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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

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.
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Introduction

Transcranial magnetic stimulation (TMS) has been
widely used in both clinical neurological (Currà 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 (rTMS)
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
rTMS.

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
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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 fMRI 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) (Jöbsis
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,

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 lV) in a series of ten stimulations
when the subject made a 5% maximal voluntary con-
traction (MVC) (about 50 lV). 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 5 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-
A1; 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

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

Fig. 1 Oxy-Hb (left column),
deoxy-Hb (middle column), and
total-Hb (right column)
concentration changes after
single-pulse TMS when the
subject contracted FDI muscle
(active condition): TMS at
100% AMT (a), 120% AMT
(b), 140% AMT (c), and sham
stimulation (d). Averaged data
(n=8) obtained at three TMS
intensities and sham
stimulation are separately
shown by thick lines and the
95% confidence intervals were
indicated by thin lines
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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 5 s before the

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

Fig. 2 Oxy-Hb (left column),
deoxy-Hb (middle column), and
total-Hb (right column)
concentration changes after
single-pulse TMS when the
subject kept the FDI muscle
relaxed (resting condition):
100% AMT (a), 120% AMT
(b), 140% AMT (c), and sham
stimulation (d). Averaged data
(n=8) obtained at three TMS
intensities and sham
stimulation are separately
shown by thick lines and the
95% confidence intervals are
indicated by thin lines
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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 1 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, c). 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-

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
filled 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)
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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

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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