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Supramodal Parametric Working Memory Processing in
Humans
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Previous studies of delayed-match-to-sample (DMTS) frequency discrimination in animals and humans have succeeded in delineating
the neural signature of frequency processing in somatosensory working memory (WM). During retention of vibrotactile frequencies,
stimulus-dependent single-cell and population activity in prefrontal cortex was found to reflect the task-relevant memory content,
whereas increases in occipital alpha activity signaled the disengagement of areas not relevant for the tactile task. Here, we recorded EEG
from human participants to determine the extent to which these mechanisms can be generalized to frequency retention in the visual and auditory
domains. Subjects performed analogous variants of a DMTS frequency discrimination task, with the frequency information presented either
visually, auditorily, or by vibrotactile stimulation. Examining oscillatory EEG activity during frequency retention, we found characteristic
topographical distributions of alpha power over visual, auditory, and somatosensory cortices, indicating systematic patterns of inhibition and
engagement of early sensory areas, depending on stimulus modality. The task-relevant frequency information, in contrast, was found to be
represented in right prefrontal cortex, independent of presentation mode. In each of the three modality conditions, parametric modulations of
prefrontal upper beta activity (20 -30 Hz) emerged, in a very similar manner as recently found in vibrotactile tasks. Together, the findings
corroborate a view of parametric WM as supramodal internal scaling of abstract quantity information and suggest strong relevance of previous

evidence from vibrotactile work for a more general framework of quantity processing in human working memory.

Introduction
Research in the somatosensory domain has shown that during work-
ing memory (WM) maintenance of previously presented tactile vi-
brations, neural activity in prefrontal cortex (PFC) is systematically
modulated by the to-be-maintained vibrotactile frequency (Romo
and Salinas, 2003; Spitzer et al., 2010). In PFC of behaving mon-
keys, such “parametric” coding of vibrotactile information in
WM was characterized by monotonic increases and decreases of
single-cell firing rates (Romo et al., 1999), as well as by systematic
modulations of small neuronal populations’ states (Barak et al.,
2010). Only recently, evidence for parametric WM coding was
found in human subjects as well. Noninvasive EEG recordings
during vibrotactile frequency maintenance showed parametric
modulations of prefrontal upper beta oscillations (~20-25 Hz)
by the frequency of the to-be-maintained vibration (Spitzer et al.,
2010; Spitzer and Blankenburg, 2011).

Despite these recent advances in uncovering the neural signa-
ture of frequency processing in PFC, the precise functional nature
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of parametric WM activity remains unknown. In particular, until
now empirical evidence for this type of processing has been ob-
tained only for vibrotactile information, which is known to be
parametrically encoded already at early stages of the primate so-
matosensory processing pathways (for review, see Romo and
Salinas, 2003). The critical question arises whether parametric
WM representations in PFC, as reflected by modulations of os-
cillatory beta activity, may also be established for information
provided via other sensory modalities.

In addition to the crucial involvement of PFC, previous MEG/
EEG investigations of tactile WM in humans have consistently
reported sustained increases of oscillatory alpha activity (8-13
Hz) over posterior areas throughout the retention period (Hae-
gens et al., 2010; Spitzer et al., 2010; Spitzer and Blankenburg,
2011). These effects have been interpreted in terms of modality-
specific disengagement of visual areas considered irrelevant for
the task, in accordance with the established view that alpha oscil-
lations signal top-down controlled cortical inhibition (for review,
see Klimesch et al., 2007). Consistent with this view, in addition
to alpha increases over visual areas, we recently observed alpha
decreases in primary somatosensory cortex during retrospective
focusing on vibrotactile memory contents (Spitzer and Blanken-
burg, 2011). It remains to be shown, whether such patterns of
engagement of relevant sensory areas and disengagement of irrel-
evant areas, in terms of modality-specific decreases and increases
of cortical alpha, may emerge during frequency maintenance in
other sensory modalities as well.

Here, we recorded EEG from human subjects perfor-
ming three different variants of a delayed-match-to-sample
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Subjects. Twenty-eight healthy volunteers (21-35
years; 13 females, 15 males) participated in the
experiment with written informed consent. Four
participants were excluded from analysis due to
excessive ocular and/or movement artifacts. The
study was approved by the Ethical Committee of
the Charité University Hospital Berlin and corre-
sponded to the Human Subjects Guidelines of
the Declaration of Helsinki.

Stimuli and behavioral task. On tactile trials, bimanual vibrotactile
stimulation of the index fingers was delivered by two identical 16-dot
piezoelectric Braille display (4 X 4 quadratic matrix, 2.5 mm spacing)
controlled by a programmable stimulator (Piezostimulator, Quaero-
Sys). The pins of both Braille displays were simultaneously driven by
a constant 145 Hz sinusoidal carrier signal which was amplitude-
modulated by a fixed-amplitude sinus function at the respective stim-
ulus frequency. The sound of the tactile stimulation was masked by
white noise (~80 dB) played via loudspeakers throughout the entire
experiment. None of the participants reported hearing any sound
attributable to the tactile stimulation.

On auditory trials, binaural flutter stimulation was delivered via iso-
lating supra-aural closed-back stereo headphones (AKG K518-DJ).
Auditory stimuli consisted of a 1 kHz carrier sine tone which was
amplitude-modulated by a fixed amplitude sine function of the respec-
tive stimulus frequency. The sounds were generated at 48 kHz sampling
rate and were output via the left channel of the stimulation PC’s onboard
soundcard linked to both channels of a stereo headphone amplifier
(DELL AX 510).

On visual trials, bilateral flicker stimulation was delivered by two sets
of white light-emitting diodes (LEDs) mounted to the left and the right of
a 19 inch TFT screen. The driving signal for flicker stimulation consisted
of an 8 kHz carrier signal (sampled at 48 kHz for an optimized six-point
elementary waveform; for details, see Allefeld et al., 2011) which was
amplitude modulated by a fixed amplitude rectangular function at the
respective stimulus frequency. The LEDs were driven by the right chan-
nel of the stimulation PC’s onboard soundcard, using a hi-fi amplifier
(Dynavox CS-PA1) and a custom-built circuit of resistors (6 £)) and
diodes (adopted from Allefeld et al., 2011) to match the LEDs’ impedance
and polarity.

A schematic of the experimental setup is illustrated in Figure 1A.
Before each block of 20 trials, a brief visual instruction (“seeing,” “hear-
ing,” or “touching”) indicated the modality in which the forthcoming
frequencies would be presented. The experimental procedure (Fig. 1B)
was identical for all stimulus modalities. Each trial began with the pre-
sentation of a small fixation cross centered on the TFT screen (enlarged
for illustrative purpose in Fig. 1 A). After a variable prestimulus interval
(1500-2000 ms), two 500 ms periodic stimuli of the same modality were
sequentially presented, separated by a 3000 ms retention interval (Fig. 1).
The base stimulus frequency (f1) was varied between 14 and 34 Hz in
steps of 4 Hz; the comparison stimulus frequency (f2; 10-38 Hz) was
randomly chosen to be either 4 Hz higher or 4 Hz lower than f1. The

Figure 1.

Clipart courtesy of Microsoft.

Experimental setup, task, and behavioral results. A, On separate blocks, periodic stimuli were presented either
auditorily (acoustic “flutter”), visually (“flicker” lights), or by vibrotactile stimulation of the fingertips (tactile flutter). All stimuli
were presented bilaterally. B, Delayed-match-to-sample frequency discrimination task. For each modality, the to-be-maintained
stimulus frequency (f1) was varied between 14 and 34 Hz, for later discrimination against a comparison stimulus (f2) of the same
modality. C, Average behavioral discrimination performance (left) and response times (right) for the different task conditions.

frequency selection represented a compromise between the typical
ranges of tactile/acoustic flutter (~10—45 Hz; Romo and Salinas, 2003;
Bendor and Wang, 2007) and possible “fusion” of visual flicker at high
frequencies (Smith and Misiak, 1976; see Discussion). After comparison
stimulus offset, responses were given with the right foot by pressing a re-
sponse pedal either once or twice to indicate whether the base or the com-
parison stimulus was “faster.” After 2000 ms response time, performance
feedback was given. Participants were instructed to look at the fixation cross
and touch the Braille displays throughout the entire experiment. After a few
practice trials, each subject performed 5 sessions of 6 blocks (2 of each mo-
dality, in a counterbalanced serial order) of 20 frequency discrimination
trials, for a total of 200 trials in each modality.

EEG recording and analysis. EEG was recorded using a 64-channel
active electrode system (ActiveTwo, BioSemi), with electrodes placed in
an elastic cap according to the extended 10-20 system. Individual elec-
trode locations were registered using an electrode positioning system
(Zebris Medical GmbH). Vertical and horizontal eye movements were
recorded from 4 additional channels. Signals were digitized at a sampling
rate of 2048 Hz, off-line bandpass filtered (1-100 Hz), downsampled to
512 Hz, and average referenced. All analyses were performed using SPM8
for MEG/EEG (Wellcome Department of Cognitive Neurology, London,
UK; www.fil.ion.ucl.ac.uk/spm/) and custom MATLAB code (The
MathWorks). The EEG was corrected for eye blinks using calibration
data to generate individual artifact coefficients and adaptive spatial fil-
tering (for details, see Ille et al., 2002). Remaining artifacts were rejected
by excluding all epochs containing amplitudes >65 wV from analysis.

Spectral analysis. The EEG data from all correct trials were epoched
(—1500 to 5000 ms relative to f1 onset). Time frequency (TF) represen-
tations of spectral power between 5 and 40 Hz were obtained by applying
atapered sliding window FFT using a single Hanning taper and an adap-
tive time window of 7 cycles length. Stimulus-evoked (phase-locked)
responses were removed from the data by subtracting for each condition
the average waveform from the waveform of each individual trial before
applying the TF transform to the single trial data. Exploratory analysis of
higher frequency bands (>40 Hz), using a multi-tapered FFT, yielded no
significant effects.

Statistical analysis. The statistical analysis was implemented in SPMS,
using the general linear model (GLM). To warrant conformity with the GLM
under normal error assumptions, the spectral power data were converted
into amplitude values using a square root transform (Kiebel et al., 2005) and
convolved with a 3 Hz X 300 ms (FWHM) Gaussian kernel. The GLM was
specified asa 3 (modalities) X 6 (frequencies) within-subjects design and
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Table 1. Behavioral data

14Hz  18Hz  22Hz  26Hz  30Hz  34Hz  Linearslope
Accuracy (%)
Tactile 76.7 784 71.7 77.5 73 68.5  —0.45%
Auditory 82.5 813 80.0 76.2 72. 723 —0.59*
Visual 81.6 82.2 71.8 68.8 65.0 614  —1.16*
RT (ms)
Tactile 547 550 539 530 555 518 —0.99
Auditory 474 488 506 524 524 516 2.40
Visual 514 527 542 542 549 579 2.79%

Top, Mean f1—f2 frequency discrimination accuracy (% correct) for each f1frequency, and linear regression slopes for
the different modality conditions. Asterisks indicate significance of a linear trend across f1 frequencies (p < 0.05,
Bonferroni corrected). Bottom, Same as top, for RT (milliseconds).

was inverted using restricted maximume-likelihood estimation. Contrasts
of interest were then computed from the model’s parameter estimates
using standard SPM procedures, yielding #-statistics of the contrast’s
significance at each TF bin (statistical parametric maps). Contrasts of
interest included difference contrasts between modality conditions (cf.
Fig. 3A, below), and parametric contrasts reflecting the strength of a
linear relationship to f1 frequency (cf. Fig. 4A, below). TF bins poten-
tially affected by frequency-dependent stimulation artifacts were ex-
cluded from parametric contrast analysis (transparent mask; see Fig. 4A,
left). FWEs in time-frequency space were controlled using Random Field
Theory (Worsley et al., 1996; Kilner et al., 2005) to determine the FWE-
corrected probability that at a given channel, significant TF bins may
have been obtained by chance. If significant TF effects were identified in
the parametric contrast analysis, GLM-based inference was comple-
mented by inspection of changes in the average raw spectral amplitudes
in the respective TF window, across the different f1 frequencies (cf. Fig.
4 A right, B). Unless noted otherwise, only correct discrimination trials
were included in the reported analyses. Where applicable, error trials
were analyzed separately.

Source reconstruction. The sources of EEG activity were modeled using
source reconstruction as implemented in SPM8 (Friston et al., 2006). For
each participant a forward model was constructed, using a 8196 vertex
template cortical mesh coregistered to the individual electrode positions
via 3 fiducial markers. The forward model’s lead field was computed
using the 3-shell BEM EEG head model available in SPM8. Before model
inversion, the raw data were bandpass filtered around the frequency band
of interest. Source estimates were then computed on the canonical mesh
using multiple sparse priors (Friston etal., 2008) under group constraints
(Litvak and Friston, 2008), including the data from all conditions of
interest. Trial-specific TF contrasts were used to summarize oscillatory
source power for specific frequency bands and at specific times, as 3D
images, which were then analyzed using conventional statistical paramet-
ric mapping procedures.

Results

Behavioral results

On average, participants correctly discriminated 75.0% of the
stimulus pairs in the tactile task, 77.4% in the auditory task, and
72.7% in the visual task (Fig. 1C, left). Pairwise comparisons
showed a significant performance difference between the audi-
tory and the visual tasks only (p < 0.05, Bonferroni-corrected).
As expected by Weber’s law (Fechner, 1966) discrimination per-
formance in general decreased with increasing f1 frequency (Ta-
ble 1, top). The slope of the decrease was significantly steeper in
the visual compared with the remaining conditions (p < 0.05,
Bonferroni-corrected). Mean response times (RTs) did not differ
significantly between the tactile, auditory, and visual conditions
(Fig. 1C, right; 539, 505, and 542 ms; all p values >0.05), and a
linear trend for a slowing of RTs with increasing f1 was signifi-
cantly evident in the visual modality condition only (Table 1,
bottom). Thus, f1—f2 discrimination performance was particu-
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larly poor for fast flicker stimuli in the visual task, in terms of both
reduced accuracy and increased RTs.

Task-related changes in oscillatory activity

First, we examined task-induced changes of spectral activity rel-
ative to a prestimulus baseline (800—500 ms before f1 onset), for
each of the three modality conditions (Fig. 2). Throughout the
WM period, a sustained increase in alpha activity (8 —12 Hz) over
posterior channels was evident in the tactile and auditory tasks
(Fig. 2A), but also in the visual task (Fig. 2A, bottom). Statistical
comparisons (Fig. 2B) showed that the posterior alpha increase
was significantly weaker in the visual compared with the tactile
task (300-2300 and 2900-3750 ms, all time bins p < 0.05),
whereas no significant difference arose between the tactile and
the auditory retention periods (<3500 ms, all time bins p >
0.05). In all three modality conditions, however, posterior alpha
showed a steady increase throughout the retention interval and
peaked at similar levels shortly before f2 onset (2350-2900 ms, all
time bins p > 0.05). A separate analysis of error trials yielded no
significant deviations from the above pattern of results. We re-
constructed the cortical sources of the overall alpha increase dur-
ing late retention (2000-3000 ms, relative to —1000 to 0 ms
baseline), using “conjunction” statistical analysis as implemented
in SPM8 to determine source activity common to all three mo-
dality conditions (Fig. 2C, top). This revealed widespread effects
in occipital cortex, with maximum activity in early visual areas
(Area 17; p < 0.05, FWE). Next, we computed the contrast in
source activity between the visual and the remaining two modal-
ities for an earlier time window (1000-2000 ms), during which
the strongest difference was observed on the channel level (cf. Fig.
2 B). The vision-specific reduction in alpha during early retention
was localized to similar visual areas (Fig. 2C, bottom, maxima in
Area 17; p < 0.05, FWE) as the modality-unspecific overall alpha
increase during later retention (cf. Fig. 2C, top). In addition to the
above effects in the alpha band, no sustained activity changes
relative to prestimulus baseline or between modality conditions
were found in the theta, beta, or gamma bands.

Modality-specific topographical distribution of alpha activity
In the above analysis, strong alpha increases relative to prestimu-
lus baseline were evident over visual areas, but no effects over
other sensory cortices (somatosensory, auditory) were detected.
However, modality-specific effects on sensory alpha activity may
have arisen already in expectation of stimulation and preparation
for the task (Jones et al., 2010; Miiller and Weisz, 2011; Rohen-
kohl and Nobre, 2011), and thus might not have been easily de-
tected relative to prestimulus baseline. Therefore next, rather
than quantifying alpha activity relative to prestimulus baseline,
we examined for each modality topographical statistical maps of
the difference in alpha power relative to the two remaining mo-
dality conditions (Fig. 3A). Notably, a clear pattern of modality-
specific alpha topographies emerged, with relatively decreased
contrast activity over bilateral central areas in the “tactile” con-
trast (Fig. 3A, top row), temporal areas in the “auditory” contrast
(middle row), and posterior areas in the “visual” contrast (bot-
tom row). The modality-specific topographies were most prom-
inent during stimulus presentation, but were also clearly evident
during the retention period. As expected, an indication of the
pattern appeared already in the prestimulus interval (Fig. 3A,
leftmost column). 3D source reconstruction (Fig. 3B) attributed
the modality-specific decreases of alpha power in the tactile and
visual contrasts to bilateral somatosensory (Area 3b) and visual
(Area 17) cortices respectively (p < 0.05, FWE). Localization of
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contrast (Fig. 3C, right) again, the contrast
decrease over visual areas correlated posi-
tively with performance in the visual task
(r = 045, p < 0.05) and correlated nega-
tively with performance in the (non-
target) tactile task (r = —0.42 p < 0.05).
Together, this pattern of correlations
suggests that behaviorally optimal WM
processing of modality-specific information involved both
disengagement of task-irrelevant areas and engagement of
task-relevant sensory cortices, as mediated by cortical alpha
oscillations.

retention (red shading in B).

Frequency-dependent parametric modulations of prefrontal
upper beta activity

To examine parametric modulations of oscillatory activity as a func-
tion of the frequency information maintained in WM, we analyzed
parametric contrasts reflecting the strength of a linear relation be-
tween TF activity and the frequency of f1. Figure 4 A illustrates the
joint parametric contrast, collapsed across modality conditions, for
representative right-prefrontal channel F2, where parametric upper

activity (8—12 Hz) over parieto-occipital channels increases throughout the WM task in each of the modality conditions. B,
Comparison of parieto-occipital alpha power changes between conditions. Colored ribbons indicate significance of pairwise com-
parisons. The alpha increase in the visual condition is significantly reduced during early retention (red shading). C, 3D source
reconstructions. Top, Conjunction analysis of alpha source activity increases common to all three modality conditions, during late
retention (blue shading in B). Bottom, Difference in source power between the visual and the remaining conditions, during early

beta modulations were found in previous tactile work (Spitzer et al.,
2010; Spitzer and Blankenburg, 2011). In line with our recent find-
ings, the present analysis revealed a significant parametric modula-
tion in the upper beta band during late retention (TF maximum at
26 Hz, 2800 ms, ppwg = 0.025; cluster of TF bins p < 0.05 ranging
from 21 to 30 Hz, and 25503000 ms). This TF range was defined as
window of interest for subsequent analyses of modality-specific
modulations. The critical question was whether the above modula-
tion was driven by modulations during vibrotactile trials only, or
whether such phenomenon was present in the auditory and/or visual
tasks as well.

To account for potential differences between the modality-
specific effects in TF space, we first determined the parametric
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2...3s 3.5.4s

Modality-specific alpha topographies. A, Statistical topographical maps of modality-specific alpha activity. In each row, alpha activity in one modality (blue, tactile; green, auditory; red,

visual) was contrasted against the two remaining modalities. Modality-specific patterns were most pronounced during stimulation (f1, f2) and late retention (23 s). B, 3D source reconstructions
of the modality-specific alpha contrast decreases shown in A. C, Correlations of modality-specific contrast decreases over somatosensory (left) and visual (right) areas during retention (1-3 s) with
individual task-performance levels. Different bar colors represent correlations with performance in the different tasks (normalized to subject mean). Representative channels used for computation
areoutlinedin A. By tendency, correlations with performance in the contrasts’ target conditions were always positive, while any correlations with performance in the contrasts’ non-target conditions
were negative. For the A-TV contrast decrease over temporal channels, none of the correlations reached significance (all p values >0.30).

contrast maximum separately for each modality (cf. Fig. 4A). The
three maxima were found to lie within a narrow TF range (21-26
Hz, 2850-2950 ms), at neighboring channels (F2 and FC2). Fig-
ure 4B illustrates for each modality condition the changes of
prefrontal beta amplitude as a function of f1 (relative to modality
condition mean) for the TF maxima identified above. As ex-
pected, in the tactile task (Fig. 4 B, left) a significant parametric
modulation by vibrotactile frequency was found (TF maximum
at 21 Hz, 2850 ms, F2; p < 0.005). Moreover, and central to the
present study, a significant parametric modulation of prefrontal
beta by f1 was evident in the auditory task as well (TF maximum
at 26 Hz, 2900 ms, FC2; p < 0.001). In fact, prefrontal beta during
auditory WM maintenance (Fig. 4 B, middle) exhibited a strictly
monotonic increase across the six acoustic flutter frequencies. To
the best of our knowledge, this is the first demonstration of para-
metric WM effects during maintenance of auditory, rather than
somatosensory, stimulus information in humans.

For the visual task, initial analysis revealed only a mild linear
modulation of prefrontal beta across the six visual flicker stimuli
(TF maximum at 25 Hz, 2850 ms, p = 0.01). Closer inspection of
this modulation (Fig. 4 B, right) shows that prefrontal beta in-
creased from lower to midrange flicker frequencies, but de-

creased again for the fastest flicker stimuli (30 Hz and above). We
reasoned that this result might be affected by partial “flicker-
fusion,” whereby flicker above an individually different fre-
quency may appear as an increasingly steady light (Smith and
Misiak, 1976; Gutherie and Hammond, 2004). Thereby, encod-
ing of the fast visual flicker’s frequencies may have been compro-
mised, which may explain not only the relatively low f1-f2
discrimination performance for these stimuli (see behavioral re-
sults), but also the lack of a frequency-dependent representation
of fast visual flicker during stimulus maintenance. In fact, after
discarding the fastest f1 flicker stimuli (34 Hz) for which the
likelihood of fusion was highest, a statistically more robust linear
modulation of prefrontal beta emerged across the remaining
stimulus frequencies (14-30 Hz, p < 0.005, Fig. 4B).

Figure 4C illustrates topographical statistical maps and SPM
3D source reconstructions of the above parametric modulations.
In each modality condition, the parametric modulation was max-
imal over prefrontal scalp channels and by tendency right later-
alized. Consistently, the modulations were source-localized to
regions in right lateral prefrontal cortex, including the right infe-
rior frontal gyrus (IFG, BA 45/44) in the auditory and visual tasks
(Fig. 4C, middle and right), and a slightly more anterior right
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Figure 4.

Parametric modulations of oscillatory activity by the stimulus frequency maintained in working memory. 4, Left, Time-frequency statistical parametric map indicating the significance

of overall linear modulations of oscillatory activity by f1 frequency, collapsed across modality conditions, for representative channel F2. Maximum at 26 Hz, 2800 ms (p << 0.05, FWE). Right, Changes
of prefrontal upper beta amplitudes as a function of f1. Amplitudes were zero-centered relative to overall mean. B, Changes of prefrontal upper beta amplitudes as a function of f1 frequency, for the
different modality conditions. Amplitudes were zero-centered relative to modality condition mean. In all modalities, significant linear modulations were found (indicated by solid colored lines). In
the visual condition (right), the fastest flicker frequencies (=30 Hz) may have been partially “fused” (see Discussion) and were excluded from subsequent analyses (light red indicates modulation
across the remaining visual f1s, 14—30 Hz). , Topographical statistical maps (color-scaling as in A) and 3D source reconstructions of the above parametric modulations. Source renderings appear
larger for more superficial sources and may not reflect actual differences in activity strength between modality conditions. D, Conjunction analysis of parametric contrast activity common to all three
modality conditions. E, Overall parametric modulation by 1 (cf. A, computed from correct trials (dark brown) compared with incorrect trials (light brown). On incorrect trials, the parametric
modulation was significantly reduced (z = 3.06, p << 0.005; resampling statistics based on 1000 iterations).

prefrontal region in the tactile task (Fig. 4C, left). Within the
limited precision of EEG source reconstruction, these results
suggest that lateral right prefrontal cortex which has been
shown to be crucially involved in WM processing of vibrotac-
tile information in animals and humans (Romo et al., 1999;
Spitzer et al., 2010; Auksztulewicz et al., 2011), also plays a
central role in WM processing of auditory and visually pre-
sented frequency information.

For objective quantification of the temporal, spectral, and to-
pographical overlap of the parametric modulations illustrated in
Figure 4, B and C, we performed conjunction analysis across the
parametric GLM contrasts in the three modality conditions.
Complementing the analysis of the overall modulation by f1 (cf.

Fig. 4A) which may have been driven by modulations in any of
the three modalities, conjunction analysis delineates the com-
mon time/frequency/channel space of parametric modulations
evident in each of the modalities. The conjunction analysis (Fig.
4 D) revealed a cluster of significant overlap at channel F2, be-
tween 2500 and 3000 ms in the upper beta band (maximum at 25
Hz), indicating that the (very similar) overall modulation by f1
(cf. Fig. 4A) was indeed driven by parametric modulations in
each of the three modality conditions.

Conjunction analysis of the focal parametric modulations in
source space (cf. source renderings in Fig. 4C) yielded no signif-
icant result, which may be explained by the limited spatial preci-
sion of EEG source reconstruction applied to relatively small
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numbers of trials. Targeted analysis of potential modality-
specific differences did not produce significant results either, in-
dicating that the precise anatomical origin of the modulations
within lateral PEC may not be determined on a finer spatial scale
from the present analysis of noninvasive EEG.

Concluding our analysis, we sought to determine the potential
behavioral relevance of the parametric modulation effects de-
scribed above. The relatively small number of available error tri-
als per modality-frequency combination precluded separate
analyses in each modality condition. We therefore repeated the
analysis of overall parametric modulations by f1 (collapsed across
modalities, cf. Fig. 4A) on error trials, which yielded no indica-
tion of any significant modulation (Fig. 4E). To account for the
smaller number of incorrect compared with correct trials, we
used resampling statistics (Voytek et al., 2010) based on 1000
iterations to determine the significance of the observed reduction
in modulation strength. On each iteration we determined the
average GLM regression coefficient for the parametric modula-
tion by f1 in a subset of randomly drawn correct trials (matched
to the number of incorrect trials available for each frequency and
modality condition), to estimate a surrogate distribution of coef-
ficients expected under the hypothesis of no difference between
correct and error trials. Relative to the surrogate distribution’s
mean (0.01), the observed coefficient on incorrect trials (—0.002,
Fig. 4E) was significantly decreased (z = 3.06, p < 0.005), indi-
cating a statistically reliable reduction of the f1-dependent para-
metric modulations on error trials.

Discussion

To summarize, in each of the different modality conditions (tac-
tile, auditory, visual), WM maintenance of periodic stimulus fre-
quency was accompanied by task-induced increases of alpha
activity over occipitoparietal areas. Between-modality compari-
sons further revealed characteristic and behaviorally relevant dis-
tributions of alpha over somatosensory, auditory, and visual
cortices, according to task modality. Finally, and most central to
the present investigation, parametric WM representations of the
task-relevant frequency information in prefrontal cortex, in
terms of modulations of upper beta oscillations, were evident
regardless of the sensory modality in which the information was
presented.

After extensive study in non-human primates (for review, see
Romo and Salinas, 2003) vibrotactile DMTS frequency discrim-
ination tasks have received increased attention in recent investi-
gations of human WM processing (Preuschhof et al., 2006;
Kostopoulos et al., 2007; Burton et al., 2010; Haegens et al., 2010;
Spitzer et al., 2010; Bancroft et al., 2011; Bancroft and Servos, 2011;
Spitzer and Blankenburg, 2011). In addition to evidence for the en-
gagement of broadly similar task-relevant brain areas in both species,
recent EEG/MEG work in humans consistently showed increases in
oscillatory alpha activity over visual areas considered irrelevant for
the tactile task (Haegens et al., 2010; Spitzer et al., 2010; Spitzer and
Blankenburg, 2011). As expected, such effect was replicated in the
present analysis of DMTS retention in the nonvisual (tactile and
auditory) modalities, in accordance with the prominent view of al-
pha increases as a signal of top-down controlled cortical inhibition
(Klimesch etal., 2007). Interestingly however, albeit initially less pro-
nounced, parieto-occipital alpha amplitudes increased also during
WM maintenance of visual flicker information, apparently conflict-
ing with an interpretation in terms of disengagement of task-
irrelevant sensory areas.

Indeed, alpha increases during WM maintenance of visually
presented items, such as faces or letters, have been reported pre-
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viously, and were found to correlate positively with WM “load”
(i.e., the number of to-be-maintained items; Jensen et al., 2002;
Tuladhar et al., 2007). According to inhibitory accounts of alpha,
these effects relate to suppression of information that may inter-
fere with WM maintenance (Klimesch et al., 2007; Tuladhar et al.,
2007; but see Palva and Palva, 2007), suggesting a prevalence of
top-down controlled, internal processing as WM demands in-
crease. Indeed, despite the low WM load of only a single stimulus
attribute, the present DM TS task emphasized active internal pro-
cessing, demanding the evaluation and maintenance of abstract
quantity information (see below). At the same time, peripheral
flicker stimuli per se are low in visual complexity and easily reg-
istered even with little attention devoted to the visual environ-
ment. Together, emphasizing internal over externally oriented
processing, our results are compatible with an inhibitory view of
posterior alpha (for review, see Klimesch et al., 2007) and suggest
that visual sensory areas may have been disengaged to a certain
degree even in the visual DMTS task. In this light, at least a por-
tion of the posterior alpha increases previously considered a hall-
mark of nonvisual DMTS tasks (Haegens et al., 2010; Spitzer et
al., 2010) appears as a general aspect of active frequency process-
ing in WM, regardless of presentation modality.

In addition to task-induced effects in visual areas (relative
to a prestimulus baseline), our analysis showed that the differ-
ent modality conditions were characterized by specific distri-
butions of alpha activity over visual, tactile and auditory
cortices, respectively. By tendency, these patterns persisted
throughout the entire task period, including the prestimulus
interval, and were found to be systematically related to partic-
ipants’ individual performance levels. In particular during re-
tention, optimal DMTS performance in a given modality
condition appeared to be reflected both by relatively large
alpha amplitudes in task-irrelevant sensory areas, and by relatively
small alpha amplitudes in those sensory areas that encoded the stim-
ulus information. These results generalize previous evidence for a
disengagement of task-irrelevant sensory areas during vibrotactile
DMTS tasks, in terms of increased alpha activity (Haegens et al.,
2010; Spitzer et al., 2010), to analogous tasks in other sensory
modalities. Further, they corroborate recent evidence for a sus-
tained engagement of the task-relevant sensory areas during WM
processing of previous sensory input (Spitzer and Blankenburg,
2011). Such WM-related effects on activity in sensory areas may
be closely intertwined with a neural signature of modality-
specific attention (Awh et al., 2006), and thus may not easily be
detected in traditional analyses of WM-related activity changes
relative to prestimulus periods of attentive expectation (for re-
lated results and discussion, see Spitzer and Blankenburg, 2011;
Langner et al., 2011). Central to the present investigation how-
ever, while WM processing was accompanied by activity changes
in modality-specific sensory areas, these areas did not reflect the
task-relevant memory contents (i.e., stimulus frequency).

The notion of a parametric coding of periodic stimulus fre-
quency in lateral PFC was originally derived from the observation
of monotonic relations between single cells’ firing rates and the
to-be-maintained frequency of vibrotactile stimuli, in non-
human primates (Romo et al., 1999). Only recently, parametric
WM processing of vibrotactile frequency was found to be re-
flected also on a large-scale neuronal population level, by modu-
lations of prefrontal oscillatory activity in human EEG recordings
(Spitzer et al., 2010; Spitzer and Blankenburg, 2011). The present
results for the first time extend and generalize these parametric
WM findings from the vibrotactile domain to DMTS frequency
maintenance in other sensory modalities. In particular, in con-
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trast to parametric manipulations of WM load, which typically
lead to increases of prefrontal theta activity (~4-7 Hz; Jensen
and Tesche, 2002), our previous and present findings converge
on a central role of parametric activity in the upper beta band
during WM processing of a single stimulus attribute.

Representing a formalized link to the to-be-maintained stim-
ulus, delayed parametric modulations of neural activity may be
considered as correlates of WM processing per se (Goldman-
Rakic, 1995), but the precise function of such parametric activity
remains unclear. We recently hypothesized that parametric pre-
frontal WM effects may indicate an abstract internal scaling of
analog quantity information, according to DMTS task demands
(Spitzer and Blankenburg, 2011). Parametric WM activity during
DMTS retention (Romo et al., 1999; Barak et al., 2010; Spitzer et
al., 2010; Spitzer and Blankenburg, 2011) may thereby reflect a
WM representation of f1’s “value” on such abstract internal scale.
The present finding of similar prefrontal activity modulations
across different modality conditions, and for perceptually dis-
similar appearances of temporal frequency information, sup-
ports such view of parametric WM as supramodal processing of
abstract quantity. Thereby, like in our previous tactile work, f1-
dependent prefrontal activity emerged with considerable delay
after f1 onset, in line with the suggestion that parametric beta
activity may in particular reflect active maintenance processes
preventing the decay of previous sensory information in WM
(Spitzer and Blankenburg, 2011).

Across the different modality conditions, the strongest para-
metric modulations by f1 were found in the upper beta frequency
range, at very similar times during late retention, and were local-
ized to right lateral prefrontal sources, including the IFG. Minor
topographical and spectral differences between conditions may
be accounted for by precision limits of noninvasive EEG. How-
ever, an obvious deviation from the overall modulation pattern
was evident for fast visual flicker stimuli (>30 Hz), for which
prefrontal beta did not increase as predicted by a linear trend
across the entire stimulus range. As a likely explanation for this
deviation, taking into account the relatively poor behavioral per-
formance for fast visual flicker, these stimuli may have ap-
proached many participants’ “critical flicker-fusion frequency,”
above which flicker is perceived as a continuous, increasingly
steady light (Smith and Misiak, 1976; Gutherie and Hammond,
2004). Consequently, direct assessment of the fast visual flickers’
periodic frequency may have been compromised, compared with
the auditory and tactile domains, in which much higher stimulus
frequencies can be encoded (Pollack, 1952; Talbot et al., 1968).
Indeed, considering that partial flicker fusion may have rendered
the appearance of the fast visual frequencies qualitatively differ-
ent, the observed pattern of prefrontal beta activity in the visual
task fits well with our view of parametric WM activity as quanti-
tative scaling of the task-relevant stimulus dimension, which in
the present context was informed by the fine temporal properties,
or speed, of periodic stimulus dynamics. At the same time, the
above results join previous evidence against alternative interpre-
tations of parametric WM effects in terms of increasing task-
difficulty (Spitzer and Blankenburg, 2011).

To conclude, the present study for the first time generalizes
previous evidence for parametric WM processing in human pre-
frontal cortex, as previously demonstrated for vibrotactile infor-
mation only, to the auditory and visual modalities. Converging
with the recent unimodal work, parametric WM activity was re-
flected by upper beta oscillations in right-lateral PFC, and was
found to be behaviorally relevant. The results extend and com-
plement previous work in animals and humans and portray fre-
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quency processing in prefrontal cortex as modality-independent
internal scaling of abstract quantity information in working
memory.
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