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Dynamics of cognitive processing in the human hippocampus
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Abstract

Various features of cognitive processing have been studied using event-related electric potentials and magnetoencephalography (MEG),
as well as neuroimaging. Magnetic resonance spectroscopy (MRS) is a unique, noninvasive approach of measuring cellular metabolism that
reflects the static metabolic state. The present study is the first to show noninvasively the dynamic neurophysiological and metabolic changes
that occur during cognitive processing in vivo in the human hippocampus, as measured by MEG and spin-echo dynamic '"H-MRS
time-locked to the onset of the stimulus. The stimuli consisted of unpleasant and pleasant pictures of faces of human or primate babies. The
event-related synchronization of 0 activity and levels of creatine/phosphocreatine and choline-containing compounds relative to the
respective level in the resting condition increased significantly, more in the right hippocampus than in the left, during the target
discrimination task and also more in the right hippocampus in response to the unpleasant target picture than the pleasant one. These results
suggest that excitatory postsynaptic metabolism in the hippocampus, especially in the right hippocampus, is involved in discriminative and
cognitive processing of emotional information. This newly devised method combining event-related MEG with MRS can be used to
noninvasively elucidate the dynamic features of neurophysiology and neurochemical metabolism and represents a promising approach
toward improving our understanding of brain pathophysiology.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Dynamics; Neurochemical metabolism; Magnetoencephalography; MEG; Human; In vivo; Hippocampus; Magnetic resonance spectroscopy;
MRS )

Introduction

Cognitive processing of emotional information and facial
features has been studied using neuroimaging (Adolphs et
al., 1996; Haxby et al., 1996; Morris et al., 1998). Magne-
toencephalography (MEG)' has excellent spatiotemporal
resolution and can identify activated brain areas as well as
the time course of activation of different brain areas from

* Corresponding author. Cognitive Sciences Section, Dept. of Sensory
& Communicative Disorders, Research Institute, National Rehabilitation
Center for Persons with Disabilities, 4-1 Namiki, Tokorozawa 359-8555,
Japan. Fax: +81-42-998-0322.

E-mail address: nobu@rehab.go.jp (N. Nishitani).

! Abbreviations used: Cho, choline-containing compounds; Cr, creatine
and phosphocreatine; ERS, event-related synchronization; MEG, magne-
toencephalography; MRS, magnetic resonance spectroscopy; NAA, N-
acetylaspartate. :
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the magnetic signals that arise from brain structures in a
manner that is completely noninvasive and free of distor-
tion. MEG has also been used to analyze the activity and
thythm of the hippocampus (loannides et al., 1995; Tesche
et al., 1996; Kikuchi et al., 1997; Tesche, 1997; Nishitani et
al. 1998, 1999a; Tesche and Karhu, 2000).

Magnetic resonance spectroscopy (MRS) is a unique,
noninvasive approach to measuring cellular metabolism and
has been used to study neuronal diseases based on the
presence of neurochemical metabolites associated with
brain diseases (e.g., Kario et al., 1999). MRS has been used
to measure the static state of metabolism, but not the dy-
namic state which occurs, for example, during cognitive
processing evoked by a stimulus. While some studies have
sought a connection between neurochemical metabolism
and cognitive function (Ferrier et al., 2000; Sawrie et al.,
2000), they did not identify a clear association between
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neurochemical metabolism and active cognitive processing,
since they did not use MRS and cognitive tests simultaneously.

To noninvasively investigate the neurophysiology and
neurochemical metabolism during cognitive processing in
the hippocampus, we developed a new approach to event-
related MRS using proton MRS (‘H-MRS) time-locked to
the onset of the stimulus. We then noninvasively estimated
changes in the human hippocampal rhythm and levels of
several neurochemicals including choline-containing com-
pounds (Cho), creatine/phosphocreatine (Cr), and N-acety-
laspartate (NAA) as the subject viewed emotional pictures
and performed a discrimination task.

Methods
Subjects

Ten healthy, right-handed volunteers, consisting of 4
males and 6 females, aged 21-30 years (mean: 26 years),
participated in this study and were assessed by the Edin-
burgh Inventory (Oldfield, 1971). None of the subjects had
a previous history of neurological or visual disorders. This
stady was approved by the Committee of Ethics of the
National Rehabilitation Center for persons with disabilities
in Tokorozawa, Japan. All subjects gave their informed
consent for participating in this study.

Stimuli and task

Four pictures, consisting of unpleasant and pleasant pic-
tures of faces of human and primate babies, were selected
from the International Affective Pictures System (Lang et
al., 1997). Two pictures [either (a) the pleasant human baby
and unpleasant human baby pictures or (b) the pleasant
primate baby and unpleasant primate baby pictures] were
presented in random order, once every 2.0 s (range, 1.8-2.2
s), to the subject. The duration of presentation of each
picture was 300 ms. One human or primate baby picture
served as the nontarget stimulus (70%) and the second
picture served as the target stimulus (30%). For MRS re-
cording, the pictures were projected onto a screen that had
been placed outside the magnetic resonance (MR) system
via a projector (XV-C1, Sharp, Japan) and the subject
viewed them via a mirror positioned on the head coil. The
distance between the subject’s eyes and the mirror was 20
cm and the actual size of the projected pictures was 7 X 6
cm on the mirror (13 X 10 cm). For MEG recording, the
stimulus pictures were projected onto a screen placed 1.5 m
in front of the subject via a projector (VistaGRAPHX 2500,
Electrohome, Ontario, Canada), which was positioned out-
side a magnetically shielded room. The size of the projected
pictures for MEG recording was 50 X 40 cm (size on
screen). These sizes and distances used in both MRS and
MEG recordings make the same visual angle. The sequence
of stimulus pictures was produced on a personal computer

by STIM (Neuroscan, El Paso, TX, USA) for MRS record-
ing, and by Multi Stim (Medical Try System, Japan) for
MEG recording. Before starting each session, the subject
was shown the target stimulus picture and nontarget stimulus
picture. Either the unpleasant or the pleasant picture was se-
lected as the target stimulus in each session. The stimulus
target pictures were counterbalanced across the subjects.

The subject was asked to silently count the number of
times the target picture was shown and to report the total
number of the target picture at the end of each session in
both MRS and MEG recordings.

MRS

Measurement

The MR-guided images of MRS were acquired on a 1.5
Siemens Magnetom system Vision Plus (Siemens, Erlan-
gen, Germany) equipped with version B23B software and
with a standard, circularly polarized head coil. The MR
protocol consisted of multislice sagittal, coronal, and axial
T2-weighted MR images acquired under the following pa-
rameter settings to determine the exact position of the vol-
ume-of-interest (VOI) in all three orientations: TR, 3500
ms; TE, 99 ms; flip angle, 180 degrees; slice thickness, 5
mm; slice gap, 1 mm; field-of-view, 188 X 250 mm; matrix,
176 X 256; scan time, 59 s; and in-plane resolution, 1.07 X
0.98 mm?. The position of VOI was posterior to the inferior
horn of lateral ventricle, and VOI did not include the amyg-
dala.

A spin-echo 'H-MR spectroscopy sequence with point-
resolved spectroscopy (Bottomley, 1987) volume preselec-
tion (TR, 1500 ms; TE, 135 ms) was applied to reduce the
effect of lipid contamination. The size and shape of the VOI
in the hippocampal region were optimized as a rectangular
box of dimensions 10 X 20 X 10 mm. The diagonal line of
the VOI rectangle was fitted along the long axis of either the
left or the right hippocampus of each subject as seen in the
sagittal images and was positioned on the axial plane to
cover the hippocampus (Fig. 1, middie). The hippocampal
VOI consisted of the head and body portions of the hip-
pocampus, the parahippocampal gyrus, and a small amount
of the parahippocampal white matter and cerebrospinal
fluid. At the beginning of each recording, the position of the
VOI was confirmed in the axial, coronal, and sagittal MR
sections. A localized shim for making the magnetic field
uniform within the MR system was manually characterized
by a 6- to 10-Hz line width. Chemical-shift selective
(CHESS) saturation water suppression was applied (Bot-
tomley et al., 1985; Haase et al., 1985), and the bandwidth
of the Gaussian CHESS radiofrequency (Rf) pulse was 60
Hz. The MRS scan time was 1024 ms.

Under the activation condition, the stimulus pictures
were presented a total of 90 times, and the acquisition time
was about 3 min per measurement block. The 'H-MR spec-
tra were time-locked to the onset of the target stimulus with
a 200-ms delay and then averaged. The length of the trigger-
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Fig. 1. Position of the volume-of-interest (VOI) on the right hippocampus of a representative subject on a MR-guided image (middle) and the typical averaged
MR spectra time-locked to the onset of the target stimulus that had been obtained during discrimination of the unpleasant target pictures (left) and during
the resting condition (right). The dimensions of a single voxel are 20 mm (x-axis), 30 mm (y-axis), and 20 mm (z-axis). Three main spectra of
choline-containing compounds (Cho), creatine/phosphocreatine (Cr), and N-acetylaspartate (NAA) were detected at the positions of 3.22, 3.04, and 2.02 parts
per million (ppm), respectively.

delay time was decided based on the following: (a) previous
studies showed that the hippocampus became active 300—
400 ms after the stimulus onset (Halgren et al., 1980; Nishi-
tani et al., 1998, 1999a); (b) the mechanical time for water
suppression is 85.5 ms (upon the application of 60-Hz
CHESS Rf pulse and gradient spoiling); and (c) noninvasive
estimation of the neurochemical dynamics in the hippocam-
pal region by MR spectroscopy showed that the Cho and Cr
ratios relative to those during the resting condition began to
increase dramatically about 275-300 ms after the onset of
the target stimulus (Nishitani and Maeno, 2002). Before and
after the measurements during the activation condition were
made, 'H-MR spectra were recorded 30 times from the
same VOI in the hippocampal region without any visual
stimuli (resting condition). To confirm the reproducibility of
the MEG and MRS signals, measurements during each
session (i.e., activation condition, resting condition) were
repeated at least once, and the order of the experimental
conditions was counterbalanced across the subjects.

Data analyses
The processing of MR spectral data included 4-Hz
Gaussian apodization in the time domain and Fourier trans-

formation. The spectra were corrected by water reference
processing with a 20-Hz low-pass filter, subtraction of the
water signal, and frequency shift correction by the water
signal. Furthermore, the spectra were phase-corrected, base-
line-corrected, and curve-fitted to a Gaussian curve in which
the frequencies of Cho, Cr, and NAA were 3.22, 3.04, and
2.02 parts per million, respectively. Group averages of the
spectra corresponding to each target stimulus were ob-
tained, after confirming the reproducibility of the averaged
MR spectra among the target stimuli for each individual
VOI. The levels of Cho, Cr, and NAA were calculated by
integration of the area under the peak of Cho, Cr, and NAA,
respectively. The relative levels of Cho, Cr, and NAA were
obtained by comparing the Cho, Cr, and NAA levels with
the respective level obtained during the resting condition.

MEG

All procedures of measurements and data analysis were
done with the same manner as those in our previous studies
that were found to give reliable results (e.g., Nishitani et al.,
1998, 1999a, 1999b; Nishitani and Hari, 2000, 2002).
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Measurements

The magnetic signals of the brain were recorded with a
helmet-shaped, 122-channel neurogradiometer (Neuromag,
Helsinki, Finland) and analyzed as described previously
(Nishitani et al., 1998, 1999a, 1999b; Nishitani and Hari,
2000, 2002). During the experiment, the subject was seated
in a magnetically shielded room. The position of the head
with respect to the sensor array was determined by measur-
ing the magnetic fields produced by small currents delivered
to three head position indicator (HPI) coils attached to
defined scalp sites. To align the MEG and magnetic reso-
nance imaging (MRI) coordinate systems, the locations of
the HPI coils with respect to the preauricular points and the
nasion were determined with a three-dimensional digitizer
(Isotrak 351002, Polhemus Navigation Sciences, Colches-
ter, VT, USA). At the beginning of each measurement, the
magnetic signals produced by the three HPI coils on the
scalp were measured by the MEG sensors, in order to
determine the position of the head with respect to the sensor
array. MR images of the head were obtained with a 1.5-T
Siemens Magnetom system Vision Plus (Siemens, Erlan-
gen, Germany). Vertical bipolar electrooculograms (EOGs)
were simultaneously recorded to monitor eye movements
and blinks using electrodes placed above and below the
right eye. To monitor the subject’s vigilance, the waveforms
of the EOGs and selected channels of the MEG were in-
spected continuously during the recording. The recording
passband was 0.03-100 Hz for the MEG and 0.01-1000 Hz
for the EOG. The sampling rate for digital conversion was
403 Hz, and the data were stored on an optical disk for later
off-line analysis. The recording time for each session was 5
min. When an epoch contained MEG signals exceeding
1500 fT/cm or EOG signals exceeding 150 u 'V (<5% of all
epochs) at any channel, or when a subject was judged to be
drowsy, the measurement was discarded from the analysis
and additional data were collected.

Signal analyses

The spontaneous signals were analyzed off-line to obtain
precise alignment with the onset of the stimulus. Signals
associated with each epoch were reviewed visually, and the
epochs containing eye blinks, eye motion artifacts, and
other artifacts were omitted from the analysis. The signals
from 100 ms before to 900 ms after each stimulus onset
were averaged separately off-line for each session. The first
10% of the entire 1-s time window (between 100 ms before
the stimulus onset to the stimulus onset) served as the
baseline for amplitude measurements at each channel. After
confirming the reproducibility of the averaged MEG wave-
forms of each individual subject, the data for each of the
target and nontarget stimuli per task were averaged, and the
averages were digitally low-pass filtered at 40 Hz prior to
further analysis for measurements of latency and amplitude.
The processed data were utilized for construction of isocon-
tour maps and source modeling. All latencies and ampli-

tudes of peaks were measured in the channel with the largest
signal.

Source modeling

The sources of the MEG signals were modeled as pre-
viously described (Hémélidinen et al., 1993; Nishitani et al.,
1998, 1999a, 1999b; Nishitani and Hari, 2000, 2002). A
spherical head model was adopted, based on the individual
MR images obtained from each subject (Héméldinen et al.,
1993). The time integration was set to 0 ms for construction
of isocontour maps and source identification. The sources of
the magnetic fields were modeled as equivalent current
dipoles (ECDs), and the three-dimensional location, direc-
tion, and current strength of each ECD, best describing the
measured field patterns at given response peak latencies,
were estimated from the preprocessed data using the least-
squares method, based on data from 20-30 channels at
areas including the local signal maximum (Héméldinen et
al., 1993). An ECD was calculated for every 1-ms segment
over a period of 50 ms, containing the peak of each main
response. Only single sources accounting for >80% of the
field variance and confidence volumes <1 cm® were con-
sidered. Thereafter, the analysis period was extended to the
entire measurement epoch and to all channels, by using a
multidipole model in which the strengths of the previously
found ECDs were allowed to vary as a function of time
while their locations and orientations were kept fixed. The
measured signals obtained using the model were extracted
via signal-space projection (Tesche et al.,, 1995; Uusitalo
and Ilmoniemi, 1997), and a new ECD was identified based
on the residual field pattern. Each time a new ECD was
obtained, the waveforms predicted by the multidipole model
were compared with the measured signals. If the model left
some dominant signals unexplained, the data were reevalu-
ated to allow more accurate estimation of the generator
areas, although this was done conservatively so as only to
explain the dominant features of the field pattern. The esti-
mated dipoles were superimposed on the subject’s own MR
image according to the alignment of the MEG and MRI
coordinate systems. Finally, the locations of the sources
were transformed into Talairach’s standard brain space (Ta-
lairach and Tournoux, 1988). This approach was previously
used and was found to give reliable results (Himéldinen et
al., 1993; Nishitani et al., 1998, 1999a, 1999b; Nishitani and
Hari, 2000, 2002; Raij et al. 2000).

Cortical vhythm analysis

Amplitude spectra were averaged over those calculated
from event-related epochs of raw data, each 1 s starting 100
ms before each stimulus onset. The time behavior of brain
activity was evaluated in the time domain by means of the
Temporal Spectral Evolution (TSE) method, which was
employed to quantify event-related suppression or enhance-
ment of rhythm as a function of time (Salmelin and Hari,
1994). The signals were off-line filtered through the indi-
vidually selected pass-band of 4 Hz in width around the



