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Cerebral blood flow

ORIGINAL COMMUNICATION

and metabolic changes produced
by repetitive magnetic brain stimulation

Abstract We evaluated cerebral
variation in oxyhemoglobin, deoxy-
hemoglobin, and cytochrome oxidase
before and after transcranial mag-
netic and electrical stimulation in ten
healthy volunteers using near-in-
frared spectroscopy. Immediately af-
ter magnetic but not after electric
stimulation a significant increase in
oxyhemoglobin and a decrease in cy-
tochrome oxidase were observed

(P < 0.05). Our data suggest that
repetitive transcranial magnetic stim-
ulation induces metabolic activation
of the cerebral cortex together with
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Introduction

Since itsfirst descriptionsin 1980s, transcranial electrical
stimulation and transcranial magnetic stimulation over the
motor cortex have become widely used tools for evaluat-
ing the physiology of cortical areas [20]. It is generaly
believed that electrical stimulation activates the cortico-
spinal system directly by depolarizing the axons, and that
magnetic stimulation activates the corticospinal system by
stimulating the axons of cortico-cortical interneurons
synapsing on the corticospinal neuron [5, 6]. No effects of
transcranial magnetic stimulation on the electroencephal o-
gram, cognitive function, or serum hormone levels have
been reported [12, 13]. The hemodynamic effects of
repetitive transcranial magnetic stimulation (rTMS) of the
human brain have been investigated by several authors

an increase in cerebral blood flow.

who report an increase in cerebral blood flow (CBF) [7,
19, 11, 23].

The idea that regional CBF could reflect neuronal ac-
tivity began with the experiment of Roy et al. [21]. Inves-
tigations of the metabolism of the human brain were ham-
pered by the fact that the brain within the skull is not eas-
ily accessible for performing experimental procedures,
that the nervous tissue is composed of many different cell
populations, and that the more recent techniques for
studying the metabolic state of brain, such as single pho-
ton emission computed tomography, functional magnetic
resonance, and positron-emission tomography, are not
suitable in many situations.

Near-infrared spectroscopy (NIRS) is a noninvasive,
repeatable method that allows regional assessment of the
oxygenation state of hemoglobin in tissue and the redox
state of cytochrome oxidase (cyt aa3), which reflects the
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overal activity of oxidative metabolism in the cells.
NIRS measures cerebral concentrations of oxyhemoglobin
(HbO,), deoxyhemoglobin (HHb), and cytochrome aa3 by
observing the absorption of near-infrared light. These
measures are expressed as micromoles per liter variation
from baseline. HbO, and HHb have different absorption
spectra in the visible and near infrared regions, allowing
spectroscopy techniques to be used to provide an indicator
of blood oxygenation and hence oxygen delivery, and thus
they can be considered a good index of CBF variations.

Cytochrome aa3 is an enzyme located in the mitochon-
drial membrane and plays a vital role in energy genera-
tion. Cytochrome aa3 exists in two states: oxidized, when
it loses an electron, and reduced, when it gains an elec-
tron. The two different states exhibit different optical ab-
sorption spectra, allowing it to be examined spectroscopi-
cally. Monitoring the redox state of cyt aa3 provides direct
and immediate information on the intracellular utilization
of oxygen, and this reflects the metabolic activation of the
cell. NIRS is able to detect only the oxidized form of cyt
aa3, and for this reason the change in the redox state of
cyt aa3 from oxidized to reduced form is evaluated by
NIRS as a decrease in the oxidized cyt aa3 concentration
(for areview see [2]).

NIRS can provide metabolic information without inva-
sive sampling and detects even small changesin cerebra
hemodynamic response to functional stimulation [15].
Several reports describe the ability of NIRS to measure
the hemodynamic changes related to the human brain ac-
tivities such as motor, visual, auditory, cognitive, and lan-
guage functions [3, 11, 14-16, 24]. Moreover, NIRS has
been used to monitor CBF modification in physiological
and pathological conditions, with good results both in
adults and in children [8, 9, 26].

The purpose of the present study was to evaluate CBF
changes induced by rTMS and by repetitive transcranial
electric stimulation (rTES) and their relationships with
metabolic activation of the tissue. We measured the
changes in brain oxygen availability and consumption be-
fore and after repetitive transcranial stimulation using
NIRS.

Methods

Ten healthy volunteers (five men, five women) aged 24-38 years
(mean 28) participated in the study. All subjects were right-
handed, with normal and constant arterial pressure and heart rate.
The subjects lay on a couch in a warm and semidarkened room,
awake, and were instructed to try to think of nothing. Subjects had
their eyes closed during the whole experiment. The project was ap-
proved by the local ethics committee, and al the subjects gave in-
formed consent. Magnetic stimulation was performed using a
Magstim 200 (Novametrix, UK). Thirty stimuli (100% of the max-
imal stimulator output; 0.25 Hz) were delivered through a figure-
of-eight coil over the NIRS probe. Electrical stimulation was per-
formed using a Digitimer D 180A stimulator with a 50-ps time
constant; the cathode was located 10 cm in front of the vertex and
the anode 7 cm laterally (anodal stimulation). Thirty stimuli (30%
of the maximal stimulator output; 0.25 Hz) were used. Both mag-
netic and electrical stimulation were above motor threshold for
evoking muscle twitch when delivered over the motor cortex. A
four-wavelength NIRS unit (Critikon Cerebral Research Monitor
2001) was used to quantify the differences in light assorbance be-
fore and after rTMS/'TES. The Critikon 2001 research monitor
uses a two-channel system to delete the skull and scalp contribu-
tion, so that it monitors the concentration of chromophores from a
volume of tissue below the superficial extracerebral tissue surface.

The probe of the NIRS unit was placed on the anterior right
frontal region of the scalp; the center of the probe corresponded
approximately to the Fp2 position of the international electroence-
phalographic 10-20 system. In four subjects the probe of the NIRS
unit was also placed over the right motor area. In two subjects both
rTMS and rTES were performed over the anterior right frontal re-
gion.

The NIRS examination was performed for at least 10 min be-
fore the stimulation and for 5 min following the stimulation. The
experimental procedure was performed once for each subject. Dur-
ing the stimulation the NIRS was interrupted to avoid artifacts. To
ensure that no modification in evaluated parameters could be due
to the effects of ITMS/ITES on the NIRS probe, the latter was
placed over an inert material, and the effects of both types of repet-
itive stimulation were evaluated.

For the analysis of data we used the average of 10 min record-
ing before stimulation and the first 5 min following it. The sample
rate was one every second. Difference in mean values before and
after the stimulation were compared by the Wilcoxon test.

Results

Our findings are summarized in Table 1. A statistically
significant increase in HbO, and a decrease in cyt aa3

Tablel Mean HbO,, HHB

and Cyt aa3 (UM) of difference HbO, HHb Cyt aa3
from the starting baseline con- . . . . . .
sidered as zero before and after Magnetic Ele(ét;:c Magnetic Ele((:jt;;c Magnetic Ele((:jt;c
transcranial stimulation ano ano ano
Right frontal region?
Control -02 +22 -002+12 -107+22 -050+11 -063+13 -02 +07
After stimulation 4.14+35 -0.02+20 -012+22 -055+10 -224+17 -015+10
P <0.05 > 0.05 > 0.05 > 0.05 <0.05 > 0.05
aMagnetic stimulation, ten sub- Right motor area?
subjects After stimulation  6.77+4.1 np -38 39 np -1.52+ 0.3 np
bMagnetic stimulation, four [ <0.05 > 0.05 <0.05

subjects
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Fig.1 Mean HbO,, HHb, and cyt aa3 (uM) of difference from the
starting baseline considered as zero before and after transcranial
stimulation. A statistically significant increase in HbO, and a de-
crease in cyt aa3 concentrations were observed after rTMS of
both the anterior right frontal region and the right motor area
(*P < 0.05). There was no statistically significant modification in
HHb concentration (P > 0.05)

concentrations were observed after rTMS of both the
anterior right frontal region and the right motor area
(P < 0.05). There was no statistically significant modifi-
cation in HHb concentration (P > 0.05; Figs. 1, 2). On the
other hand, neither transcranial electrical stimulation,
acoustic stimuli (acoustic artifact of the coil during dis-
charge), nor voluntary contraction of the left small hand
muscles led to a significant increase in HbO, or a signifi-
cant decrease in cyt aa3 concentrations (P > 0.05). NIRS
measures evaluated after rTMS/FTES over an inert mater-
ial showed no change.

Discussion

These results provide direct evidence that induced meta-
bolic activation of the brain differs substantially de-
pending on whether electrical or magnetic stimulation is
used.

At present there is no full understanding of the site at
which transcranial (electric or magnetic) stimulation of
the motor cortex activates the corticospinal system in
man. The most popular view at present is the “D- and |-
wave” hypothesis first proposed by Day et al. [4] on the
basis of single motor unit studies in the hand. This hy-
pothesis has recently been supported by our group on the
basis of direct recording of descending volleys at cervical
level [6]. Thisview statesthat transcranial electrical stim-
ulation activates corticospinal fibers directly near the cell
body of the corticospinal neuron at a point, such as the
bend, where the axons leave the gray matter in their
course towards the internal capsule [1]. In contrast, tran-
scranial magnetic stimulation tends to activate corti-
cospinal neurons indirectly via excitatory synaptic inputs.
Following Patton and Amassian [17], these are said to
produce D- and |-wave volleys in the pyramidal tract.
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Fig.2 Effect of magnetic stimulation on NIRS parameters in one
of the subjects. HbO,, HHb, and cyt aa3 (uM) concentration
changes. NIRS probe was placed over the right anterior frontal re-
gion, and the center of the probe corresponded approximately to
the Fp2 position of the international electroencephal ographic
10-20 system, and magnetic stimuli were delivered over the NIRS
probe. Arrows start and the end of magnetic stimulation. An in-
crease in HbO,, a decrease in cyt aa3, and a slight increase HHb
were observed after rTMS
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Immediately after brain rTMS alocal increase in HbO,
and a decrease in cyt aa3 concentrations are the typical
findings. HbO, could be considered as a nondiffusible
tracer and, according to the Fick principle, the increase in
HbO, concentration could be considered an index of in-
creased CBF. This finding has indeed been reported by
other authors[7, 19, 22, 23]. A decrease in cyt aa3 means
atransformation from the oxidized state of cytochrome to
the reduced state, and this provides a direct and immedi-
ate information on the increased intracellular utilization of
oxygen. Increased consumption of oxygen indicates meta-
bolic activation of the brain. The method used does not
provide information about a temporal correlation between
CBF changes and the metabolic activation because of the
long sample rate of the NIRS (1 s) or about the duration of
the activating phenomena because after the rTMS and
ITES the NIRS is resettled to a new baseline. The human
brain depends virtually completely on glucose for energy
metabolism, and most of this energy comes from mito-
chondria. Glucose utilization reflects neuronal activity,
and most nerve cells are not only exclusively dependent
on glucose but also lack the ahility to store glycogen. This
is why nervous tissue when activated requires increased
oxygen and glucose availability. The increased useis sup-
ported by an increased CBF. Positron-emission tomogra-
phy and single photon emission computed tomography al-
low the monitoring of the increased consumption of glu-
cose while transcranial Doppler monitors CBF variation.
NIRS allows a contemporary evaluation of both param-

eters. Our data suggest that only synaptic and cellular ac-
tivation which is produced mainly by transcranial mag-
netic stimulation can significantly increase the metabolic
requirements that are supplied by the increased CBF. This
isin accordance with the presynaptic origin of the | waves
produced by magnetic stimulation [5, 6, 20]. On the other
hand, rTES, acting at axon level in the white matter [6, 17,
20], fails to produce a metabolic activation of the under-
lying tissue and consequently any changesin CBF.

Magnetic transcranial stimulation over the motor cor-
tex produced a greater increase in HbO, concentration.
Previous studies have reported that cerebral activation and
regional CBF increase induced by dynamic hand move-
ment can be blocked by regional anesthesia of the work-
ing arm, suggesting that such increases in CBF depend at
least in part on afferent input from the working muscles
[10, 18, 25]. Stimulation of the motor cortex produces
large twitches of the contralateral body muscles, and the
afferent input from the moving muscles could contribute
to the observed increase in CBF. However, neither mag-
netic nor electric stimulation of the anterior region of the
frontal cortex produces any twitch of the contralatera
body muscles. Therefore the observed changes after
rTMS cannot be due to sensory input but must originate
from the transynaptic activation of the cortical cells. Fur-
ther studies are needed to better define the relationship be-
tween the metabolism of activated cells and the increased
CBF supplying it.
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