significant changes
in any Hb parameters at 120 and 140% AMT (Fig. 1b,
c). We confirmed that the sham stimulation evoked no
significant NIRS changes (Fig. 1d).

TMS under the resting condition

Figure 2 shows averaged relative Hb-concentration
changes and the 95% confidence intervals, when the
subject kept the right FDI relaxed (the resting condi-
tion). Under the resting conditions with TMS at 120 and
140% AMT, deoxy-Hb and total-Hb began to decrease
2-3 s after the TMS onset, and returned to the baseline
about 15 s later (Fig. 2b, ¢). In contrast, neither TMS at
100% AMT nor the sham stimulation evoked significant
changes in any Hb parameters. The deoxy-Hb at 120%
AMT significantly decreased at 2-12 s after the TMS
onset, and the total-Hb at 1-13 s. Similarly, at 140%
AMT, the deoxy-Hb significantly decreased at 3-14 s
after the TMS onset, and the total-Hb also decreased at
3-6 and 10-12 s.

Comparison across conditions

For comparisons between several conditions, we further
calculated mean Hb changes in the oxy-Hb, deoxy-Hb,
and total-Hb by averaging Hb values from 3 to 15 s
after each TMS pulse (Fig. 3). Two-way ANOVA (fac-
tors: active/resting conditions and four TMS types) was
performed for each parameter. It showed a significant
main effect of TMS type on all the parameters (oxy-Hb,
F=5.1, P=0.003; deoxy-Hb, F=6.6, P=0.001; total-
Hb, F=6.6, P=0.001), as well as a significant main ef-
fect of conditions on oxy-Hb and total-Hb (oxy-Hb,
F=4.7, P=0.04; deoxy-Hb, F=3.7, P=0.06; total-Hb,
F=4.5, P=0.04), but without any significant interac-
tions (P>0.05). The oxy-Hb and total-Hb concentra-
tions after the TMS pulse under the active condition
were higher than those under the resting condition.

Further analyses using paired t-test with corrections for
multiple comparisons revealed that the oxy-Hb increase
under the active condition with TMS at 100% AMT was
significantly larger than the sham stimulation (Fig. 3a).
Furthermore, the deoxy-Hb and total-Hb decreases
under the resting condition with TMS at 120 and 140%
AMT were significantly larger than the sham stimulation
(Fig. 3b).

Discussion

The present study with NIRS technique has demon-
strated cortical Hb-concentration changes under the coil
induced by single-pulse TMS of the motor cortex. The
oxy-Hb and total-Hb concentrations after TMS pulse
under the active condition were higher than those under
the resting condition. From the results of the 95%
confidence intervals and comparisons with sham stimu-
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Fig. 3 Mean changes of relative oxy-Hb, deoxy-Hb, and total-Hb
concentrations (averages of Hb concentration values from 3 to 15 s
after TMS pulse) under the active (a) and resting (b) conditions.
Concentration changes by TMS at 100% AMT are denoted by
Jfilled columns, 120% by oblique stripe columns, 140% by longitu-
dinal strip columns, and sham stimulation by non-filled columns.
Error bars indicate standard errors. Asterisks indicate the statistical
significances (P <0.05; ~ P<0.01, t-test corrected for multiple
comparisons)



lation, TMS at 100% AMT produced a significant in-
crease in oxy-Hb under the active condition. Under the
resting condition, in contrast, TMS at 120 and 140%
AMT produced significant decreases in total-Hb and
deoxy-Hb.

The increment of oxy-Hb concentration under the
active condition is consistent with the observation seen
in other natural brain activations. It has no problems to
explain what occurs in this condition. By contrast, our
findings under resting condition are not consistent with
any typical NIRS patterns previously reported in natural
brain activation (oxy-Hb and total-Hb increases and
slight deoxy-Hb decrease; Chance et al. 1988; Villringer
et al. 1993; Kleinschmidt et al. 1996, Watanabe et al.
1996, 1998; Isobe et al. 2001; Mehagnoul-Schipper et al.
2002) or deactivation (oxy-Hb decrease and deoxy-Hb
increase; Wenzel et al. 2000).

Two possibilities may explain our findings which
have not been reported yet. One is that our findings are
wrong probably because of some flaw of our method.
The NIRS recording using the 790- and 830-nm wave-
length combination is reported to be affected by some
degree of cross-talks between oxy-Hb and deoxy-Hb
(Uludag et al. 2002; Strangman et al. 2003). This may
cause inconsistency of our results. However, even using
this combination, we got several typical patterns of Hb-
concentration changes in natural brain activations
(Watanabe et al. 1996, 1998; Isobe et al. 2001; Noguchi
et al. 2003). Moreover, in weak TMS (100% AMT)
experiments during contraction in our present results,
we got a typical pattern of Hb-concentration changes
same as that already shown in natural brain activation.
This may be due to the fact that weak stimulation is
nearer to natural brain activation than strong TMS.
These facts suggest that our combination of wavelength
must give us reasonable results of Hb-concentration
changes even with a small contamination of cross-talks.
Based on these arguments, we conclude that our result
under resting condition is not just a wrong result due to
cross-talks. The other possibility is that our present new
pattern of Hb-concentration changes must have some
physiological meanings (see later discussion). The most
important difference of our experiment from other pre-
vious studies using NIRS is that we investigated the ef-
fect of TMS, an artificial neural activation and not the
natural brain activation. Weak TMS pulses at around
100% AMT may mimic a natural activation, but strong
TMS pulses at more than 120% AMT must evoke
unusual powerful synchronization. It should never occur
in natural brain activations. Therefore, it is not sur-
prising that our results are not the same as any other
previous patterns.

We can exclude the possibility that the associated
scalp movement or Hb-concentration changes in the
skin cause the present results. No scalp movement was
evoked even by TMS at 140%, and the higher intensity
TMS evoked only slight contraction of right-hand
muscles without any contraction of neck muscles.
Moreover, the 32-mm distance between two NIRS
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probes is appropriate for detecting the Hb-concentration
changes at the cortex, but it is too long to detect Hb-
concentration changes at the skin (Germon et al. 1999).
Electric stimulation on the skin in sham stimulation,
which may elicit skin Hb-concentration changes similar
to the real stimulation, evoked no detectable NIRS
changes. Therefore, we conclude that the observed
NIRS changes were the Hb-concentration changes at the
cortex directly elicited by TMS.

Studies on exposed brain tissues of animals have
demonstrated that brain activation is associated with an
early decrease (initial dip) followed by a subsequent in-
crease of oxy-Hb concentration (Malonek and Grinvald
1996). The initial dip is not always detected with con-
ventional imaging methods because it is small and short
lasting. The observable oxy-Hb concentration increase
has been confirmed with the NIRS method in previous
reports during voluntary muscular contraction (Kle-
inschmidt et al. 1996; Mehagnoul-Schipper et al. 2002).
Using the same NIRS recording probes as those used in
the present experiments, we also recorded oxy-Hb-con-
centration increase associated with a slight decrease of
deoxy-Hb over the primary motor cortex during a nat-
ural self-paced voluntary contraction of the target
muscle (data not shown). In those records, the oxy-Hb
concentration began to increase about 4 s after the onset
of contraction, gradually decrease toward the baseline
and finally returned to it about 15 s after the contrac-
tion. No decrease was observed in the oxy-Hb concen-
tration. An increase in oxy-Hb concentration observed
under the active condition with TMS at 100% AMT is
consistent with our previous results (Noguchi et al.
2003), and compatible with the above-mentioned brain
activation during the physiological process (voluntary
contraction). Under this condition, the overall contrac-
tion makes the cortex more excitable than the resting
condition, and TMS further adds facilitation to this
active level for a short period. Weak TMS pulses at
around 100% AMT may mimic a natural activation and
may not produce large inhibitory effects of TMS, be-
cause voluntary contraction usually cancels the inhibi-
tory effect in the target muscle (Ridding et al. 1995). This
cancellation of inhibition would induce the oxy-Hb and
total-Hb increases under the active condition. But the
deoxy-Hb concentration did not show such a significant
increase. This discrepancy would be due to the lower
sensitivity of deoxy-Hb changes than oxy-Hb or total-
Hb changes in NIRS measurement (Madsen and Secher
1999). In the case of TMS at 140% AMT, a long-lasting
inhibition after short-lasting facilitation has been re-
ported (Inghilleri et al. 1993; Berardelli et al. 1996;
Hanajima et al. 1998; Moliadze et al. 2003; Chen 2004),
which would not be masked by the voluntary contrac-
tion. This may explain why TMS at 140% AMT pro-
duced a different pattern of signal changes from that
observed during TMS at 100% AMT (see later discus-
sion on mechanisms for this pattern).

Under the resting condition, decreases of total-Hb
and deoxy-Hb occurred without any changes of oxy-Hb
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concentration. No reports have shown this pattern of
changes in Hb concentration. Reafferentation due to
movements does not explain these changes because
100% RMT is about 130-140% AMT (Tergau et al.
1999; Khedr et al. 2004) and so TMS at 120% AMT
usually elicited no movements in the resting condition,
and because reafferentation causes an increase (not a
decrease) of rCBF in the PET study (Mima et al. 1999).
In this study, there was an obvious total-Hb (rCBF)
decrease after TMS. Even though animal experiments
have had no good explanation for rCBF decrease, many
PET or SPECT studies have shown reduction of rCBF
or metabolism evoked by rTMS (Wassermann et al.
1997; Paus et al. 1998; Okabe et al. 2003a; Hayashi et al.
2004). A possible explanation is vasoconstriction elicited
by TMS, but this contribution may be small, because
vasoconstriction should produce large decreases of total-
Hb and oxy-Hb (Fantini 2002; Fabbri et al. 2003), while
oxy-Hb showed no change in our results.

In animal experiments on cerebellar cortex, synaptic
activity produces a rCBF increase whether it is facilita-
tory or inhibitory, and firings of Purkinje cells partly
contribute to the rCBF changes (Mathiesen et al. 1998).
Since the resting firing frequency of the corticospinal
tract (CST) neurons is moderately high (Evarts 1964),
the postsynaptic firing reduction must cause a CBF de-
crease. Furthermore, because a TMS pulse evokes syn-
chronous suppression of many CST neurons after
activation, such as known as the silent period after
activation, the resting firings of CST neurons decrease
dramatically after single-pulse TMS. A practical
recording showed dramatic firing decrease after TMS
pulse in cat visual cortex (Moliadze et al. 2003). So, the
total firing number of CST neurons must be reduced
after single-pulse TMS. These suppressions physiologi-
cally seen at 100-200 ms after stimulation must cause
CBF changes seen at several seconds after stimulation.
This lag time between the physiological event and the
CBF change is always observed (Villringer et al. 1993;
Malonek and Grinvald 1996; Mathiesen et al. 1998;
Noguchi et al. 2003). At the site under the coil, during
stimulation, both facilitatory and inhibitory synaptic
activities evoke a rCBF increase and postsynaptic long-
lasting reduction of firings must cause a rCBF decrease.
The combination of these two opposite effects may
provoke a rCBF decrease and postsynaptic neuronal
suppression. These rCBF changes must be detected as
Hb-concentration changes in our study. Consequently,
all of oxy-Hb, deoxy-Hb, and total-Hb supplies to these
regions will decrease. The oxygen consumption must
also be reduced in the inhibited areas, and then the oxy-
Hb is not used. The reduction of oxy-Hb supply and
decrease of its consumption finally result in the un-
changed oxy-Hb concentration. Therefore, these chan-
ges will finally lead to decreases in total-Hb and deoxy-
Hb and absence of oxy-Hb changes.

As mentioned above, under the active condition with
weak stimulation, voluntary motor command would
surpass the inhibition elicited by TMS and thus only a

short-latency facilitation was observed. However, under
the active condition with strong intensity, powerful
inhibition may become greater than the facilitatory ef-
fect produced by voluntary contraction. The NIRS
pattern of TMS at 140% AMT under the active condi-
tion thus becomes very similar to that under the resting
condition.

In conclusion, the present study showed cortical Hb-
concentration changes induced by single-pulse TMS of
the motor cortex, suggesting that the oxy-Hb increase at
100% AMT under the active condition reflects a facili-
tatory effect by TMS, and that the decreases of deoxy-
Hb and total-Hb at 120 and 140% AMT under the
resting condition are due to postsynaptic firing-fre-
quency reduction induced by a higher intensity TMS.
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Abstract

Decreased cardiac uptake in '**I-metaiodobenzylguanidine (MIBG) scintigraphy has been adopted as one of the most reliable diagnostic
tests for Parkinson disease (PD) in Japan. To investigate the morphological basis for this finding, we performed a detailed neuropathological
study of the cardiac sympathetic nervous system of a 71-year-old autopsy-proven PD patient, who presented with a marked decrease in
cardiac uptake of MIBG, just 1 year prior to death. We carefully examined the intermediolateral column at several levels of the thoracic spinal
cord, the sympathetic trunk and ganglia, and the nerve plexus of the anterior wall of the lefi ventricle and compared the findings with those of
five age-matched controls. We found that the cardiac plexus was more heavily involved than the sympathetic ganglia in this patient with PD.
Our study may provide further evidence that the markedly decreased cardiac uptake of MIBG observed in PD cases represents preferential
involvement of the cardiac sympathetic nerve plexus in this disorder.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

123 metaiodobenzylguanidine (MIBG) is an analogue of
noradrenaline and is metabolized by noradrenergic neurons.
It is therefore used as a tracer in myocardial scintigraphy
for the evaluation of cardiac sympathetic innervation.
Markedly decreased cardiac uptake of MIBG shown by
myocardial scintigraphy is a specific finding in Parkinson
disease (PD) or dementia with Lewy bodies (DLB) and is
useful for the differential diagnosis of other Parkinsonian
syndromes [1-4] or Alzheimer’s disease [5]. This decre-
ment has been seen even in PD patients without autonomic
symptoms [2 ~4].

* Corresponding author. Tel.: +81 3 3964 3241; fax: +81 3 3579 4776.
E-mail address: smurayam{@tmig.or.jp (S. Murayama).
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A follow-up MIBG scintigraphy study recently
revealed the occurrence of a progressive decrement of
MIBG uptake in cases of Yahr Stage [ PD (Dr. S. Orimo,
abstract of the 45th Annual Meeting of the Japanese
Association of Neurology, May 2004, Tokyo) while
another report showed that PD patients with normal
MIBG scintigraphy have a higher incidence of mutations
of the parkin gene (Dr. M. Yamamoto, abstract of the
45th Annual Meeting of the Japanese Association of
Neurology, May 2004, Tokyo). These observations sug-
gest that the decreased uptake of MIBG is not necessarily
a finding invariably observed in patients with levodopa-
responsive-Parkinsonism. -

Orimo et al. reported markedly decreased tyrosine
hydroxylase (TH)-immunoreactive nerve fibers in the
heart of a patient with pathologically proven PD, whose
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cardiac uptake of MIBG had been found to be severely
decreased 1 year before death [6]. Amino et al. reported
that not only TH-immunoreactive but also neurofilament
(NF)-immunoreactive nerve fibers were markedly de-
creased in heart tissues from patients with pathologically
proven PD [7]. Recently, Orimo et al. examined heart
tissues together with sympathetic ganglia from patients
with pathologically proven PD, and concluded that
although sympathetic ganglia were relatively preserved,
TH-immunoreactive ncrve fibers were markedly decreased
in heart tissues [&].

Orimo’s report is the only report describing an autopsy of
a PD patient who had undergone MIBG scintigraphy in situ,
because the examination is usually done in the very early
clinical stage of the disorder. The purposc of this study was
to cxamine in detail the necuropathological findings of the
cardiac sympathetic nervous system in a patient with PD
who was examined by MIBG scintigraphy 1 year prior to
death.

2. Case report and methods
2.1. Case report

A 73-year-old right-handed man visited our outpatient
clinic with chief complaints of progressive gait disturbance
and bradykinesia. TTe had been well until 9 months before
this visit, at which point he noticed slowness in walking and
a tendency to fall backward. His gait disturbance and
bradykinesia gradually deteriorated until he required help to
rise from his bed. He had a past history of exposure to the
atomic bomb in Hiroshima at age 19, at which time
temporarily lost his hair. TTe also had an 11-year history of
diabetes mellitus (DM) with excellent control using
glibenclamide. On neurological examination, he showed
mild rgidity in his neck and four extremitics, severe
bradykinesia and gait of short stride with loss of arm swing.
His postural reflex was also impaired but resting tremor was
absent. His deep tendon reflexes were preserved and no
sensory disturbances were present and he did not have any
symptoms of constipation, urinary disturbances or ortho-
static hypotension.

The patient’s fasting blood sugar was 106 mg/dl and his
hemoglobin Al, was 6.0% (normal range: 4.3-5.8%).
Magnetic resonance images of the brain were unremarkable
except for mild cortical atrophy, and the clectrocardiogram
showed unremarkable results. The coefficient of variation
of the R—R interval for the electrocardiogram was 1.03%
(normal range: 1.27-3.69) but the head-up tilt test showed
no evidence of orthostatic hypotension. Positron emission
tomography (PET) studies showed reduced 18F-ﬂuorodopa
uptake with mild laterality (right>1cf) and increased ''C-
N-methylspiperone uptake in the striatum with mild
laterality (right<left), findings which were consistent with
PD.

The patient received levodopa and experienced transient
amclioration, but subsequently deteriorated into a wheel-
chair-bound state. At age 74, he bad repeated hemorrhagic
episodes from diverticulitis of the colon, subsequently
followed by subacutely progressive dementia with a score
by Mini-Mental Stage Examination of 3, one year and six
months from the onsct of Parkinsonism. He unexpectedly
dicd of massive hemorrhage 5 months later. His clinical
diagnosis was PD with dementia, following the “one year
rule” of the Conscnsus Guidelines [9]. The total clinical
course was 2 yeuars.

2.2. MIBG myocardial scintigraphy

After the patient was in the supine position for 20 min,
111 MBq of '®1-MIBG (Daiichi Radioisotope Laboratories
Co, Tokyo, Japan) was intravenously injected. Planar
imaging and single photon emission computed tomography
were performed using a triple headed gamma camera
(GCA9300A, Toshiba Co, Tokyo, Japan) after 15 min
(early phasc) and 3 h (late phase). Photopeak energy was
centered at 159 keV with a 20% window and relative organ
uptake of "PI-MIBG was determined by setting the region
of interest on the anterior planar image. Using average
counts per pixel for the heart and mediastinum, the ratio of
the uptake by the heart to that by the mediastinum was
calculated.

2.3. Neuropathology

A postmorteim cxamination was performed 18 h after
death. The brain and spinal cord were fixed in 20% buffered
formalin for two wecks and the appropriate areas were
embedded in paraftin for routine morphological examina-
tions. To study the cardiac sympathetic innervation in detail,
the intermediolateral column at several levels of the thoracic
spinal cord, the sympathetic trunk and ganglia, and the
nerve plexus of the anterior wall of the left ventricle were
carefully examincd and compared with those of five age-
matched controls.

Six micron-thick sections were stained with hematoxylin
and eosin by the Klliver—Barrera method. Antibodies raised
against Ap (12B2, monoclonal, aa. 11-28, IBL, Maebashi,
Japan); phosphorylated 7 (ptau) (ATS, Innogenctics, Temse,
Belgium); phosphorylated o-synuclein (psyn) (psyn#64,
monoclonal, and Pser129, polyclonal, kind gifts from Dr
T. Twatsubo), phosphorylated neurofilament (SMI31, Stern-
berger Immunochemicals, Bethesda, MD); HLA-DR
(CD68, Dako, Glostrup, Denmark); tyrosine hydroxylase
(TIL, polyclonal, Calbiochem, Parmstadt, Germany); and
glial fibrillary acidic protein (GFAP, polyclonal, Dako,
Glostrup, Denmark) were employed. The sections were
visualized with a Ventana NX20 system as previously
reported [10].

The control cases died of systemic disorders that did not
affect the heart.
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3. Results
3.1. MIBG myocardial scintigraphy

MIBG myocardial scintigraphy revealed that the uptake
ratio of the heart to that of the mediastinum was 1.58
(normal mean of 2.76) during the early phase and 1.35
(normal mean of 3.45) during the late phase.

3.2. Neuropathology

The brain weighed 1250 g and the temporal lobe was
slightly atrophic. Serial coronal slices of the brain showed
mild dilatation of the lateral and third ventricles and serial
axial sections revealed the loss of pigmentation in the
substantia nigra and locus ceruleus. Histologically, neuronal
loss and gliosis were present in the substantia nigra, locus
ceruleus, and basal nucleus of Meynert. Lewy bodies (LBs)
were present in the substantia nigra, locus ceruleus, dorsal
vagal motor nucleus, raphe nucleus, hypothalamus, basal
nucleus of Meynert, amygdala, anterior cingulate gyrus,
transentorhinal region and second temporal gyrus, but not
present in the frontal or parietal cortex. The LB score of this
case was 4, following the Consensus Guidelines for DLB
[9]. Senile plaques were absent and neurofibrillary tangles
were only scattered in the transentorhinal cortex (Braak
Stage ).

In the sympathetic nerves innervating the heart, LBs
were present in the intermediolateral column of the thoracic
spinal cord and sympathetic ganglia. In contrast, LBs were

completely absent in the control subjects. Multiple levels of
the intermediolateral column of the thoracic spinal cord
were examined with anti-phosphorylated a-synuclein anti-
body (psyn). Scattered psyn-immunoreactive neuronal intra-
cytoplasmic inclusions, threads and dots were present there.
Immunohistochemistry with anti-psyn antibodies showed
positive axons in the thoracic ventral roots, sympathetic
trunk and cardiac plexus (Fig. 1D-F) and Nageotte’s
residual nodules were scattered among relatively preserved
sympathetic ganglia (Fig. 1A). In the cardiac plexus, total
loss of TH-immunoreactivity (Fig. 1H) compared with the
normal control (Fig. 1G) and a marked decrease of axons
(Fig. 1C) compared with the normal control (Fig. 1B) were
evident. In contrast, the dorsal root ganglia and the sural
nerve, including unmyelinated fibers, were well preserved,
as shown by ultrastructural studies (data not shown). The
heart itself did not show any wvalvular, coronary or
myocardial change.

4. Discussion

This study found cardiac sympathetic denervation in a
patient with PD, which was well correlated with severely
decreased uptake in MIBG scintigraphy.

Previous studies demonstrated that neuronal degenera-
tion with LBs occurs in broad areas of the sympathetic
nervous system, including the sympathetic ganglia and the
cardiac plexus, in patients with PD [11]. In the cardiac
plexus, LBs and a-synuclein positive axons [12] or

C

Fig. 1. Pathology of the sympathetic nervous system of a case of Parkinson disease A: a sympathetic ganglion showing a Nageotte’s residual nodule (arrows)
with Lewy bodies (LBs) (arrowhead) (hematoxylin and cosin staining, bar=50 pm). Inset: a typical LB in the sympathetic ganglion (bar=10 pm). B and C:
unmyelinated fibers in the epicardial fatty tissue immunostained with anti-phosphorylated neurofilament antibody (SMI 31). Abundant axons from a control
(B) and marked loss of axons from the case (C) (bar=50 pm). D -F: Lewy axons visualized by immunohistochemistry with anti-phosphorylated a-synuclein
antibody (psyn#64) in the same fascicle as in section C (bar=10 pm). G and H: serial sections from section B (G) and C (H) immunoassayed with anti-tyrosine
hydroxyls (TH) antibody. Abundant TH-immunoreactive fibers from the control (G) and total loss of immunoreactivity from the patient (H) (bar=>50 pm).
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markedly decreased TH-positive nerve fibers [7,8] were
reported, which is consistent with our findings.

The present study found that the pathology of the
sympathetic ganglia consisted of prominent a-synucleinop-
athy with a relatively preserved neuronal population. This
was in sharp contrast with the severe axonal loss of
sympathetic nerves in the cardiac muscle. Thus, LB-related
a-synucleinopathy may cause distal axonopathy of the
postganglionic sympathetic nerves.

It is difficult to exclude the possibility that the clinical
history of DM may have made some contribution to the
findings of MIBG scintigraphy and the pathology of the
peripheral autonomic nervous system in this case, although
the extremely low MIBG uptake and intact unmyelinated
fibers in the sural nerve and dorsal root ganglia as well as
pathologically unremarkable heart itself suggest that this
possibility is not likely.

This study suggested that MIBG scintigraphy could be
used to detect the presence of LB-related a-synucleinopathy
in the cardiac sympathetic nervous system. Further pro-
spective pathological studies on cardiac sympathetic inner-
vation in PD or DLB patient who underwent MIBG
scintigraphy should be carried out.
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Summary

The visual perception of words is known to activate
the auditory representation of their spoken forms au-
tomatically. We examined the neural mechanism for
this phonological activation using transcranial mag-
netic stimulation (TMS) with a masked priming para-
digm. The stimulation sites (left superior temporal
gyrus [L-STG] and inferior parietal lobe [L-IPL}), mo-
dality of targets (visual and auditory), and task (pro-
nunciation and lexical decision) were manipulated
independently. For both within- and cross-modal con-
ditions, the repetition priming during pronunciation
was eliminated when TMS was applied to the L-IPL,
but not when applied to the L-STG, whereas the prim-
ing during lexical decision was eliminated when the L-
STG, but not the L-IPL, was stimulated. The observed
double dissociation suggests that the conscious
task instruction modulates the stimulus-driven activa-
tion of the lateral temporal cortex for lexico-phonolog-
ical activation and the inferior parietal cortex for
spoken word production, and thereby engages a differ-
ent neural network for generating the appropriate be-
havioral response.

introduction

Behavioral studies have shown that printed words rap-
idly activate the representation of their spoken forms,
even when the stimuli are perceived unconsciously
(Frost, 2003). This phonological activation constitutes
a mandatory and crucial component of visual word rec-
ognition, the dysfunction of which is known to correlate
with difficulties in literacy acquisition (Paulesu et al.,
2000; Shaywitz et al., 1998). The automatic nature of
such print-to-sound translation during reading is mir-
rored by brain imaging data showing that the mere ex-
posure to visual words induces widespread activation

*Correspondence: kimihiro@m.u-tokyo.ac.jp

of the left perisylvian area, associated with phonology,
beyond the functional demands of the task (Price
et al., 1996).

Typically, the stimulus-driven response to pronounce-
able letter-strings extends beyond the left occipitotem-
poral cortex (associated with visual word perception),
which responds approximately 150-200 ms after the
stimulus onset (Cohen et al., 2000; Nobre et al., 1994;
Tarkiainen et al., 1999), down to a middle part of the
left superior temporal gyrus/sulcus (L-STG/STS) that is
associated with the auditory representation of spoken
words (Demonet et al., 1992; Howard et al., 1992; Price,
1998). More recent work, however, has shown that the
distributed activation during reading is drastically re-
duced and localized to the left occipitotemporal region
under the visual masking procedure where participants
are unable to perceive written words consciously (De-
haene et al., 2001). This observation indicates that it is
an open question what neural mechanisms mediate
the connection between the occipitotemporal region
and the auditory association cortex to achieve the feed-
forward activation of phonological code from letter-
strings, because such automatic phonological compu-
tation is in itself an obligatory component of reading,
which operates even under the subliminal perception
of words.

Several other recent studies have further suggested
that the interregional connectivity changes in the left-
hemisphere language network as a function of task re-
quirements (Bokde et al.,, 2001; Horwitz et al., 1998;
Mechelli et al., 2005). Thus, the neural connections me-
diating the cross-modal translation from print to sound
may be modulated by task instructions, presumably un-
der the executive control of the prefrontal cortex (Fuster,
1997; Miller and Cohen, 2001). Critically, such top-down,
strategic control may further exert a modulatory influ-
ence over the stimulus-driven neural activation trig-
gered by unconsciously perceived words. In fact, past
behavioral studies have shown that the voluntary alloca-
tion of attentional resources produces a measurable
impact on the unconscious or autonomous processing
of visual stimuli (Naccache et al., 2002; Ramachandran
and Cobb, 1995).

Specifically, there are at least two candidate large-
scale neural networks involved in automatic phonologi-
cal computation during reading. First, brain imaging and
neuropsychological studies both point to a central role
of the left inferior parietal lobe (L-IPL) in orthography-
to-phonology conversion during reading (Price, 1998).
Here, the spreading activation from the occipitotempo-
ral cortex is assumed to reach the L-IPL before activat-
ing the phonological representation associated with the
L-STG region. Indeed, behavioral studies have sug-
gested that the serial computation of phonology occurs
in an earlier stage of reading prior to the lexical activa-
tion (Frost, 2003). Second, recent brain imaging studies
have suggested the existence of polysensory neurons in
a posterior part of the STS which respond to both visual
and auditory stimuli (Beauchamp et al., 2004; Wright
et al., 2003). As an anatomical substrate for muitisensory
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Figure 1. Sequence of Events Used for the Behavioral Paradigm

Each trial consisted of a masked prime followed efther by a visual
target (“within-modal trials”) or by an auditory target synchronized
with a string of three of four letter-like symbois (€M) as a back-
ward mask (“cross-modal trials”). The two types of trials were ran-
domly intermixed in each TMS session, which lasted 480 s. For the
LD task, participants determined whether or not the target stimuli
represented a real Japanese word irrespective of their modality,
while for the PRN task, they simply read aloud the visual targets or
repeated the auditory targets. Experiment 1 was a behavioral exper-
iment using the same event sequence without TMS. A post-hoc
prime-visibility test confirmed that participants were unable to ses
the primes consciously {see Experimental Procedures). In Experi-
ment 2, a single-pulse TMS synchronized to the fixation cross was
applied to the target brain site in each trial.

integration (Beauchamp, 2005), this posterior lateral
temporal sector might constitute an alternative neural
pathway that can relay an input signal from the occipito-
temporal area for cross-modal word processing.

Using event-related transcranial magnetic stimulation
(TMS) with a masked repetition priming paradigm (Fig-
ure 1), we explored the degree of relative contribution of
the L-IPL and L-STG/STS in unconscious phonological
activation during reading under two different task
instructions, lexical decision (LD} and pronunciation
(PRN). The behavioral response to a written wordis known
to be facilitated after the brief, subliminal presentation of
the same word, both for LD (Forster et al., 2003) and
PRN (Kinoshita, 2003). We examined the TMS-induced in-
terference in the two types of repetition priming while ma-
nipulating the stimulation site (L-IPL and L-STG), target
modality (visual and auditory), and lexicality (word and
nonword). The cross-modal manipulation of the priming
condition has previously been used as a behavioral index
of phonological activation during reading (Grainger et al.,
2003; Kouider and Dupoux, 2001). Crucially, our experi-
mental paradigm with visual masking enables minimiza-
tion of potential strategic or atientional effects induced
by the conscious perception of words and thereby targets
bottom-up activations of the neural code. Combined with
areal-time 3D navigation system, the present TMS exper-
iment thus allowed inferences about the neural processes
operating during the later stage of reading (>200 ms after
the stimulus onset) at the cerebral loci targeted with high-
resolution structural MRI.

Results

Experiment 1

We first conducted a behavioral experiment without
TMS to confirm a reliable masked repetition priming
effect under within- and cross-modal conditions under

Within-modal
Word Nonword

550 4
525 4
500 A
4754 L
450 -
425 4
400 4
375

Reaction time {ms)

LD PRN LD PRN

Cross-modal
Word Nonword

Reaction time (ms)

LD PRN LD PRN

3 Repeated  [] Unrepeated

Figure 2. Mean Reaction Times, £SEM, During the LD and PRN
Tasks in Experiment 1

For the within-modality condition, the priming effect in LD was sig-
nificant only for words, whereas the onset priming effect in PRN
was significant both for words and nonwords (upper panel). This
same pattern of priming was also obtained for the cross-modal con-
dition (lower panel). (*) indicates a priming effect significant in the
planned pairwise comparison (see Resuits).

the two task instructions (see Figure 1). Participants
made few errors during the two tasks (mean error
rate = 3.48% for LD and 0.89% for PRN). Mean reaction
times (RT) for each of the four priming conditions are
presented in Figure 2. Planned pairwise comparison
was made separately for words and nonwords using
analysis of variance (ANOVA). For words, a significant
priming effect was obtained under the LD task in the
within-modal (F{1,13] = 20.56, p < 0.001) and cross-
modal (F[1,13] = 18.98, p < 0.001) conditions. There
was also a significant priming effect under the PRN
task in the within-modal (F[1,13] = 15.76, p < 0.005)
and cross-modal (F[1,13] = 34.51, p < 0.001) conditions.
For nonwords, the priming effect in LD did not reach sig-
nificance for the within-modal condition (F[1,13] = 3.78,
p = 0.07) or for the cross-modal condition (F[1,13] < 1).
For PRN, there was a robust “onset priming” effect (Ki-
noshita, 2003) for the within-modal condition (F[1,13] =
31.13, p < 0.001), while the same effect did not reach
significance in the cross-modal condition (F[1,13] =
3.01, p=0.11).

The same participants also performed a forced-
choice test designed to evaluate the visibility of primes
(80 trials). Each trial comprised the same sequence of
masks and words as in the main experiment described
above, except that the prime stimuli appeared as
a left-right inverted mirror image of the original words
with a probability of 50%. Participants were asked to de-
termine whether or not prime words were flipped as ac-
curately as possible without time pressure. The mean
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accuracy of this forced-choice test was 50.58% for the
within- and 48.27% for the cross-modal conditions, re-
spectively. This accuracy level did not depart signifi-
cantly from the chance-level trials, neither for the
within-modal (t = 0.33, p > 0.5) nor for the cross-modal
{t = —0.72, p = 0.48) ones, suggesting that participants
were unable to perceive the masked primes consciously
in both conditions.

Experiment 2

In this experiment, we examined the impact of TMS on
the repetition priming effects observed in Experiment 1.
Guided by the real-time MRI-based monitoring, we
delivered a precisely targeted single-pulse TMS either
to the L-IPL or L-STG during the execution of the LD
and PRN tasks (Figures 3A and 3B). The overall spatial
displacement of the stimulation points during the TMS
session was ~8 mm for the L-IPL and ~11 mm for the
L-STG across participants, respectively. The potential
effect of coil motion on the stimulation intensity would
be negligible for this range of displacement given the
estimated spatial extent of the electric field generated
by the TMS (see Experimental Procedures) and the ap-
proximate volume of the anatomical target sites (>10 x
10 x 10 mm?® for both the IPL and STG, according to
the stereotaxic atlas of Talairach and Tournoux [1988]}).

Participants achieved a high level of accuracy for both
tasks during the TMS session (mean error rate = 7.04%
for LD and 3.39% for PRN). Mean RTs with respect to the
lexicality and modality are presented in Figures 3C and
3D. An omnibus ANOVA for the RTs revealed significant
main effects of lexicality and modality (p < 0.001 for
both), suggesting that participants responded more
quickly to (1) words than nonwords and to (2) visual tar-
gets over auditory targets, respectively. In the following
analysis, the effects of repetition priming, task type, and
stimulation site were examined separately for words and
nonwords with respect to their modality.

Forwords, there was a significant priming effect under
the within-modal condition (F[1,15] = 18.14, p < 0.005),
whereas the effects of task and site did not reach signif-
icance (both Fs < 1). Crucially, there was a significant
three-way interaction between these factors (F[1,15] =
9.82, p < 0.01). None of the other interactions were sig-
nificant (p > 0.1). Under the cross-modal condition, there
was also a significant priming effect (F[1,15] = 8.64, p <
0.05), while the effects of task and site were both nonsig-
nificant (p > 0.1). The three-way interaction between
these factors was marginally significant (F[1,15] = 4.31,
p = 0.06). No other interactions reached significance
(P> 0.1).

For nonwords, there was a significant effect of the
within-modal priming (F[1,15] = 12.61, p < 0.005). The
effect of task type was marginally significant (F[1,15] =
4.42, p = 0.05), suggesting that the response latency
was longer for LD than for PRN when targets were pre-
sented in the visual modality. All of the other main effects
and interactions were nonsignificant (p > 0.1). For the
cross-modal condition, none of the main effects and in-
teractions reached significance (all Fs < 1).

Planned Comparisons for the Priming Effect

Planned comparisons for words revealed a significant
priming effect in the LD task when the stimulation
was applied to the L-IPL, both for the within-modal
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Figure 3. Locations of the Anatomical Targets and Behavioral
Effects of the TMS

Each target site is rendered on a structural MRI averaged across
participants. The dotted circles represent the approximate spatial
extent of the induced electric field around the maximum stimulation
point. {A) The L-PL target. The mean coordinates (+ SD) of the stim-
ulation points were x=—48 * 6mm,y= ~43 £ 7mm,z=48 = 9mm
according to the stereotaxic atlas of Talairach and Tournoux (1988).
(B) The L-8TG target. The mean coordinates (+ SD) of the stimuia-
tion points were x = =62 x 4 mm,y=-25 £ 7mm,z=2 £ 8 mm.
(C) Mean reaction times (+SEM) for the LD and PRN tasks during
the stimulation of L-IPL. For words, the priming effect in PRN was
eliminated irrespective of the target modality when the L-IPL was
stimulated. In contrast, the priming for LD remained significant for
both the within- and cross-modal conditions. For nonwords, the on-
set priming effect in PRN was also disrupted by the TMS. (D) Mean
reaction times (= SEM) for the LD and PRN tasks during the stimula-
tion of L-STG. For words, the priming effect in LD was eliminated re-
gardless of the target modality when the L-STG was stimulated. In
contrast, the onset priming for PRN remained significant across
the within- and cross-modal conditions. For nonwords, the priming
effect in PRN was also affected by the TMS.

(F1,15] = 33.98, p < 0.001) and cross-modal (F[1,15] =
4.49, p = 0.05) conditions. However, the priming effect
in the PRN task did not reach significance when the
same region was stimulated; this was also the case
for the within-modal (F[1,15]< 1) and cross-modal
conditions (F[1,15] < 1). In contrast, the priming for LD
was eliminated when the L-STG was stimulated, both
for the within-modal (F{1,15] = 1.01, p = 0.33) and
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cross-modal (F[1,15] = 2.74, p = 0.12) conditions. The
priming effect in PRN remained significant when the
same region was stimulated in the within-modal condi-
tion (F[1,15] = 10.47, p < 0.01) and in the cross-modal
condition (F[1,15] = 9.14, p < 0.01).

On the other hand, nonwords produced no significant
priming effect when the L-STG was stimulated during
the LD task in either within- (F[1,15] = 1.99, p = 0.18) or
cross-modal {F[1,15] < 1) conditions. There was a signif-
icant effect of priming for PRN in the within-modal con-
dition (FI1,15] = 8.13, p < 0.05). No significant priming
was obtained for the PRN task in the cross-modal con-
dition (F[1,15] < 1). When the L-IPL was stimulated, no
priming effect was found for either of the two tasks irre-
spective of the modality (p > 0.08 for all Fs).

Combined Analysis of the Behavioral

and TMS Experiments

For each of the planned comparisons reported above,
we further examined the effect of TMS on the magnitude
of the priming effect in a joint analysis of the two data-
sets, one from Experiment 1 without TMS and the other
from Experiment 2. For each stimulation site, the mean
RTs were analyzed as a 2 x 2 factorial arrangement
with the repetition priming as a within-participant factor
(identical versus unrelated) and the stimulation as a be-
tween-group factor (with TMS versus without TMS).

For words, the stimulation of the STG interfered with
the priming in LD for both the within-modal and cross-
modal conditions (interaction, F[1,28] = 9.42, p < 0.01
and F[1,28] = 4.92, p < 0.05, respectively). The stimula-
tion of the same site did not produce a significantimpact
on the magnitude of priming in PRN (F < 1 for both
within- and cross-modal trials). For IPL, the priming X
stimulation interaction was significant for PRN in the
cross-modal condition {(F[1,28] = 4.22, p < 0.05) and
marginally significant in the within-modal condition
(F11,28] = 3.28, p = 0.08). However, stimulation of the
same site produced no significant effect on the priming
for LD {F[1,28] < 1 and F[1,28] = 2.32, p = 0.14 for within-
and cross-modal conditions, respectively). For non-
words, stimulation of the IPL interacted with the priming
in PRN only for the within-modal condition (F[1,28] =
10.55, p < 0.005). This same priming effect was also
reduced by the stimulation of the STG (F[1,28] = 4.44,
p < 0.05). None of the other interactions reached statis-
tical significance.

Discussion

By the combined use of masked priming and TMS, the
present study focused on the neural substrate of the
bottom-up phonological activation during reading, while
eliminating the influence of postperceptual processes,
i.e., the distant global broadcasting that may occur
when words cross the threshold of consciousness (De-
haene et al.,, 2004; Lamme, 2003; Lamme et al., 2002).
Behavioral results from Experiment 1 show a significant
masked priming effect across the two tasks, not only
when primes and targets were presented in the same
modality, but also when they were presented in differing
modalities. It is important to note that each of these
priming effects has a distinct cognitive locus invoived
in visual word processing. For the LD task, the within-
modal priming is thought to reflect mainly a lexical-level

activation, while the earlier, orthographic contribution is
relatively smaller and no greater than 10 ms (Forster
et al., 2003). For PRN, the within-modal priming has
been known to occur both for words and nonwords
and has been attributed to either the orthography-to-
phonology computation (Forster and Davis, 1991) or fur-
ther downstream toward the speech planning process
(Kinoshita, 2003). This latter process could be also in-
volved in the cross-modal priming in PRN as afinal com-
mon pathway for spoken output. On the other hand, the
cross-modal priming in LD has been attributed to the ac-
tivation of phonological codes through visual input
(Kouider and Dupoux, 2001).

Previous behavioral studies with alphabetic readers
have reported conflicting results about whether or not
subliminal primes indeed facilitate the participants’ re-
sponses during LD. For instance, Grainger et al. (2003)
demonstrated significant masked cross-modal priming
with the prime duration of 57 ms, while another study
failed to obtain a significant priming effect at the same
or even longer prime duration (Kouider and Dupoux,
2001). The inconsistency across studies has been attrib-
uted to several different factors in the experimental set-
ting, such as the differences in prime duration, interstim-
ulus interval between primes and targets, and backward
masking (Grainger et al., 2003). Although the present de-
sign does not allow us to determine the relative contri-
bution of these factors in the mechanics of masked
cross-modal priming, our results provide additional evi-
dence showing that the response facilitation across dif-
ferent modalities does occur even at a very brief prime
duration (33 ms). The robust effect obtained here could
be partially attributed to a possible advantage of the
syllabic script in phonological conversion, i.e., a higher
degree of transparency between orthography and pho-
nology which would aliow a more rapid computation of
phonology from print.

Our TMS results revealed that the within- and cross-
modal priming conditions for words both produced
a significant triple interaction between repetition, task
type, and stimulation site. Coupled with the joint analy-
sis of the two datasets, this finding suggests a net com-
ponent of regional-specific interference by TMS which
cannot be attributed to a nonspecific, global cortical in-
hibition associated with the stimulation. That is, the
stimulation of the L-STG and the L-IPL each produced
a differential impact on the within- and cross-modal
priming according to the task instruction and lexical
property of the stimuli.

Specifically, the stimulation of the L-IPL eliminated the
masked onset priming effect for words and nonwords,
whereas these same effects were not affected by the
stimulation of the L-STG. This finding is consistent
with past neuropsychological and brain imaging studies
suggesting that the L-IPL plays a leading role in phono-
logical computation from orthography (Friedmann et al.,
1993; Price, 1998). Importantly, however, our results
suggest that when top-down effects by attentional or
strategic control are eliminated by visual masking, this
neural pathway for letter-to-sound mapping opens
only when participants are engaged in the cognitive
set for word production. Moreover, the serial phonolog-
ical conversion procedure subserved by the IPL runs
nonspecifically to the pronounceable word-like stimuli
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irrespective of whether they represent a real word or not,
since the effect size for the onset priming in PRN did not
differ between words (=20 ms) and nonwords (=24 ms) in
the within-modal condition (Experiment 1). In fact, sev-
eral past studies have consistently suggested that it is
the left inferior prefrontal cortex, rather than the L-IPL,
that is sensitive to the lexicality and regularity of orthog-
raphy of written words (Fiebach et al., 2002; Fiez et al.,
1999; Herbster et al., 1997; Rumsey et al., 1997).

On the other hand, we also found that the stimulation
of the L-STG, but not that of the L-IPL, reduced the
masked priming effect of words in the LD task, for
both the within- and cross-modal conditions. This find-
ing suggests that the lexical activation and phonological
processing subsequent to it are mediated by the ventral
neural pathway extending from higher-order visual cor-
tex to the L-STG, of which the L-IPL does not constitute
a pivotal component. Since participants were unaware
of the identity of primes as confirmed by the prime visi-
bility test, this interpretation in turn implies that the un-
conscious perception of visual words leads to the acti-
vation of their spoken forms without the implicit
mobilization of the neural mechanism for speech pro-
duction.

Functional brain imaging studies converge to suggest
that the ventro-lateral temporal cortex comprises dis-
tinct subregions distributed between the occipitotem-
poral cortex for visual object recognition and the middle
part of the L-STG associated with the phonological pro-
cessing of spoken words. That is, a posterior sector of
the STS responding to both visual and auditory stimuli
is currently thought to represent a human homolog of
the polysensory neurons in the macaque STS (Beau-
champ et al., 2004; Wright et al., 2003). A functional
MRI study by Cohen et al. (2004) has also shown that
a middle portion of the left middle temporal gyrus adja-
cent to the polysensory STS is associated with the ab-
stract, lexical-level representation of words and termed
it a “lateral inferotemporal multimodal area.”

More generally, a current neural model of reading pro-
poses an anterior-to-posterior processing stream of the
left occipitotemporal cortex for a progressive abstrac-
tion process in visual word recognition (Dehaene et al.,
2004), which conforms to a global framework of the cor-
tical object recognition mechanism whereby raw visual
features of stimuli are transformed increasingly from
perceptual to conceptual (Henson et al., 2000; Lerner
et al., 2001; van Turennout et al., 2000). Indeed, a recent
study using diffusion tensor tractography revealed white
matter fiber bundles connecting the extrastriate cortex
and lateral temporal cortex (Catani et al., 2003). Taken
together with the present finding, this suggests that
the ventral pathway linking the occipitotemporal cortex
and L-STG via the intermediate polysensory area is
“turned on” and receptive of unconsciously perceived
words only when observers are in the cognitive set for
word recognition. This latter neural mechanism is sensi-
tive to the lexicality of stimuli and works for the lexical-
and subsequent phonological-level activation indepen-
dently of the L-IPL, which operates in the phonological
computation of both words and nonwords.

Importantly, our results provide direct evidence for
the proposal that even the unconscious processing of
incoming stimuli operates under the strong influence

Figure 4. A Possible Schematic of the Neural Connections for Pro-
cessing Subliminal Words in the Two Different Task Contexts

(Top) The lateral prefrontal cortex (blue) sends a biasing influence
over the neural pathway from the left fusiform cortex (red) via the
IPL (yellow) to prepare the spoken response when participants are
in the cognitive set for pronunciation. This unconscious word pro-
cessing proceeds without the contribution of the L-STG (gray). (Bot-
tom) In lexical decision, the lateral prefrontal cortex (blue) selects the
ventral processing stream to produce lexical- and phonological-
level activation by directing the neural signal from the fusiform
area to the L-STG (yellow). The L-IPL (gray) is not involved in the un-
conscious word processing during this task operation.

of the conscious task instructions (Dehaene et al.,
1998). The finding that TMS produced a differentiated
impact on the subliminal priming effect as a function of
the stimulation site and task requirement is likely to re-
flect the task-dependent dynamic change of connection
strength within the brain network involved in reading. In-
deed, a recent fMRI study has shown that the effective
connectivity between the left inferior frontal gyrus and
task-specific temporo-parietal regions is modulated by
the nature of behavioral tasks during conscious lan-
guage operations (Bitan et al.,, 2005). The selection of
these task-relevant neural pathways in posterior brain
regions is thought to be achieved by the biasing influ-
ence exerted by the prefrontal cortex (Miller and Cohen,
2001). As illustrated in Figure 4, our results further sug-
gest that such top-down, strategic control modulates
the bottom-up neural activation produced by uncon-
sciously perceived words to set up a different neural cir-
cuit for generating the intended behavioral response.

In addition, it is noteworthy that the well-known dual-
route model of reading posits at least two different
processing components, i.e., the lexical or whole-word
system available for real words and the phonological as-
sembly which plays an important role during reading of
nonwords and low-frequency words (Coltheart et al.,
2001). Under this framework, it might be said that these
two components each are subserved by the ventral tem-
poral pathway linking the occipitotemporal cortex and
the L-STG and the more dorsal, parieto-temporal cir-
cuitry involving the L-IPL. This proposal seems partially





