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Supplementary Material 

 

Materials and Methods 

Complementary LTM recognition experiments 

In two additional control experiments, three patients with bilateral MTL depth electrodes and 
18 normal subjects performed the original iEEG/fMRI version of the Sternberg experiment 
with a subsequent surprise memory recognition task. In the recognition part, all stimuli used 
in the Sternberg experiment were presented together with an equal number of new stimuli. 
Subjects had to indicate via button press whether they remembered the stimuli or not (range 1 
– 5: “sure old”, “unsure old”, “undecided”, “unsure new”, “sure new”). Each stimulus was 
presented until subjects gave a response. In addition, a group of 18 normal subjects performed 
the version of the Sternberg experiment used in the fMRI study with the same subsequent 
recognition task (in the interval, subjects performed a semantic language task; Fernández et 
al., 2001). 

 

Results 

Memory load effects are independent of subsequent long-term recognition 

In our study, we used a version of the Sternberg experiment, which is considered a typical 
WM paradigm. It may be argued, however, that LTM processes contributed to the 
performance of the Sternberg task, or, as an extreme position, that only LTM processes were 
used to store items even across the short time interval of a few seconds. To investigate the 
contribution of LTM processes to the memory-load effects described above, we conducted the 
Sternberg experiment with a subsequent surprise recognition task after 30 min. in three 
additional patients, and in a group of healthy control subjects (for details, see Materials and 
Methods). Subjects were asked whether they were “sure” or “unsure” that they had seen the 
items before, were “undecided”, or were “sure” or “unsure” that the items were new. 
Behaviorally, subjects tended to rate items more often as “old” than as “new” (41 % of all 
items were rated as “sure old”, and an additional 21 % as “unsure old”). We thus calculated 
for each category how well it distinguished between old and new items. Of all items rated as 
“sure old”, 60.7 ± 8.1 % were actually old; of all items rated as “sure new”, 50.6 ± 1.1 % were 
actually new. We tested whether the load-dependent shift of the DC potentials depended on 
subsequent memory. Only the progressively negative DC shift during encoding, but not the 
memory load effect during maintenance, could be investigated: Encoding-related activity 
occurred after presentation of individual items, which were either subsequently remembered 
or forgotten. Activity during the maintenance phase, on the other hand, refers to maintenance 
of multiple items in trials with two and four faces. Each of these faces was either remembered 
or forgotten, leading to a large number of possible combinations which does not allow to 
unequivocally investigate subsequent memory effects (e.g., in trials with 4 items, between 
zero and four items were either subsequently remembered or forgotten). We restricted our 
analysis to correctly solved non-target Sternberg trials (because some of the items in target 
trials are presented twice, which might facilitate LTM). In the new group of patients, both the 
DC slope and the average values in the second time window increased monotonically with 
memory load (Supplementary Fig. 2). Notably, this qualitative result was observed in each 
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individual patient for both subsequently remembered (“sure old” and “unsure old” and 
forgotten (“sure new” and “unsure new”) items. For the average values, a two-way ANOVA 
with “memory load” and “LTM” as repeated measures revealed a main effect of “load” (F3,6 = 
6.247; p < 0.05), but no effect of “LTM” (F1,2 = 0.596; p > 0.5) and no “load”×”LTM” 
interaction (F3,6 = 1.262; p > 0.3; ε = 0.780), indicating that the load effect was indeed 
independent of whether the item was successfully retrieved in the subsequent recognition task. 
While a similar analysis for the slope of the DC potential did not reach significance, we 
observed a significant linear dependence on load (F1,2 = 184.409; p < 0.01) which did not 
interact with “LTM” (F1,2 = 4.431; p > 0.1). Finally, inclusion of the data from these patients 
in the group analyses reported above corroborated the results from the initial group, and 
yielded improved significance values (see Supplementary Table 2). 

To further corroborate that the memory-load effects did not depend on LTM formation, we 
conducted an additional behavioral study in 18 healthy control subjects. The same paradigm 
as in the fMRI study was combined with a surprise recognition task conducted at an interval 
of 15 min. after the WM paradigm (for details, see Materials and Methods). Again, we only 
analyzed LTM of items within correctly solved non-target Sternberg trials. In the recognition 
part, only 19.0 % of the old items were classified as “sure old”, and an additional 22.0 % as 
“unsure old” (Supplementary Fig. 2). Most importantly, there was no difference in the 
proportion of “sure” or “unsure” responses to items which were presented in trials with 1, 2 or 
4 items (p > 0.1; one-way ANOVAs with memory load as repeated measure). We found that 
5.2 % more items were classified as “sure old” than as “sure new”, but this memory effect did 
not reach significance. Taken together, while we cannot exclude the possibility that LTM 
processes are engaged during the Sternberg task, these electrophysiological and behavioral 
results strongly suggest that memory load effects during the Sternberg task cannot be solely 
explained by differences in LTM encoding. 
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Discussion 

 

DC shifts in the medial temporal EEG 

Sustained activity patterns as a neural correlate of WM processes were investigated by 
calculating both the slope of the DC potential and the average value. The slope of the DC 
potential was obtained by a linear regression to the data. Obviously, linear regressions do not 
provide an optimal fit to our data. This is to be expected given that event-related potentials 
with time constants much faster than of the near-DC shifts occur in the EEG traces (e.g., 
hippocampal P3 and rhinal N4). However, our analysis of DC potentials within the MTL was 
not primarily meant to explain a large proportion of the variance in the data, but rather to 
quantify correlates of sustained neural activity patterns reminiscent of WM-related processes. 
Furthermore, when we computed the R² of polynomial fits of different order, we observed a 
steady monotonic increase with the order of the polynom with no pronounced edge at any 
polynomial order. This suggests that there is no specific higher order polynomic function 
which provides an optimal fit to the data. 

 

Oscillatory activity patterns during memory processes 

The DC potential shifts only depend on neural activity per se, but are insensitive regarding the 
degree of correlation or synchronization of cellular activity in a given brain region. Indeed, 
delay period activity in the prefrontal cortex even shows a higher variability of interspike 
intervals, indicating a decrease in neural correlation (Compte et al., 2003). On the other hand, 
there is evidence from previous electrophysiological recordings in animals that 
representations of visual stimuli are maintained via synchronized activity patterns (instead of 
uncorrelated changes in firing rate) in the extrastriate visual system (Lee et al., 2005). The 
magnitude of oscillatory activity in the visual cortex directly correlates with short-term 
memory performance (Tallon-Baudry et al., 2004). In human subjects, results from surface 
EEG (Tallon-Baudry et al., 1998) as well as iEEG (Howard et al., 2003) recordings showed 
that the short-term maintenance of visual objects involved localized increases of oscillatory 
activity in the gamma frequency range in extrastriate visual as well as frontal regions. 
Increased gamma band activity was found in intracranial EEG recordings in monkeys as well 
(Pesaran et al., 2002; Bichot et al., 2005), even during WM maintenance of a single item. We 
suggest that the apparent divergence with our results is at least partly due to the fact that our 
task was relatively demanding and is thus likely to involve a higher level of cognitive activity 
during the baseline period than the tasks used in other studies. In addition, several studies 
(including Howard et al., 2003) only report increases in gamma band activity outside the 
MTL, which is possibly due to different mechanisms than gamma band activity in the 
hippocampus (Traub et al., 1998). Finally, gamma power in the MTL might be differently 
affected by different types of stimuli. Trial-unique novel faces as used in our study possibly 
induce larger effects in the MTL than familiar stimuli such as words or letters (Zarahn et al., 
2005). In addition to gamma, there is evidence from iEEG for an increased synchronization of 
visual subregions in the beta frequency range during a WM delay period (Tallon-Baudry et 
al., 2001). Finally, changes in oscillatory activity patterns in lower frequency bands (theta and 
alpha) were observed during WM maintenance (Jensen et al., 2002; Jensen and Tesche, 2002). 
While effects in the theta and gamma frequency range are associated in some tasks such as 
declarative memory formation (Fell et al., 2003; Sederberg et al., 2003), they have been 
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hypothesized to support different functions in WM maintenance: While theta oscillations 
might serve as a more general pacemaker rhythm, an influential model proposed that single 
gamma cycles might represent individual items (Lisman and Idiart, 1995; Jensen and Lisman, 
2005). This model would indeed predict working memory load dependent increases in 
gamma, but not theta power. Indeed, several studies reported sustained increases in theta band 
activity during WM maintenance (Tesche and Karhu, 2000; Raghavachari et al., 2001), while 
there are no direct effects of load (Missonnier et al., 2006). In addition, WM processes have 
been found to affect alpha band activity (Herrmann et al., 2004; Sauseng et al., 2005), which 
has been linked to functional inhibition of task-irrelevant brain regions (Jokisch and Jensen, 
2007; Klimesch, 2007). This hypothesis has been mainly developed with respect to 
neocortical regions, however, and thus might not apply to the medial temporal lobe. We are 
unaware of any previous studies investigating gamma band activity in the MTL during a WM 
task. This is an important issue because gamma band activity in different regions may change 
in opposite directions, because different mechanisms may generate synchronized gamma 
activity (Traub et al., 1998; Tallon-Baudry et al., 2005). 

In addition to WM, modifications of gamma band activity have also been demonstrated 
during LTM formation (Fell et al., 2001; Sederberg et al., 2003, 2006). It has been suggested 
that gamma band activity supports memory formation because it increases the correlation of 
synaptic inputs in a given cell, which is a necessary prerequisite for spike-timing dependent 
plasticity (Jensen and Lisman, 1996; Axmacher et al., 2006). Given that our results show that 
the MTL is relevant for WM maintenance as well, the same mechanism might account for the 
retention of item representations over both short and long time intervals. 

Comparison of activity patterns in the rhinal cortex and hippocampus 

We observed both similarities and differences between WM-related effects in the 
hippocampus and rhinal cortex. While a positive DC shift during maintenance of a single item 
and a gradual negative shift during encoding of subsequent items were observed in both 
regions, a gradual negative shift during maintenance of multiple items only reached 
significance in the hippocampus. Moreover, gamma band activity during maintenance of a 
single item was significantly reduced only in the hippocampus, but was significantly 
increased during maintenance of multiple items only in the rhinal cortex. These regional 
differences might be explained by type two errors due to lack of statistical power in some 
cases; for example, visual inspection of the DC shifts in the rhinal cortex suggests a similar 
load effect during maintenance of multiple items as in the hippocampus (Fig. 3). On the other 
hand, the different location of load effects for the DC potential and gamma band activity 
during the maintenance phase may also reflect a differential contribution of these structures to 
WM processes: The load-dependent increase of gamma band activity in the rhinal cortex may 
reflect the segregation of neural representations of individual items, consistent with the role of 
this structure in LTM of single items (Davachi and Wagner, 2002). Conversely, the increase 
in hippocampal activity (negative DC shift) during maintenance of multiple items might 
correspond to the association of these items in a common representation, as suggested by the 
relational memory theory of the hippocampus (Cohen and Eichenbaum, 1993). However, 
these functional differences are currently rather speculative and need to be tested by future 
experiments. 

 

 

Correlation of mediotemporal BOLD response with neural activity and gamma power 
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The use of intracranial EEG recordings and fMRI during execution of essentially the same 
paradigm allows to compare the findings obtained with the different methods. In general, the 
physiological basis of the BOLD signal measured with fMRI is still far from being evident. 
Pioneering simultaneous recordings of fMRI, local field potentials (LFPs) and multiple unit 
activity (MUA) by Logothetis and coworkers (2001) have revealed a closer correlation of 
LFPs (10-130 Hz) than of MUA (> 300 Hz) with the BOLD signal in primary visual cortex of 
anesthetized monkeys. Selective blockade of either action potentials (corresponding to MUA) 
or synaptic transmission (corresponding to LFPs) again showed that the BOLD response in 
this region is more closely correlated with LFPs than with MUA (Logothetis and Wandell, 
2004). A recent study comparing the electrophysiological and BOLD responses to a movie 
sequence in humans showed a highly positive correlation between high-frequency (40-130 
Hz) LFPs and BOLD and a similarly high correlation between MUA (> 300 Hz) and BOLD 
in the primary auditory cortex; low-frequency (5-15 Hz) LFPs had a strong negative 
correlation with the BOLD response (Mukamel et al., 2005). A negative correlation of alpha 
band activity as recorded with surface EEG was also observed, for instance, by Laufs and 
colleagues (Laufs et al., 2003). These results may suggest that the coupling between neural 
activity in specific frequency bands and the BOLD response varies between brain regions. So 
far, no direct comparison of neural activity and the BOLD response in the MTL has been 
undertaken. Simultaneous recordings of iEEG and fMRI are not possible in humans due to 
safety considerations. However, by using a similar paradigm with both techniques, we have 
shown that a decreased BOLD response in the MTL corresponds to a persistent decrease in 
neural activity (visible from positive shifts of the DC potential) and a decreased gamma 
power during maintenance of a single item. Encoding and maintenance of multiple items 
induced an increase in neural activity (in terms of a more negative shift of the DC potential) 
and an increase in gamma power, while the BOLD response increased as well. 
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   All subjects  Normal subjects Patients 
Accuracy (%):  
1 item   89.4 ± 1.8  93.2 ± 1.3  81.5 ± 4.0 
2 items   85.9 ± 1.8  89.3 ± 1.6  78.8 ± 3.6 
4 items   77.7 ± 2.6  83.2 ± 1.9  66.1 ± 5.7 
 
Reaction time (ms):  
1 item   1123 ± 80  982 ± 51  1424 ± 203 
2 items   1175 ± 68  1040 ± 51  1419 ± 166 
4 items   1213 ± 70  1140 ± 41  1463 ± 185 

 
Supplementary Table 1: Accuracy and reaction time as a function of memory load. 
Entire group of subjects, as well as normal subjects and patients separately. Data indicate 
mean ± s.e.m. 
 
 
 
 
 

WM+ WM-

Maintenance DC slope 1st window F2,26 = 2.262; p > 0.1; ! = 1.000 F2,26 = 0.092; p > 0.8; ! = 0.855

2nd window F2,26 = 6.061; p < 0.01; !  = 1.000 F2,26 = 0.299; p > 0.7; ! = 0.855

3rd window F2,26 = 2.215; p > 0.1; ! = 1.000 F2,26 = 0.493; p > 0.5; ! = 0.777

Average values 1st window F2,26 = 0.535; p > 0.5; ! = 0.666 F2,26 = 1.110; p > 0.3; ! = 1.000

2nd window F2,26 = 4.034; p < 0.05; !  = 0.898 F2,26 = 0.203; p > 0.7; ! = 0.795

3rd window F2,26 = 1.518; p > 0.2; ! = 0.871 F2,26 = 0.368; p > 0.6; ! = 0.717

Encoding DC slope 1st window F3,39 = 3.884; p < 0.05; !  = 1.000 F3,39 = 0.937; p > 0.4; ! = 0.795

2nd window F3,39 = 6.286; p < 0.005; !  = 0.927 F3,39 = 0.355; p > 0.7; ! = 1.000

Average values 1st window F3,39 = 0.752; p > 0.5; ! = 0.908 F3,39 = 2.754; p = 0.089; !  = 0.598

2nd window F3,39 = 4.725; p < 0.01; !  = 1.000 F3,39 = 1.194; p > 0.3; ! = 0.830  
 
Supplementary Table 2: Load dependent DC shifts during correctly (WM+) and 
incorrectly (WM-) answered trials. 
The table indicates statistical values from an extended group of 14 patients, including three 
patients who performed a subsequent recognition task. The trend for an effect on the average 
values in the first window of the encoding part of the WM- trials was not monotonic. 


