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It is a fundamental question whether the medial temporal lobe (MTL) supports only long-term memory encoding, or contributes to
working memory (WM) processes as well. Recent data suggest that the MTL is activated whenever multiple items or item features are
being maintained in WM. This may rely on interactions between the MTL or the prefrontal cortex (PFC) and content-specific areas in the
inferior temporal (IT) cortex. Here, we investigated the neural mechanism through which the MTL, PFC, and IT cortex interact during
WM maintenance. First, we quantified phase synchronization of intracranial EEG data in epilepsy patients with electrodes in both
regions. Second, we used directional coupling analysis to study whether oscillatory activity in the IT cortex drives the MTL or vice versa.
Finally, we investigated functional connectivity in functional magnetic resonance imaging data of healthy subjects with seeds in the MTL
and PFC. With increasing load, EEG phase synchronization between the IT cortex and anterior parahippocampal gyrus and within the
MTL increased. Coupling was bidirectional in all load conditions, but changed toward an increased top-down (anterior parahippocampal
gyrus3 IT) coupling in the high gamma range (51–75 Hz) with increasing load. Functional connectivity between the MTL seed and the
visual association cortex increased with load, but activity within the MTL and the PFC correlated with fewer voxels, suggesting that more
specific neural networks were engaged. These data indicate that WM for multiple items depends on an increased strength of top-down
control of activity within the IT cortex by the MTL.
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Introduction
Working memory (WM) refers to the short-term maintenance
and manipulation of items (Baddeley and Hitch, 1974). Recently,
several studies showed that the medial temporal lobe (MTL) is
required in WM tasks involving multiple items or conjunctions
of item features (Aggleton et al., 1992; Hannula et al., 2006; Olson
et al., 2006; Piekema et al., 2006; Axmacher et al., 2007), in line
with the relational memory theory of the hippocampus (Cohen
and Eichenbaum, 1993). The hippocampus communicates with
the neocortex mainly via polymodal archicortical regions within
the anterior parahippocampal gyrus (aPHG) (Witter and Ama-
ral, 1991). These structures, in turn, receive modality-specific
information from higher-order sensory regions such as the infe-
rior temporal (IT) neocortex. Interactions between these IT re-
gions, MTL, and prefrontal cortex (PFC) are considered crucial

for various memory tasks: IT-MTL interactions may support the
temporal organization of multiple assemblies, each representing
individual items (Jensen and Lisman, 2005). As a result, these
representations may become sparser and more selective, similar
to effects during long-term memory (LTM) encoding (Reddy
and Kanwisher, 2006; Axmacher et al., 2008). The experimental
evidence for the relationship between memory processes and the
sparseness of representations is described in detail in the supple-
mental material (available at www.jneurosci.org).

Interactions between the IT cortex, PFC, and parietal cortex
likely support WM maintenance via an attention-based mecha-
nism (Fuster, 1995), which involves the selective enhancement of
relevant and suppression of irrelevant activity (Hopf et al., 2006)
and may thus also contribute to sparser representations. Previous
functional connectivity studies of functional magnetic resonance
imaging (fMRI) data revealed inconsistent results concerning
load-dependent interactions between PFC and IT cortex during
multi-item WM (Fiebach et al., 2006; Rissman et al., 2008). Al-
though these studies demonstrate PFC–IT and MTL–IT interac-
tions, direct PFC–MTL connectivity has also been observed (Pe-
tersson et al., 2006; Rissman et al., 2008).

To test the hypothesis that interactions between the IT cortex,
MTL, and PFC support multi-item WM, we reanalyzed data
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mostly based on a previously published study (Axmacher et al.,
2007) using a modified Sternberg paradigm with a variable num-
ber of consecutively presented faces. First, we calculated phase
synchronization (Lachaux et al., 1999; Fell et al., 2001; Tallon-
Baudry et al., 2001) between the hippocampus, aPHG, and IT
cortex in intracranial EEG data from epilepsy patients. We hy-
pothesized that synchronization would increase linearly with the
number of items to be maintained, indicating enhanced commu-
nication between aPHG and IT cortex (Rissman et al., 2008).
Furthermore, the direction of coupling was analyzed using a
phase-modeling approach (Rosenblum and Pikovsky, 2001). The
sign of the directionality index indicates whether oscillatory ac-
tivity in the IT cortex drives the aPHG, suggestive of bottom-up
information flow, or whether the aPHG controls the IT cortex by
top-down modulation.

Although the placement of intracranial electrodes follows
purely clinical considerations and usually does not cover wide-
spread brain regions, this limitation does not apply to fMRI.
Thus, we repeated the same experiment using fMRI in healthy
control subjects. Load-dependent functional interactions as well
as network extensions were calculated using the beta correlation
method for quantifying functional connectivity (Rissman et al.,
2004).

Materials and Methods
Subjects
iEEG. Thirteen patients with pharmacoresistant temporal lobe epilepsy
(three women; mean age � SD, 38.3 � 12.3 years; handedness, 11 right,
2 left) participated in the study. In nine patients, unilateral hippocampal
sclerosis was confirmed histologically. From the others, one had a uni-
lateral isolated amygdala lesion, two others had no apparent MRI lesions
and one had a unilaterally accentuated limbic pathology. Recordings
were performed from 2004 to 2007 at the Department of Epileptology,
University of Bonn, Germany. Twelve patients had bilateral hippocam-
pal depth electrodes, one had a single electrode in the right hippocampus
and an extrahippocampal (temporo-occipital) seizure onset zone. Eight
of these patients had additional strip electrodes with a total of eight
electrode contacts at temporal basal sites. No seizure occurred within
24 h before the experiment.

fMRI. Twenty-three healthy subjects (12 women; mean age � SD,
30.0 � 10.4 years; handedness, 22 right, 1 left) participated in the study.
They were recruited from the University of Bonn as well as via
newspaper.

Both studies were approved by the local medical ethics committee, and
all patients and subjects gave written informed consent.

Experimental paradigm
For a complete description of the paradigm, please refer to Axmacher et
al. (2007). In brief, we used a modified Sternberg WM paradigm with
serial presentation of items, which allows for parametric modulation of
the WM load. Subjects had to memorize one, two, or four black and
white photographs of unknown male and female faces (total of 126 male
and 126 female faces). Trial timing differed slightly for the intracranial
EEG (iEEG) and fMRI experiments to account for different temporal
signal characteristics; supplemental Figure 1 (available at www.
jneurosci.org as supplemental material) provides an overview of the par-
adigm in the two conditions. The experiment was run in a single block
containing a total of 108 trials, i.e., 36 in each condition (one, two, or four
faces). Only trials with a correct response were taken into account.

Recordings
iEEG. Multicontact depth electrodes and temporal basal strips were

inserted for diagnostic purposes using a computed tomography-based
stereotactic insertion technique (Van Roost et al., 1998). The location of
depth electrode contacts was ascertained by MRI in each patient and was
classified as either hippocampal, anterior parahippocampal, or other.
Because our methods cannot clearly separate perirhinal and entorhinal

generators, we use the term anterior parahippocampal gyrus without
indicating an integrated processing stage. Depth EEG was referenced to
linked mastoids, recorded at a sampling rate of 1000 Hz, and bandpass
filtered [0.01 Hz (6 dB/octave) to 300 Hz (12 dB/octave)].

fMRI. Sixteen axial slices were collected at 1.5T (Avanto; Siemens). We
collected 780 T2*-weighted, gradient echo echoplanar imaging scans,
including five initial scans that were discarded to achieve steady-state
magnetization (slice thickness, 3 mm; interslice gap, 0.3 mm; matrix size,
64 � 64; field of view, 192 mm; echo time, 40 ms; repetition time, 3200
ms). Thereafter, we acquired a sagittal T1-weighted magnetization-
prepared rapid-acquisition gradient echo sequence for each subject for
anatomical localization (number of slices, 160; slice thickness, 1 mm;
interslice gap, 0.5 mm; matrix size, 256 � 256; field of view, 256 mm;
echo time, 3.93 ms; repetition time, 1660 ms).

Analyses
IEEG data. EEG trials were visually inspected for artifacts (e.g., epilep-

tiform spikes), and 12.6% of all trials were excluded from analysis. From
the contralateral (nonfocal) electrode in each patient, we selected the
hippocampal and the anterior parahippocampal contact with the maxi-
mal slope of the DC potential, because this measure likely corresponds to
working memory maintenance (Axmacher et al., 2007). In the IT cortex,
we visually selected the temporal basal electrode with the most pro-
nounced N200 component, which is the most prominent event-related
potential (ERP) component within the IT cortex corresponding to face
processing (Allison et al., 1994).

EEG trials were filtered in the frequency range from 2 to 100 Hz (2
Hz steps) by continuous wavelet transforms implementing Morlet
wavelets of five-cycle length (Daubechies, 1990). The filtered signals
result from the time convolution of original signals and the complex
wavelet function. To avoid edge effects, the trials entering the wavelet
transform were segmented from �4 to 7.5 s with respect to presenta-
tion of the last stimulus in each trial. An interval of 4 s at the beginning
and the end of the trials was afterward discarded. For statistical anal-
yses, phase-synchronization values were averaged for nonoverlapping
successive time windows of 500 ms duration from 0 to 3500 ms after
the onset of the last stimulus in each trial. Afterward, values were
normalized with respect to the prestimulus time window from �200
to 0 ms separately for each subject and each filter frequency. For
graphical depiction, power values were transformed into dB scale (10
� log10). Because of the intrinsic logarithmic frequency scaling of the
wavelet decomposition, frequencies are not statistically independent
if sampled too closely on an equidistant frequency scale. Therefore,
the EEG was analyzed in the following spectral bands: theta, 3– 8 Hz;
alpha, 9 –12 Hz; beta1, 13–18 Hz; beta2, 19 –25Hz; gamma1, 26 –50 Hz;
gamma2, 51–75 Hz; gamma3, 76 –100 Hz. Statistical tests were calcu-
lated using SPSS software (SPSS). p values in the ANOVAs were
Huynh–Feldt corrected for inhomogeneities of covariance when nec-
essary (Huynh and Feldt, 1976).

Directional relationships were analyzed using the directionality index
suggested by Rosenblum and Pikovsky (2001). This phase-modeling ap-
proach is based on the concept of phase synchronization (Pikovsky et al.,
2001) between weakly coupled oscillators and was previously applied to
intracranial EEG time series by Osterhage et al. (2007). First, we extracted
unwrapped phases from the preselected and prefiltered iEEG trials (4096
ms length) using wavelet transforms based on Morlet wavelets. To elim-
inate edge effects, the initial and final 1024 ms were afterward discarded.
The center frequencies and band widths of the wavelets were chosen in
accordance to the bands described above. Only higher-frequency bands
were considered because signal approximation becomes inaccurate for
small numbers of oscillation cycles (Rosenblum et al., 2001). In our case,
at least 40 cycles contributed to the statistics.

Phase dynamics of two coupled systems can be approximated by maps
using Fourier series in dependency of the extracted phases f1,2(�1,2,�2,1)
(Rosenblum and Pikovsky, 2001). The mutual influence of the systems
was quantified by the coefficients.
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and the normalized directionality of coupling was calculated as

d�1,2� �
c2 � c1

c1 � c2
,

with d (1,2) � [�1,1]. In the case of positive values, the first system pre-
dominantly drives the second (and vice versa). For example, for the
analysis of directional coupling between the IT cortex and aPHG, the first
system was the IT cortex and the second system the aPHG. Thus, positive
values represented IT cortex3 aPHG (bottom up) coupling, and nega-
tive values aPHG3 IT cortex (top down) coupling.

Very recently, this method was further improved by preprocessing the
extracted observably dependent nonuniverse phases �1,2 into invariant
phases �1,2 (Kralemann et al. 2007). The genuine invariant phases are
almost independent of the used extraction method (e.g., Hilbert or Poin-
caré transform) and thereby observably independent. The theoretical
idea is to reconstruct the differential equation of the genuine phase dy-
namics �̇1,2 � �1,2 � q�1,2���1,2,�2,1�, with �1,2 as frequencies and
q (1,2) as coupling functions, from the differential equations for the ob-
servably dependent phases �̇1,2 � f1,2��1,2,�2,1�. Following Kralemann et
al. (2007), we first preprocessed both extracted phases by applying the
transformation for uncoupled oscillators (order of the Fourier series, 48).
Subsequently, the maps f1,2 were approximated with Fourier series (or-
der, 10) to the phase time series. After the transformation of observed to
genuine phases, we achieved the invariant phases �1,2 and their deriva-
tives. From this, we fitted the coupling function of the genuine phases by
Fourier series with coefficients Q�1,2�

n,m with �n�	9,�m�	9, resulting in

�̇�1,2� � q�1,2���1,2,�2,1� � ¥n,mQ�1,2�
n,mexp�i�n�1,2 � m�2,1��. With

this map, we calculated the directionality index
d (1,2) by replacing the former coefficients c1,2 with C1,2

� �¥n,m|Q�1,2�
n,m|2�1/ 2/�1,2, where the summations exclude the case of n �

m � 0, and �1,2 is the reconstructed frequency. This advanced approach
is free of a bias using the uncorrected phases.

This method works under the assumption of weakly coupled systems.
To avoid directional misinterpretation caused by completely phase syn-
chronized or uncoupled systems, values of d (1,2) were discarded if the
simultaneous mean phases coherence (Mormann et al., 2000) was greater
than an empirical value of 0.95 (Smirnov et al., 2007) or smaller than
0.05. Finally, the directional indices calculated for each ERP segment
were averaged for each patient and condition. For statistical analyses,
directionality values were Fisher’s z transformed.

fMRI. MRIs were processed using SPM2 (www.fil.ion.ucl.ac.uk/
spm/). Preprocessing included realignment and unwarping, normaliza-
tion, spatial smoothing with an 8 mm Gaussian kernel, and high-pass
temporal filtering at 128 Hz. In the analyses, we estimated single-trial
parameters of the following regressors: combined encoding and mainte-
nance phase in trials with one, two, or four faces (three boxcar regressors
of 12 s length); retrieval (boxcar regressor of 1.5 s length); and baseline
periods (pauses of 30 s duration, modeled by 30 s boxcar regressors).
Encoding and maintenance periods were combined for estimation of
single-trial parameters to avoid collinearity among these regressors and
to improve the reliability of parameter estimates. In our previous study
(Axmacher et al., 2007), encoding and maintenance phase were modeled
separately. However, beta values were not calculated for single trials, but
for all trials of one condition (e.g., for all load 1 trials), which results in a
substantially higher accuracy of beta values compared with analyses of
individual trials. Incorrect trials were modeled with a separate regressor
regardless of memory load.

Correlations between single-trial beta parameter estimates were calcu-
lated according to the method proposed by Rissman et al. (2004). For
statistical comparisons, correlation values were Fisher’s z transformed.
We investigated networks with significant functional connectivity based

on functional regions of interest in the left hippocampus [Montreal Neu-
rological Institute (MNI) coordinates �24, �21, �15], the left PFC
(MNI coordinates �42, 9, 30), and the left fusiform cortex (MNI coor-
dinates, �36, �48, �21). These seed regions were selected from the most
significant voxel (and the neighboring six voxels) in an MTL cluster
showing enhanced activity with increasing memory load during the late
maintenance phase (which has been described previously to be most
accurate for WM maintenance) (Zarahn et al., 1997; Postle et al., 2000),
in a prefrontal cluster showing enhanced activation during the encoding
phase, and from a local maximum in the fusiform cortex in a larger
inferior temporal cluster (Axmacher et al., 2007).

All figures with fMRI results are displayed using neurological conven-
tion (left hemisphere on the left side of the figure). To identify significant
correlations, we used an uncorrected threshold of p 	 0.001 (two-tailed).
A minimum cluster size of five contiguous voxels was used as an addi-
tional threshold in all tests. The number of significantly correlated voxels
in the different load conditions was normalized in each subject by the
total number of correlated voxels in this subject (across all conditions).

Results
Behavioral data
The analyses presented here are based on an extension (two ad-
ditional patients, data from the IT cortex) of a data set that has
been published previously (Axmacher et al., 2007). Similar to
these previous data, an analysis of accuracy values in a two-way
ANOVA with load as the repeated measure and subject group
(extended group of epilepsy patients vs fMRI subjects) as the
independent variable revealed significant effects of load (F(2,68) �
21.627; p 	 10�6; 
 � 0.899) and subject group (F(1,34) � 21.209;
p 	 0.0001), but no interaction (numerical results in the ex-
tended group of epilepsy patients, mean � SEM: 79.45 � 3.64%;
77.77 � 3.20%; 66.63 � 4.84%). Also in accordance with our
previous analyses, we did not find a significant effect of load on
reaction times (numerical results in the extended group of epi-
lepsy patients, mean � SEM: 1656 � 239 ms; 1571 � 172 ms;
1578 � 179 ms).

Phase synchronization in intracranial EEG
To investigate the communication of the aPHG with regions in
the IT cortex and within the MTL during multi-item WM, we
calculated phase synchronization between electrode contacts in
the following regions: between the IT cortex and the aPHG and
between aPHG and hippocampus (because there are no direct
connections between IT cortex and hippocampus, synchroniza-
tion between these structures was not analyzed). We used a mod-
ified Sternberg paradigm with serial presentation of one, two, or
four photographs of unknown male and female faces (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material) which allowed for a parametric modulation of memory
load.

The results for the synchronization between the IT cortex and
aPHG are shown in Figure 1. A three-way ANOVA with memory
load, time, and frequency band as repeated measures revealed a
significant load � band interaction (F(12,84) � 2.582; p 	 0.05; 

� 0.451). Subsequent two-way ANOVAs with memory load and
time as repeated measures in the different frequency bands
showed a significant effect of load in the beta2 frequency band
(19 –25 Hz; F(2,14) � 4.353; p 	 0.05). This effect was caused by a
linear increase in synchronization with load as indicated by a
significant linear effect (F(1,7) � 6.185; p 	 0.05). None of the
other bands showed an effect of load or a load � time interaction.

Next, we analyzed synchronization between aPHG and hip-
pocampus (Fig. 2). Although we did not observe a significant
load � band interaction in a three-way ANOVA (F(12,144) �
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0.619; p � 0.776; 
 � 0.738), previous
findings suggest an important role of aPH-
G– hippocampal synchronization in the
lower gamma frequency range in memory
processing (Fell et al., 2001). Indeed, we
found a load-dependent increase of aPH-
G– hippocampal synchronization in the
gamma1 frequency band (26 –50 Hz; F(2,24)

� 4.702; p 	 0.05) and a linear effect in
this range (F(1,12) � 7.801; p 	 0.05). None
of the other bands showed an effect of load
or a load � time interaction. Together,
these findings indicate that increasing load
correlates with enhanced IT-aPHG syn-
chronization in the beta2 frequency band
and enhanced aPHG– hippocampal syn-
chronization in the gamma1 range.

Does the PFC also show load-
dependent synchronization with the me-
dial temporal and IT cortices? This ques-
tion could be investigated in one patient
who had 16 electrodes in the PFC, ante-
rior PHG, hippocampus, and inferior
temporal cortex of one hemisphere (Fig.
3). All 16 electrode contacts showed en-
hanced average synchronization values
in the upper gamma range (
50 Hz)
during processing of multiple items
compared with a single item; this effect
appeared to be most pronounced for
frontal–IT synchronization. In contrast,
average synchronization in the lower
frequency range decreased for some
frontal contacts. To test these effects sta-
tistically, we computed three-way ANO-
VAs with memory load, time, and fre-
quency band as repeated measures
across the 16 frontal electrodes (syn-
chronization with the hippocampus,
aPHG, and IT cortex). For synchroniza-
tion with the hippocampus, we observed
a significant three-way interaction
(F(72,1080) � 1.985; p 	 0.0001; 
 �
0.739). Separate two-way ANOVAs in
the different frequency bands revealed a
significant load � time interaction effect
in the gamma3 range (F(12,180) � 2.548;
p � 0.010; 
 � 0.735), and a trend for a
load effect in this band (F(2,30) � 3.200;
p � 0.064; 
 � 0.866). None of the other
bands showed a significant load effect or
load � time interaction. For synchroni-
zation with the aPHG, we found a signif-
icant load � band interaction (F(12,180)

� 4.306; p 	 0.0001; 
 � 0.828). Analy-
ses in the separate bands revealed signif-
icant load � time interactions in the
gamma2 (F(12,180) � 2.265; p 	 0.05; 
 �
0.827) and gamma3 bands (F(12,180) �
1.988; p 	 0.05; 
 � 0.948), but no load effects and no load �
time interaction in any other band. For synchronization with
the IT cortex, the three-way ANOVA revealed a significant
three-way interaction (F(72,1080) � 1.354; p 	 0.05; 
 � 0.821).

Analyses in the separate bands revealed a significant load �
time interaction in the gamma3 range (F(12,180) � 2.065; p 	
0.05; 
 � 0.664), but no load effects and no load � time
interaction in any other band.

Figure 1. Synchronization between anterior parahippocampal gyrus and inferior temporal cortex. Baseline-normalized syn-
chronization values are indicated for the different load conditions and comparing load 4 and load 1. Color bars indicate log10-
transformed synchronization values in all plots. The box in the bottom right panel refers to the upper beta frequency range (19 –25
Hz) where significant linear load effects were observed.

Figure 2. Synchronization between anterior parahippocampal gyrus and hippocampus. Baseline-normalized synchronization
values are indicated for the different load conditions and comparing load 4 and load 1. Color bars indicate log10-transformed
synchronization values in all plots. The box in the bottom right panel refers to the lower gamma frequency range (26 –50 Hz)
where significant linear load effects were observed.
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Directionality analysis
Although the analysis of phase synchronization presented above
indicates that coupling between the IT cortex and the aPHG and
between aPHG and hippocampus increases with load in specific
frequency bands, it does not allow to measure the direction of
coupling. In other words, these results show enhanced commu-
nication between the IT cortex and the aPHG during multi-item
WM, but do not distinguish between an increased recruitment of
the aPHG by the IT cortex (bottom-up influence) and an in-
creased top-down modulation of processes within the IT cortex
by the aPHG. To elucidate this question, we calculated a direc-
tionality index based on a phase-modeling approach (Rosenblum
and Pikovsky, 2001) (see Materials and Methods). We deter-
mined the direction of coupling for higher-frequency bands
starting at the beta2 range in which IT-aPHG synchronization

increased significantly with load (Fig. 4A)
(as described in Materials and Methods,
the accuracy of the directionality index de-
creases for low frequencies). A two-way
ANOVA with load and band as repeated
measures revealed a significant load �
band interaction (F(2,10) � 3.014; p 	
0.05), which was based on the increasing
average values in the beta2 range and the
decreasing average values in the gamma2

range. No main effects of load or band
were observed. Subsequent separate one-
way ANOVAs in the different frequency
bands revealed a trend for a load effect in
the gamma2 frequency range (F(2,10) �
3.260; p � 0.081). In this band, average
values decreased monotonically with load,
consistent with the idea that multi-item
WM requires increased top-down control
of IT cortex activity by the aPHG. Between
aPHG and hippocampus (Fig. 4B), we ob-
served a trend for a load � band interac-
tion (F(6,66) � 2.104; p � 0.071; 
 � 0.921),
but no significant load effect in any sepa-
rate band (all p values 
 0.1). Finally, we
tested whether the direction of coupling
was significantly different from zero for
each load condition, but these results did
not reach significance (each p 
 0.1). This
suggests bidirectional symmetric coupling
between the respective structures (see
Discussion).

Functional connectivity of fMRI data
In our functional connectivity analysis of
fMRI data, we investigated regions show-
ing differential connectivity with seed re-
gions in the left MTL and the left PFC (see
Materials and Methods) (Axmacher et al.,
2007). Figure 5A depicts the brain regions
that were significantly correlated with the
seed regions in the different load condi-
tions compared with zero (one, two, or
four items). Activity in the hippocampal
seed was significantly correlated with ac-
tivity in bilateral temporal regions, among
them the ipsilateral IT cortex (fusiform gy-
rus) and the contralateral MTL. Activity in

the prefrontal seed was significantly correlated with ipsilateral
and contralateral frontal, temporal, and parietal regions, but
there was no correlation with medial temporal activity. Supple-
mental Table 1 (available at www.jneurosci.org as supplemental
material) provides an overview of all regions in which activity was
significantly correlated with each of the two seed regions.

First, we investigated which specific regions showed load-
dependent increases or decreases of functional connectivity with
the seed regions (Table 1). With increasing load, there was a trend
for an enhanced correlation of the hippocampal seed with a re-
gion in the visual association cortex (ipsilateral lingual gyrus;
MNI coordinates, �3, �65, 3) and a decreased correlation with
two contralateral frontal regions (middle and inferior frontal gy-
rus) and the contralateral superior temporal gyrus (Fig. 6A).

Figure 3. Synchronization with frontal contacts. Results from one patient with subdural frontal electrodes (diagram) and
electrodes in the hippocampus, anterior parahippocampal gyrus, and inferior temporal cortex are shown: increased synchroniza-
tion during maintenance of four items compared with one item. All regions showed enhanced synchronization in the upper
gamma ranges, but this effect was most pronounced for frontal–inferior temporal synchronization.

Figure 4. Directional coupling analysis. A, Effects of memory load on the direction of coupling between the anterior (ant.)
parahippocampal gyrus and the IT cortex. We observed a significant load � band interaction (F(2,10) � 3.014; p 	 0.05) and a
trend for a load effect in the gamma2 frequency range (F(2,10) � 3.260; p 	 0.05). B, Effects of memory load on the direction of
coupling between anterior parahippocampal gyrus and hippocampus. Although there was a trend for a load � band interaction
(F(6,66) � 2.104; p 	 0.05), coupling did not show a load effect in the separate bands (all p values 
 0.1). Error bars indicate SEM.
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There was no region showing increasing
correlation with the prefrontal seed; how-
ever, there was a trend for a decreased cor-
relation between the PFC and the cingulate
gyrus with load (Fig. 6B).

Next, we tested the hypothesis that
maintenance of an increasing number of
items induces correlations of medial tem-
poral and prefrontal activity with smaller
and more selective networks. As described
in Materials and Methods, we calculated
the number of voxels showing significant
correlation with the prefrontal and hip-
pocampal seed regions in each subject and
compared the different load conditions.
An exemplary single-trial beta scatter plot
obtained by correlating the MTL seed with
a voxel in the left fusiform cortex (MNI
coordinates, �33, �55, �25) is shown in
Figure 7A. The extension of both networks
decreased with memory load (Fig. 7B): a
two-way ANOVA with seed and load as
repeated measures revealed a main effect
of memory load (F(2,44) � 5.69; p 	 0.01; 

� 1.034), but no effect of seed (F(1,22) �
1.95; p 
 0.1) and no seed � load interac-
tion (F(2,44) � 1.91; p 
 0.1; 
 � 1.065),
indicating that load effects were similar for
the regions correlated with the PFC and
the MTL.

It might be argued that the extension of
networks showing correlated activity with
a voxel in the fusiform cortex should de-
crease as well, because sparser stimulus
representations in this region would in-
duce connectivity with more specific neo-
cortical regions as well. However, the di-
rect contrast of connectivity during
processing of high and low load (Fig. 6A)
revealed that functional connectivity be-
tween the hippocampal seed and the visual
association cortex actually increased with
load. Furthermore, the functional role of
subregions within the IT cortex is proba-
bly more variable between subjects than
the role of the MTL, so that load effects based on an IT seed might
be difficult to find. To test these competing hypotheses, we also
calculated the extension of networks showing significant correla-
tion with a seed in the left fusiform cortex. The number of voxels
showing correlation with this seed did not depend on load (F(2,44)

� 1.697; p � 0.199). This also excludes the possibility that the
effects of load observed for the prefrontal and medial temporal
seed were unspecific.

Do the different connectivity measures in intracranial EEG
and fMRI correlate with performance in the WM task? To inves-
tigate this question, we correlated behavioral performance mea-
sured as the number of correct responses (either averaged across
load conditions or selectively in trials with four items) with (1)
IT–aPHG synchronization, (2) aPHG– hippocampal synchroni-
zation, and (3) the number of voxels significantly correlated with
the hippocampal seed. However, none of these correlations
reached significance (each p value 
 0.2). Another way to test for
behavioral relevance of our measures would be to compare cor-

rect and incorrect trials. However, from the 13 patients with in-
tracranial EEG electrodes, only four had 
10 incorrect trials in
each load condition. This number is most likely insufficient for
phase synchronization or directionality analyses. Similarly, for
the fMRI subjects (who performed even better), only six had
more than two trials for each condition. Thus, unfortunately, we
could not test this interesting question, which should be ad-
dressed by future studies.

Discussion
Phase-synchronization analysis
The results of our phase-synchronization analysis indicate en-
hanced communication of content-specific regions in the IT cor-
tex with the aPHG when multiple items are maintained simulta-
neously. We observed load-dependent synchronization increases
between the IT cortex and aPHG in the upper beta range (19 –25
Hz) and between aPHG and hippocampus in the lower gamma
range (26 –50 Hz). A variety of studies suggest that the MTL is

Figure 5. Overview of regions showing correlated activity with the PFC and MTL seeds. Significantly correlated voxels in two
different networks defined by the seeds in the left hippocampus (yellow) and the left prefrontal cortex (blue) are shown. Color bars
indicate t values (group comparison against zero).

Table 1. Load-dependent functional connectivity

MNI

Region L/R x y z t score p value

Hippocampus
4 
 1

Lingual gyrus L �3 �65 3 3.06 0.0019
1 
 4

Middle frontal gyrus R 30 58 23 3.45 0.00063
Inferior frontal gyrus R 46 29 �16 2.93 0.00269
Superior temporal gyrus R 70 �19 12 2.91 0.00286

PFC seed
4 
 1
1 
 4
Cingulate gyrus R 6 �8 39 �3.05 0.00196

An overview of regions showing significant load-dependent changes of functional connectivity with the seed regions in the MTL and PFC is shown. L, Left; R,
right.
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particularly well suited to support multi-item processing. Con-
secutive individual gamma cycles and cross-frequency coupling
between gamma activity and low frequency oscillations have been
suggested as mechanisms underlying representation of multiple
items in WM (Palva et al., 2005; Jensen and Colgin, 2007), pos-
sibly constituting a so-called “multiplex buffer” (Lisman and Idi-
art, 1995; Jensen and Lisman, 2005). The enhanced gamma and
beta synchronization between neural assemblies in the aPHG and
the hippocampus, and between the IT and aPHG cortices during
maintenance of an increasing number of items might correspond
to such a mechanism, although additional analyses are necessary
to directly test this idea.

To our knowledge, there are no previous data on synchroni-
zation with the MTL during WM. Using scalp EEG, effects of WM
maintenance on neocortical synchronization were mainly found
in the theta and alpha frequency ranges (Sarnthein et al., 1998;
Sauseng et al., 2005a,b; Schack and Weiss, 2005; Mizuhara and
Yamaguchi, 2007), consistent with the proposed role of theta-
band activity for WM (Klimesch et al., 2005). This contrasts with
the selective effects in higher-frequency ranges found in our data.
We suggest two possible reasons for this apparent discrepancy.
First, the spatial resolution of scalp EEG data is relatively low,
tapping activity from larger neural assemblies. Larger assemblies

are more often synchronized in lower frequency bands because of
long axonal delays (von Stein and Sarnthein, 2000; Buzsaki,
2006). In contrast, the superior resolution of intracranial EEG
recordings likely allows to record from smaller areas. Indeed, a
previous intracranial EEG study of synchronization in the extra-
striate cortex during WM maintenance found effects in the beta
band (15–25 Hz) (Tallon-Baudry et al., 2001), similar to our data.
In monkeys, beta synchronization in the IT cortex even depended
on task performance (Tallon-Baudry et al., 2004). Second, previ-
ous studies suggest that gamma-band synchronization within the
MTL plays an important role in LTM encoding (Fell et al., 2001),
possibly via an effect on spike-timing dependent plasticity (Ax-
macher et al., 2006). Gamma-band activity has generally been
related to the matching of stimulus information and stored mem-
ory patterns (Herrmann et al., 2004), and WM maintenance cor-
relates with persistent increases of gamma power in intracranial
EEG recordings (Howard et al., 2003; Axmacher et al., 2007).

Directional coupling
The direction of IT–aPHG and aPHG– hippocampal interactions
was investigated by using a phase-modeling approach. During
maintenance of an increasing number of items, the direction of
coupling between the IT cortex and aPHG became more negative
in the gamma2 frequency range, suggesting an increased top-
down control of IT cortex activity by the aPHG. However, it
should be noted that the directionality values in each load condi-
tion did not significantly differ from zero, indicating bidirec-
tional (symmetric) coupling. Only a few previous studies inves-
tigated directional coupling of EEG data during cognitive tasks.
Recently, Supp et al. (2007) used partial-directed coherence on
source-reconstructed EEG data during object recognition and
found widespread reciprocal information transfer with presenta-
tion of familiar objects, whereas unfamiliar objects elicited sparse
and unidirectional coupling. Interestingly, they observed that
coupling within the temporal lobe was driven by the IT cortex
after presentation of individual unfamiliar items, reminiscent of
our finding that the IT cortex drives the aPHG during mainte-
nance of a single novel face.

What may be the function of the increased top-down direc-
tion of coupling from the aPHG to the IT cortex during multi-
item WM? As described above, the MTL is in a unique position to
support memory processes involving multiple items. During
learning, it may convey an inhibitory signal to neocortical regions
to render stimulus representations more sparse (Reddy and Kan-
wisher, 2006; Viskontas et al., 2006). This is consistent with our
findings based on functional connectivity analysis of fMRI data,
where we observed a decreased number of correlated voxels dur-
ing multi-item WM, although we did not directly investigate re-
gions responsible for representation of specific item types. How-
ever, it has to be noted that the different connectivity measures
are not directly comparable (supplemental Discussion, available
at www.jneurosci.org as supplemental material). Joint contribu-
tions of IT cortex and MTL have also been observed in an fMRI
study during a delayed paired associate task: whereas initial stim-
ulus maintenance depended on IT cortex activity, the MTL was
additionally recruited during associative LTM retrieval (Ranga-
nath et al., 2004). These findings support the idea that multi-item
memory processing depends on the organization of item repre-
sentations by the MTL. However, we did not find a significant
effect of load on the direction of aPHG– hippocampal coupling,
in line with the zero phase delay observed between these struc-
tures during LTM encoding (Fell et al., 2001). This symmetric
coupling might suggest bidirectional information flow, consis-

Figure 6. Load-dependent changes in functional connectivity. A, Connectivity between the
MTL seed and the ipsilateral lingual gyrus increased with memory load, whereas connectivity
with regions in the contralateral inferior and middle frontal gyrus decreased. B, Connectivity
between the prefrontal seed and the cingulate gyrus decreased with memory load.
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tent with our result that directionality of
coupling did not differ significantly from
zero; alternatively, it may indicate that
aPHG– hippocampal coupling is driven by
a third structure.

fMRI data
fMRI studies implementing analyses of
functional connectivity usually investigate
modifications in the correlation of blood
oxygen level-dependent (BOLD) activity
in a seed region with the activity in specific
other regions. In our study, we also ad-
dressed this point and observed a load-
dependent increase of functional connec-
tivity between activity within the
hippocampal seed region and a visual as-
sociation area in the lingual gyrus. This result is consistent with
previous findings by Rissman et al. (2008) who observed that
connectivity between a hippocampal seed and the fusiform face
area was found to increase with load. Increased corticohip-
pocampal connectivity was also observed during successful LTM
formation (Ranganath et al., 2005). These results further corrob-
orate our iEEG findings that the hippocampus plays an increasing
role in controlling activity in visual association cortex during
maintenance of multiple items.

In addition to this more “conventional” application of the
method by Rissman et al. (2004), we used functional connectivity
of fMRI to study the extension of regions showing correlations
with the seed regions in the different conditions. Although the
calculation of the number of correlated voxels (instead of the
analysis of connectivity with specific regions) might be an un-
usual approach to analyze the data, we do believe that it is useful
to address a relevant question in our study, namely the size of
regions showing correlated activity with the respective seed re-
gions. This question requires to investigate extensive brain re-
gions and can thus not be addressed with iEEG. One possible
explanation for the decrease of the size of WM networks with
increasing load has been already mentioned: regarding the func-
tional connectivity with the hippocampal seed, it is possible that
stimulus representations become more specific, and irrelevant
activity is being suppressed. Although this interpretation is in
accordance with the idea that item representations become more
sparse during multi-item WM, similar to effects during LTM
encoding (Reddy and Kanwisher, 2006; Axmacher et al., 2008)
(supplemental Discussion, available at www.jneurosci.org as
supplemental material), it is currently still speculative because we
did not directly investigate item representations.

We observed similar effects in the networks based on seeds in
the MTL and the PFC, which have both been proposed to support
top-down modulation of activity in category specific visual re-
gions during WM (Ranganath and D’Esposito, 2005). More spe-
cifically, some evidence suggests that they serve complementary
roles for WM processes (Stern et al., 2001; Hasselmo and Stern,
2006): whereas the PFC appears to be predominantly important
for WM maintenance of familiar items such as words, the MTL
may play a role for maintenance of unfamiliar novel items. This
division of labor might explain the apparent discrepancy between
our findings and the results of Fiebach et al. (2006), who observed
significant correlations between PFC and IT cortex during a WM
paradigm with verbal (and therefore familiar) stimuli. However,
the findings by Fiebach et al. (2006) are consistent with our re-
sults from phase synchronization in one patient with both pre-

frontal and inferior temporal electrodes (Fig. 3). Possible differ-
ences between these methodologies are elaborated in the
supplemental Discussion (available at www.jneurosci.org as sup-
plemental material).

In previous univariate analyses of our fMRI data (Axmacher et
al., 2007), we observed load effects in the MTL only in a region
that is centered in the left hippocampus, but not in the aPHG,
adjacent to the hippocampus. However, the spatial resolution of
these functional imaging data (which are smoothed with a Gauss-
ian filter of 8 mm half-maximum width) does not allow to un-
equivocally identify subregions within the MTL. It is thus possi-
ble that some of the activation in the cluster termed
“hippocampus” is from anterior parahippocampal regions.

Together, WM maintenance of multiple items was associated
with increased IT-aPHG and aPHG-hippocampal phase syn-
chronization, with a reversal of the coupling direction from
bottom-up to top-down, and with a decreased spatial extension
of neural networks exhibiting correlated BOLD activity with the
MTL and the PFC.
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