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Spatial relations can be represented categorically, bymeans of abstract labels, or coordinately, inmetric, absolute
measures. These representations have been associated to the left and the right hemispheres respectively
(Kosslyn, 1987). Recent studies have focused on the temporal dynamics of spatial relation processing, with
working memory task designs. In this light, we examined the suggested lateralization effect in an ERP study
incorporating a visual half field match-to-sample design, in which two sequentially presented stimuli were
compared. Bymanipulating the length of the retention intervals between the two stimuli (500 ms, 2000 ms, and
5000 ms), spatial working memory effects were studied at three separate stages of working memory; encoding,
memorization, and retrieval. The hypothesized interaction of instruction and visual field was found in the
behavioural data, restricted to the 2000 ms retention interval. The EEG data indicate a strong overall right
hemisphere effect, which is likely related to spatial working memory in general. Categorical and coordinate
processing appears to already differentiate during the encoding stage in the P300 complex (300–500 ms after
presentation of the first stimulus), where instruction interacts significantly with hemisphere in the parietal area.
We found a clear right hemisphere advantage for coordinate processing and no lateralization for categorical
processing. We argue that the outcome indicates qualitative rather than quantitative differences between
categorical and coordinate processing.
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1. Introduction

The spatial relations we encounter in our environment can be
divided into two types: categorical and coordinate relations. Categorical
spatial relations concern abstract, qualitative relations such as “above”,
or “left of”, whereas coordinate spatial relations are metric and
quantitative in nature, describing exact distances between objects
(Kosslyn, 1987). The mechanisms underlying the processing of these
two types of relations are commonly thought to be dissociable at the
neural level. A left hemisphere advantage is often found for categorical
processing, while the right hemisphere is clearly linked to coordinate
processing (e.g. Kosslyn et al., 1989). This lateralization effect has been
replicated in numerous studies, most of which concerned behavioural
half field experiments (for a review see Jager and Postma, 2003). Others
have provided evidence for lateralizedprocessing inneuropsychological
studies (Laeng, 1994; Van Asselen et al., 2008; Palermo et al., 2008).
Remarkably, the number of neurophysiological and imaging studies
directly addressing the distinction is limited. Thus far, three functional
imaging studies have substantiated the foregoing (Baciu et al., 1999;
Trojano et al., 2002; and Van der Ham et al., 2009), but critical findings
have also been reported (Martin et al., 2008).

Importantly, an increasing number of studies have applied a working
memory design to study spatial relation processing (e.g. Laeng and Peters,
1995; van der Ham et al., 2007, Martin et al., 2008, van der Ham et al.,
2009), instead of a single stimulus perceptual design (e.g. Baciu et al.,
1999). Furthermore, in a recent fMRI study (Van der Ham et al., 2009)we
observed a clear double dissociation in the superior parietal cortex, only
with a 2000 ms interval between two stimuli in a single,match-to-sample
trial, and not with a 500 ms interval. These results indicate that temporal
characteristics of spatial relations processing should be taken into account
when studying lateralization patterns as the duration between the first
and second stimulus appears to be an influential temporal factor. A
relevant question in this light is whether categorical and coordinate
relation processing differences emerge very early after stimulus
presentation, or at a later processing stage. A proper means to examine
these temporal patterns is EEG measurements, with its high temporal
resolution. It allows us to infer how categorical and coordinate spatial
relationprocessingdiffer for eachof theunderlying cognitivemechanisms
that occur within a single trial. Most of the studies so far have only
provided behavioural outcomes or imaging data that represent a
combined outcome of all cognitive processes that occur within a trial.
The behavioural data are likely to primarily reflect the retrieval and
comparison process, because only the second stimulus is presented
memory for spatial relations: An ERP study, Int. J.
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laterally and requires a response, while the imaging data provide the
activation patterns averaged for a complete trial and therefore include all
processes occurring during a single trial.

As far asweknow, onlyone full EEGstudyhasbeenpublished focusing
on thedifferences between categorical and coordinate relationprocessing
(Van der Lubbe et al., 2006). In this study such amatch-to-sample design
was used, similar to the design in our previous studies (vanderHamet al.,
2007, van der Ham et al., 2009). One stimulus (S1) presented centrally
was compared either categorically or coordinately to a second stimulus
(S2) presented laterally. This format combined with EEG measurements
enabled Van der Lubbe et al. (2006) to examine the differences between
categorical and coordinate spatial processing at different processing
stages, which represent the different cognitive mechanisms underlying
the task. In a single trial three separate stages were identified: a) the
encoding stage related to the encoding of the first stimulus, b) the
memorization stage in which the stimulus is retained until the second
stimulus appears, and c) the retrieval stage, in which the relevant
properties of the first stimulus are retrieved to compare them to the
second stimulus. Van der Lubbe et al. (2006) mainly found quantitative
and not qualitative differences between categorical and coordinate tasks
and concluded that Kosslyn's original lateralization account could not be
confirmed. During the encoding stage early differences (160–320 ms)
between the tasks were found, but dipole analyses did not show the
hypothesized categorical left hemisphere and coordinate right hemi-
sphere advantage. In the memorization stage, there was more posterior
right hemisphere activity for the coordinate task, compared to the
categorical task, which is likely related to spatial working memory
activity. In the retrieval stage early effects (120–240 ms) confirmed the
visual half field technique and task dependent effects emerged around
400 ms after S2 presentation. As these effects are relatively late, they are
suggested to reflect retrieval of S1or judgmenton thecomparison,not the
encoding of S2, and indicate stronger right hemisphere activity for the
categorical task, compared to the coordinate task. Based on these specific
time intervals and more general findings about stimulus discrimination
and working memory tasks, the N2 and P300 complexes seem of
particular relevance in our study. N2 reflects the detection of stimuli and
its amplitude increases as stimulus discrimination becomesmore difficult
(see e.g. Naatanen, 1986). P300 responses have been shown to reflect a
number of processes all entailed in working memory (see e.g. Ellwanger
et al., 1999; Shucard et al., 2009). Therefore we will examine the N2 and
P300 complexes for both the encoding and retrieval stages, linked to the
presentation of S1 and S2 respectively. To complement these analyseswe
will also make use of current source density estimations of these
complexes, to gain more information about cortical activation during
these critical time periods.

The memorization stage between the two stimuli is of specific
interest, since when it is long enough (i.e. the 2000 ms and 5000 ms
intervals), slow wave activity can be observed, which is commonly
related to working memory processes (e.g. McEvoy et al., 1998; Awh
et al., 1998; Ruchkin et al., 1997). For instance, a previous report
showed an increase in negative slowwave activity at electrodes at the
posterior parietal and occipital locations during working memory
maintenance (Mecklinger and Pfeifer, 1996). In addition van der
Lubbe et al. (2006) found task related effects 1000–2000 ms after S1
presentation, which they interpret as a reflection of spatial working
memory activity.

The experimental design that we employed, provided two main
advantages with regard to the designs previously used to test
categorical and coordinate relations (see Jager and Postma, 2003).
We have varied the length of the retention interval as we have done in
our previous studies (Van der Ham et al., 2007; 2009). Previous
empirical findings and theoretical inferences (e.g. Kosslyn, 1987;
Huttenlocher et al., 1991) suggest that categorical and coordinate
spatial relation processing differs with longer intervals, i.e. with a
larger load on working memory. As categorical spatial relations can
serve a communicative purpose, and are relatively easily memorized
Please cite this article as: van der Ham, I.J.M., et al., Temporal character
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by means of prepositional terms, they show little decay with longer
retention intervals. In contrast, coordinate spatial relations are mainly
used for instantaneous actions like grasping and navigation, which
require no elaborate memorization. The selected intervals of 500,
2000, and 5000 ms have been shown to adequately represent these
differential patterns of decay in memory (Postma et al., 2006; van der
Ham et al., 2007). Furthermore, by varying the duration of the
retention intervals we can address the issue of strategy use at a neural
level. For instance, in order to retain a visual stimulus in memory
longer, one could recode the visual image verbally, offering a more
persistent memory code. Such transformations have been reported by
subjects when asked about their strategy use (van der Ham et al.,
2007; van der Ham and Postma, in press). The tasks were solved in a
more perceptual manner in the shorter retention intervals while
verbal strategies were more frequently used with longer intervals. As
these strategy effects are only based on self-reports, more objective
data related to strategy use and working memory processes are
required to confirm these suggestions. If verbalization is the preferred
strategy for some specific conditions, we would expect activity in
language related areas, such as Broca's area.

The second advantage of the current paradigm is a change in
stimulus characteristics, which in our opinion is an improvement over
the stimuli used by van der Lubbe et al. (2006). We applied the cross–
dot stimuli, instead of the often used dot–bar stimuli. The cross–dot
stimuli overcome the problem of the dichotomous comparisons of
above/below and near/far, which has commonly resulted in practice
effects for coordinate trials (e.g. Baciu et al., 1999). We have doubled
these possibilities by constructing four different categories and four
different distances. As subjects have shown to be unable to deduct the
pattern of possible dot positions, we can avoid problems like practice
effects, in which subjects might assign categories to the coordinate
positions. In addition, it somewhat increases the level of difficulty of
categorical trials, reducing the difference in difficulty between
categorical and coordinate trials.

In short, the aim of the current study was to further examine the
processing and lateralization of categorical and coordinate spatial
representations and their temporal properties. We expected to find
the hypothesized lateralization pattern for the shorter intervals,
congruent with previous findings. The potential use of a more verbal
strategy, as opposed to a visuospatial strategy, was expected to emerge
for the longer intervals and categorical processing in particular.

2. Methods

2.1. Participants

Twenty-four subjects participated in the study in exchange for
course credit or money. Five participants were discarded from the
dataset; four of them showed behavioural results at chance level in at
least one of the conditions, the fifth one had low quality EEG
recordings. The data presented here originate from the remaining
nineteen participants, 10 male (mean age: 22.00, SD: 2.79) and 9
female (mean age: 21.89, SD: 2.52). All participants were unaware of
the rationale of the experiment, had normal or corrected to normal
vision and filled out a consent form prior to the experiment. To ensure
strong right handedness, the Edinburgh Handedness Inventory was
administered (mean score: 90.74, SD: 17.81, on a scale of −100,
extremely left handed, to +100, extremely right handed) (Oldfield,
1971).

2.2. Stimuli

Stimuli used were comparable to those reported in our previous
studies (van der Ham et al. 2007; 2009). Stimuli were presented on a
computer screen (1024×768 pixels) at a distance of 62 cm from the
subjects and the total stimulus size was 2.03°⁎2.03° of visual angle.
istics of working memory for spatial relations: An ERP study, Int. J.
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Fig. 2. The design of a single trial: a blue square, a white screen, a fixation cross, the first
stimulus, a white screen during the retention interval, a fixation cross, the second
stimulus, presented laterally, and a white screen during which a response was given.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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There were 40 different dot positions as shown in Fig. 1. Additionally,
the reference cross matched the dot in size (0.11° of visual angle). By
incorporating these changes, compared to our previous work, the
distances between the dots and the two axes of the cross were varied.
The participants were told that the dots could appear at an unlimited
number of random locations around the cross. In an attempt to reduce
the difference in difficulty between categorical and coordinate trials,
the central cross was reduced in size (see van der Ham et al., 2009). To
decide which quadrant the dot was in, a mental extrapolation of the
cross is a potential strategy, because the axes of the cross should be
mentally elongated to make a reliable decision. During coordinate
decisions, the distance estimations between the dot and cross
positions were no longer hindered by the longer bars of the cross as
in the original version of the task.

2.3. Design

The experiment was divided into two separate match-to-sample
tasks, onewith a categorical instruction and the other with a coordinate
instruction. The categorical instructionwas to compare the quadrants of
the cross the dots were placed in, in the first and second stimulus. If the
dotwas in the samequadrant in thefirst and secondstimulus, regardless
of its exact position, this was a match trial. If the dot was in a different
quadrant in the second stimulus than in the first stimulus, this would be
a non-match trial. The coordinate instruction was to determine the
radial distance between thedot and the cross, regardless of thequadrant
the dotwas in. If this distancewas the same in both stimuli, regardless of
the angle of the dot relative to the cross, this was considered a match
trial. If the distancewas longer or shorter; it would be a non-match trial.
Apart from thedifferent instructions, both tasks had the same set up and
trial composition.

The trial design is depicted in Fig. 2. All trial elements were black
and presented on a white background. The start of a new trial was
indicated by a blue square (2.25°⁎2.25°) presented for 500 ms. A
white screen appeared for 250 ms, after which the first fixation cross
(0.20°⁎0.20°) was presented centrally on the screen for 500 ms. Then
the first stimulus (S1)was presented centrally for 150 ms. Between S1
and the second fixation cross a blank screen appeared in the
conditions with a retention interval of 2000 ms and 5000 ms; the
blank screen was presented for 1500 and 4500 ms respectively in
those conditions. The second fixation cross was presented for 500 ms,
both fixation crosseswere “x” shaped in contrast to the stimulus cross,
which was “+” shaped. The second stimulus (S2) was presented
laterally for 150 ms, 2.5° of visual angle from the centre of the screen
to the middle of the stimulus, after which the last blank screen
appeared for 2000 ms, which was the maximum response time.

2.4. Procedure

The order of the categorical and coordinate tasks was counter-
balanced over participants. Participants were seated in front of the
Fig. 1. The reference cross with all possible dot positions. Note that per stimulus only
one of the positions was filled with a dot.
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computer screen, with their head resting on a chin rest placed in front
of the centre of the screen. Participants received verbal and on-screen
instructions, and were explicitly instructed to fixate at the centre of
the screen during all stimulus presentations.

The total duration of the experiment was about 90 min; 45 min for
each task. After each task subjects were asked about what strategies
they had used and how difficult they felt the task was. Each task
consisted of twelve 30 trial blocks. Within both tasks, the retention
interval was the same within each block, but varied between blocks.
Between the separate blocks a 30 s break was inserted, during which
an instruction screen introducing the duration of the retention
interval of the upcoming block (brief, intermediate, or long) was
presented. The direction of lateralized presentation of S2 (left visual
field/right hemisphere LVF/RH and right visual field/left hemisphere
RVF/LH) and the matching of S1 and S2 were randomized over all
trials and balanced within each block. A total of 720 trials were
presented, 60 for each combination of instruction, retention interval,
and visual field.
2.5. Data recording and analysis

2.5.1. Behavioural data
Mean response times (RT) and error rates (ER) were recorded for

both tasks. The responses were given on a four button response box.
The correct response to amatch trial was given by pressing down both
index fingers. A correct response to a non-match trial would be
pressing down both middle fingers, to eliminate any possible
lateralized motor activity in the brain. RTs were based on the first
button press for all correct responses given within 2000 ms after S2.
The individual data were checked for outliers and all data were
included. ER was based on all responses given within 2000 ms after
S2.

A general linear model (GLM) was performed to investigate all
possible main and interaction effects. The factors involved were
instruction (categorical, coordinate), visual field (left visual field/right
hemisphere (LVF/RH), right visual field/left hemisphere (RVF/LH)),
and retention interval (500 ms, 2000 ms, 5000 ms). To further
istics of working memory for spatial relations: An ERP study, Int. J.

http://dx.doi.org/10.1016/j.ijpsycho.2010.04.008


4 I.J.M. van der Ham et al. / International Journal of Psychophysiology xxx (2010) xxx–xxx

ARTICLE IN PRESS
investigate possible significant interaction effects Bonferroni cor-
rected post-hoc tests were performed.
Fig. 3. The location of all seven clusters in each hemisphere: fronto-lateral (FL), AF7/8,
F5/6, F7/8; fronto-medial (FM), Fp1/2, AF3/4, F1/2, F3/4; central lateral (CL), FC5/6, FT7/8,
C5/6; centralmedial (CM), FC1/2, FC3/4, C1/2, C3/4; parietal lateral (PL), CP5/6, P5/6, P7/8;
parietal medial (PM) CP1/2, CP3/4, P1/2, P3/4; occipital (O), PO3/4, PO7/8, O1/2.

Table 1
Mean response times (RTs) for each retention interval, instruction, and direction of half
field presentation (M = mean, SD = standard deviation, LVF/RH = left visual field/
right hemisphere).

RT (in ms) 500 2000 5000

M (SD) M (SD) M (SD)

Categorical LVF/RH 806.5 (160.8) 849.2 (217.9) 872.7 (239.5)
RVF/LH 812.3 (165.4) 837.8 (220.4) 867.3 (255.9)

Coordinate LVF/RH 742.6 (142.2) 779.9 (152.5) 840.1 (158.2)
RVF/LH 753.3 (134.4) 778.6 (156.8) 854.3 (163.1)
2.5.2. EEG data
EEG activity was measured with an Electrocap with 58 electrodes,

referenced to the right mastoid. The horizontal and vertical electro-
oculograms (VEOG and HEOG) were recorded with electrodes
attached above and below the left eye and the outer canthi of the
eyes. The impedance of all channels was kept below 5 kΩ. A BrainAmp
amplifier was used with a bandwidth of 0.04–100 Hz. The sampling
rate for the recording was 500 Hz.

Off-line, the EEG signals were referenced to the average of all
electrodes. After filtering with a high pass filter of 0.015 Hz and a low
pass filter of 40 Hz, potential bad channels were replaced by linear
interpolation (1.7% of all channels were replaced, with a maximum of
1 channel per subject). The continuous EEG data in each trial were
segmented into two separate epochs in the 500 ms condition, and
three separate epochs in the 2000 ms and 5000 ms conditions. The
first segmentation was performed to create separate epochs for the
three different trial lengths and two trial types. Only trials in which a
correct responsewas given were included. Then ocular correctionwas
carried out according to the algorithm proposed by Gratton et al.
(1983). All epochs were baseline corrected to 100 ms prior to the
onset of S1 and artifacts were removed (peak-to-peak amplitude
larger than 100 μV). Out of the 60 trials presented in total per
condition, themean number of valid epochs per condition varied from
53.8 (SD=5.05) in the categorical, 500 ms, LVF condition, to 39.9
(SD=5.75) in the coordinate, 5000 ms, RVF condition. The minimum
number of trials within each condition ranged from 33 to 44 trials.

Subsequently, the whole trial epochs were further segmented to
divide each trial into two or three epochs. In all trials, the first epoch
started 100 ms prior to the onset of S1 and was 700 ms long (S1,
encoding stage), and the last epoch started 100 ms prior to the onset
of S2 and was 1100 ms long (S2, retrieval stage). A new baseline
correction was performed for the S2 epochs, based on 100 ms prior to
the onset of S2. For the conditions where the retention interval was
2000 ms or 5000 ms a third epoch was defined, starting 1000 ms after
the onset of S1 and lasting 1000 or 4000 ms respectively (S1–S2,
memorization stage). The averages and grand averages were
calculated for each epoch type (S1, S2, and S1–S2) and each of the
twelve conditions (instruction, visual field, retention interval).

The three epoch types were analysed separately. The approach for
the S1 and S2 event related potentials (ERPs)was very similar. The time
windows of the N2 and P300 complexes were based on earlier findings
(e.g. van der Lubbe et al., 2006) and determined in detail based on the
ERP waveforms of the encoding and retrieval stages. For the S1 epochs,
the 160–240 ms time window was selected for the N2 component.
For the S2 epochs the N2 occurred slightly earlier; the 120–220 ms
time window was selected here. To analyse the P300 complex the
300–500 ms timewindowwas selected for both S1 and S2 epochs. Area
measures for all four timewindowswere calculated for electrodes F3/4,
F7/8, P3/4, and P7/8. The selection of these electrodeswasmainly driven
by the outcome of previous studies, indicating a strong involvement of
the parietal cortex (e.g. Kosslyn et al., 1998; Baciu et al., 1999; Trojano
et al., 2002; van der Ham et al., 2009) but also frontal regions (e.g.
Slotnick and Moo, 2006). For each of these four time epochs (N2 and
P300, for both S1 and S2) a Greenhouse–Geisser corrected GLM was
applied including the factors instruction (categorical, coordinate),
retention interval (500 ms, 2000 ms, and 5000ms), hemisphere (left,
right) and electrode (F3/4, F7/8, P3/4, and P7/8). Significant interactions
were followed up by Bonferroni corrected post-hoc tests. To comple-
ment these specific analyses, by means of LORETA, cortical current
density maps were created for each of the four timewindows (Pascual-
Marqui et al., 2002). Thesemaps were created for thewaves of both the
categorical and coordinate task, for all three retention intervals.
Please cite this article as: van der Ham, I.J.M., et al., Temporal character
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For the analysis of the slowwave activity within the S1–S2 epochs,
electrodes were divided into seven clusters of three to four electrodes.
In Fig. 3 the clusters are depicted in a 2D head model. The midline
electrodes were not included, since our main interest concerned
potential lateralization effects. The seven clusters were: frontal lateral
and medial (FL and FM), central lateral and medial (CL and CM),
parietal lateral and medial (PL and PM), and occipital (O). The ERP
data were submitted to repeated measures ANOVAs with all relevant
conditions as factors (see below). If appropriate, F-ratios were tested
with Greenhouse–Geisser corrected degrees of freedom. Only signif-
icant effects related to differences in task instruction and retention
interval are reported in the results section. The highest order
significant interaction effects are mentioned, along with a visual
depiction of these effects in themost pertinent timewindow. ANOVAs
were performed on time windows of 500 ms, resulting in two
segments in the 2000 ms retention interval conditions and eight
segments in the 5000 ms retention interval conditions. The factors
here were instruction (2), retention interval (2), hemisphere (2), and
cluster (7) for the first 1000 ms of the epoch and instruction (2),
hemisphere (2), and cluster (7) for the remaining 3000 ms.

3. Results

3.1. Behavioural results

Mean RTs and ERs in all conditions are shown in Table 1 and Fig. 4.
For ERs there was a significant main effect for instruction, F(1,18)=
65.05, pb0.001, and visual field, F(1,18)=7.01, p=0.016. ERs were
higher in case of a coordinate instruction and when S2 was presented
istics of working memory for spatial relations: An ERP study, Int. J.
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Fig. 4. Mean error rates (ERs) for each retention interval, instruction, and direction of
half field presentation. Error bars represent standard error of the mean (SEM) (cat =
categorical, coo = coordinate, LVF/RH = left visual field/right hemisphere).
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in the RVF/LH. There were significant interaction effects for instruc-
tion⁎ retention interval, F(2,17)=13.02, pb0.001, retention inter-
val⁎visual field, F(2,17)=5.21, p=0.017., and instruction⁎ retention
interval⁎visual field, F(2,17)=6.11, p=0.010. As can be deducted
from Fig. 4, more errors were made during the coordinate trials of all
retention intervals (p b0.001 for all three intervals). Further analyses
with paired t-tests revealed that for the coordinate trials of the
2000 ms retention interval more errors were made in the RVF than
in the LVF, t (18)=5.34, pb0.001. Within the categorical instruction
trials, no significant effect of retention interval was found. For
coordinate instruction there was a significant main effect of retention
interval, F(2,17)=9.34, p=0.002; the 500 ms interval showed a
significantly lower ER than the 2000 ms (pb0.005) and 5000 ms
interval (p=0.002).

For RTs there was a significant main effect for retention interval
F(1,18)=7.72, p=0.004. The 5000 ms retention interval showed
longer RTs than the 500 ms (p=0.002) and 2000 ms retention intervals
(p=0.009). All other main and interaction effects were not significant.
3.2. ERP measurements

3.2.1. S1 — Encoding stage
In Fig. 5 the ERPs elicited by S1 presentation are depicted for

both the categorical and coordinate instructions. The GLM on N2
(160–240 ms after S1 presentation) showed amain effect of instruction, F
(1,18)=7.68,pb0.05, hemisphere, F(1,18)=9.82,pb0.01, andelectrode,
F(3,16)=36.15,pb0.001. Themeanvoltagewashigher for thecoordinate
instruction, compared to the categorical instruction, for the right
hemisphere, compared to the left hemisphere, and for P7/8 compared
to the other three electrode locations. Significant interactionswere found
for hemisphere and electrode, F(3,16)=7.24, pb0.01, and for retention
interval and electrode, F(6,13)=2.82, pb0.05. There was no significant
effect of hemisphere for the frontal electrodes, but a highermean voltage
was found for the right hemisphere, compared to the left hemisphere for
both P3/4 (pb0.05) and P7/8 (pb0.01). None of the electrodes showed a
significant effect of retention interval.

The same GLM performed on the P300 (300–500 ms) complex
showed a main effect of hemisphere, F(1,18)=6.17, pb0.05, and
electrode, F(3,16)=4.63, pb0.05. The mean voltage was higher for the
right hemisphere compared to the left hemisphere, and at a non
significant level it was higher for the P7/8 electrode, compared to the
other electrodes. Significant interaction effects were found for retention
interval and electrode, F(1,18)=2.95, pb0.05, and instruction, hemi-
sphere, and electrode, F(3,16)=4.05, pb0.05. For the P7/8 electrode a
significant increase with longer retention intervals was found, both the
5000 msand the 2000 ms retention interval conditions showed ahigher
mean voltage than the 500 ms retention interval condition (pb0.05
Please cite this article as: van der Ham, I.J.M., et al., Temporal character
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in both cases). When splitting up the second interaction effect by the
two frontal and the two parietal electrode locations, the instruc-
tion and hemisphere interaction was significant for the parietal
electrodes, F(1,18)=2.99, pb0.05, whereas it was not significant for
the frontal electrodes. For the parietal electrodes the mean voltage was
significantly higher for the right hemisphere compared to the left
hemisphere (pb0.05) for the coordinate instruction,while therewas no
significant effect of hemisphere for the categorical instruction.

The cortical current density models depicted in Fig. 6A and B
illustrate both the waves of the categorical and coordinate conditions
in the N2 and P300 components, respectively. For N2 it shows an
increase of medial left hemisphere activity for the categorical
condition when the intervals are longer. In contrast, in the medial
right hemisphere, more activity is visible for the coordinate compared
to the categorical condition, in longer interval conditions. There also
appears to be more frontal right hemisphere activity for categorical
trials, compared to coordinate trials at the 2000 ms interval. For the
P300 component these findings are very similar; here a right
hemisphere advantage at the shorter intervals appears to turn into a
left hemisphere advantage at 5000 ms for the categorical condition,
compared to the coordinate condition.

3.2.2. S1S2 — Memorization stage
Table 2 summarizes the results of the ANOVAs for the three area

measures of the retention interval. The topographic distribution of the
1500–2000 ms mean amplitudes as a function of retention interval is
depicted in Fig. 7. For the 1000–1500 ms interval we found that the
mean voltage was lower in the 2000 ms retention interval than in the
5000 ms retention interval in the fronto-lateral and occipital clusters.
This effect in opposite direction was found for the more central
clusters FM, CL, CM and PL. The analysis of the 1500–2000 ms showed
a significant interaction of hemisphere⁎cluster in the 2000 ms
retention interval, F(6,13)=4.28, p=0.013, and in the 5000 ms
retention interval, F(6,13)=11.89, p=0.000, for the categorical
instruction only. In the 2000 ms interval, the left hemisphere showed
a lower mean voltage than the right hemisphere in clusters CM, PL,
and PM. In the 5000 ms interval, this effect was shown by clusters FL,
PM, and O. None of the relevant interaction effects were significant in
the combined time window of 2000–5000 ms after S1 onset.

3.2.3. S2 — Retrieval stage
In Fig. 8, the ERPs elicited by S2 presentation are depicted. The GLM

analysis of the N2 complex (120–220 ms) showed a significant main
effect of interval, F(2,17)=6.61, pb0.05, and electrode, F(3,16)=15.61,
pb0.001. The mean voltage in the 500 ms and 2000 ms interval
conditionswas significantly lower than in the 5000 ms interval condition
(pb0.05 in both cases). Again, the P7/8 electrodes showed a highermean
voltage than the other electrodes. Significant interaction effects were
found for retention interval and hemisphere, F(2,17)=4.14, pb0.05,
retention interval and electrode, F(6,13)=5.39, pb0.05, and for retention
interval, hemisphere, andelectrode, F(6,13)=3.39,pb0.05. The followup
test of the interval and hemisphere interaction did not reveal further
significant effects. For F3/4, F7/8, andP3/4, therewas a significant increase
in mean voltage from the 2000 ms interval to the 5000 ms interval. For
P3/4 there was also a significant increase from the 500 ms interval to the
5000 ms interval. A lateralization effect was found to emerge at longer
retention intervals; regardless of instruction, there was a higher mean
voltage in the right hemisphere, compared to the left hemisphere for the
P7/8 electrode.

The same GLM performed on the P300 (300–500 ms) complex
showed a main effect of instruction, F(1,18)=6.74, pb0.05. A higher
mean voltage was found for the coordinate instruction. Significant
interaction effects were found for instruction and electrode, F(3,16)=
4.03, pb0.05, retention interval and electrode F(6,13)=4.17, pb0.05,
and hemisphere and electrode, F(3,16)=3.46, pb0.05. For electrodes
F7/8 and P3/4 in particular, the higher mean voltage of the coordinate
istics of working memory for spatial relations: An ERP study, Int. J.
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Fig. 5. ERPs elicited by the first stimulus (S1) for both the categorical (black lines) and coordinate instruction (grey lines).

6 I.J.M. van der Ham et al. / International Journal of Psychophysiology xxx (2010) xxx–xxx

ARTICLE IN PRESS

Please cite this article as: van der Ham, I.J.M., et al., Temporal characteristics of working memory for spatial relations: An ERP study, Int. J.
Psychophysiol. (2010), doi:10.1016/j.ijpsycho.2010.04.008

http://dx.doi.org/10.1016/j.ijpsycho.2010.04.008


Fig. 6. Cortical current density maps (LORETA) for A) N2 and B) P300 during the encoding stage following the first stimulus (S1) presentation. Maps are presented for both the
categorical and coordinate task, for all three retention intervals. Scale in μA/mm2.
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instruction was found (pb0.01 and pb0.05). Follow up tests of the
retention interval and electrode interaction did not lead to significant
differences. For the P7/8 electrode, the right hemisphere showed a
higher mean voltage than the left hemisphere (pb0.05).

The cortical current density models depicted in Fig. 9A and B
illustrate the N2 and P300 effects respectively, for both the categorical
and coordinate conditions. For N2, it shows slightly more activity in the
left temporal cortex for the categorical condition, with a 5000 ms
interval, compared to the coordinate condition. For the P300 images we
see a clear increase in involvement of the parietal regions, bilaterally
with a left hemisphere advantage for the categorical condition,
compared to the coordinate condition, as the retention interval
increases. Slightly more right hemisphere activity is shown for the
coordinate condition with the longest interval length.
Please cite this article as: van der Ham, I.J.M., et al., Temporal character
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4. Discussion

The aim of the present study was to use EEG measurements to
examine the temporal characteristics of the processing of categorical
and coordinate spatial relations and the role of spatial workingmemory
mechanisms. A match-to-sample design combined with the temporal
resolution of EEG measurements enabled us to examine three separate
stages of information processing comprehensively. The ERP signal
related to S1presentation reflects the encoding stage, thememorization
stage starts after S1 presentation and lasts until S2 onset, and the
retrieval stage is reflected by the ERP signal related to S2 presentation.
Additionally, the length of the retention interval was varied, to analyse
working memory in more detail. Arguably, the task becomes more
difficult as the retention interval gets longer, as indicated by
istics of working memory for spatial relations: An ERP study, Int. J.
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Table 2
F values for all relevant interaction effects in thememorization stage, presented for each time
window. I = instruction, R = retention interval, VF = visual field, H = hemisphere, C =
cluster. Where appropriate, p values are after Greenhouse–Geisser correction.

Time window (ms)

Factor (df) 1000–1500 1500–2000 2000–5000

I⁎R (1,18) 2.32 3.99 –

I⁎H (1,18) 0.50 5.60⁎ 0.98
R⁎H (1,18) 1.09 3.32 –

I⁎C (6,13) 1.17 1.08 2.30
R⁎C (6,13) 6.38⁎⁎ 7.76⁎⁎ –

I⁎R⁎H (1,18) 1.33 7.62⁎ –

I⁎R⁎C (6,13) 0.14 1.77 –

I⁎H⁎C (6,13) 0.27 0.48 0.12
R⁎H⁎C (6,13) 13.57⁎⁎⁎ 9.00⁎⁎ –

I⁎R⁎H⁎C (6,13) 0.34 2.93⁎ –

⁎ pb0.05.
⁎⁎ pb0.01.
⁎⁎⁎ pb0.001.
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significantly higher RTs. This concurs with literature stating that
working memory load can also be manipulated by retention interval
length, not only by amount of information retained (Barch et al., 1997).
Taken together, our design allowed for the further examination of the
three stages of spatial relation processing in spatial working memory.
4.1. Behavioural findings

Similarly to our previous studies (van der Ham et al., 2007; 2009) a
significant interaction of task instruction and visual field was found.
There was a right hemispheric advantage for coordinate trials and a
left hemispheric advantage for categorical trials, in line with the
hypothesized direction of this double dissociation. The effect was
clearly stronger in the coordinate task than in the categorical task. The
interaction effect was observed only for the 2000 ms retention
interval, not for the shorter or longer intervals, while in our previous
Fig. 7. 2 D topographic display of mean voltage 500–1000 ms of the S1S2 interval
(1500–2000 ms after S1 onset) for categorical trials and coordinate trials.
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study this effect was limited to the 500 ms retention interval (Van der
Ham et al., 2007). This temporal shift can be explained by an import-
ant difference between the two task designs. The stimuli in the
current experiment were somewhat degraded compared to the
previously used stimuli, which consisted of a large cross, instead of
only a small one. It is conceivable that the current type of stimuli
required some sort of reconstruction, demanding additional proces-
sing time, causing the hemispheric double dissociation to surface at a
longer interval. Notably, the present result is congruent with our fMRI
data (Van der Ham et al., 2009) wherewe found lateralization for both
categorical and coordinate trials in the parietal cortex only for the
2000 ms interval. Performance on coordinate trials and trials
presented to the RVF was also less accurate than on categorical trials
and trials presented to the LVF, respectively, indicating an overall
advantage for the right hemisphere in this task. This right hemisphere
advantage is not surprising given that spatial working memory load
plays a critical role in the present study while this load has been
reported to correlate mainly with right hemispheric activity (Jonides
et al., 1993; Smith et al., 1996, see however Mecklinger and Pfeifer,
1996).

4.2. EEG findings

For all three stages there was a clear anterior positivity–posterior
negativity effect that increased along with the increase in retention
interval. The posterior negativity is a replication of a number of
working memory studies (e.g. Low et al., 1999; Gevins et al., 1997;
Ruchkin et al., 1997). As we were specifically interested in the
separate stages of our trial design we examined the three processing
stages independently. Below, the task dependent and task indepen-
dent ERP results are discussed separately for all three stages.

4.2.1. S1 — Encoding stage
During the N2 time window of the ERP elicited by S1 presentation

there was more right hemisphere activity and more activity related to
coordinate processing. Moreover, the right hemisphere advantage was
only found for the electrodes over the parietal areas. Thismeans that this
relatively early stage, related to stimulus identification, was already
affected by the instruction given. The parietal right hemisphere activity
can be easily linked to the involvement of spatial working memory.
These effects are substantiated by the LORETA images of current source
density models. These images also indicated an increase of the right
hemisphere advantage with longer retention intervals. Also, this
increase appeared to be stronger for the categorical instruction.
Interestingly, these effects were found before the presentation of the
second stimulus and most of the retention interval. This indicates that
there is anticipationof or preparation for theexpected retention interval.

In the P300 complex elicited by S1 presentation, the right
hemisphere advantage was found as well, but here it clearly interacted
with hemisphere and electrode location. More specifically, we found a
right hemisphere advantage for the coordinate instruction in the
parietal region, whereas there was no lateralization found for the
categorical instruction. This indicates that categorical and coordinate
spatial relation processing can be dissociated based on hemispheric
advantages; the coordinate right hemisphere advantage is in line with
most previous studies (see Jager and Postma, 2003). It is interesting to
see that this effect occurred as early as the encoding of the first stimulus,
which apparently occurs in a differentmanner for trials with categorical
and coordinate instructions. However, we did not find a left hemisphere
advantage for trials with a categorical instruction. A reasonable
explanation for the absence of this effect is the right hemisphere
advantage related to spatial working memory, which might have
partially obscured a left hemisphere advantage. More importantly,
categorical and coordinate processing differentiate significantly on
hemispheric differences. In addition, the LORETA images suggested an
istics of working memory for spatial relations: An ERP study, Int. J.
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Fig. 8. ERPs elicited by the second stimulus (S2) for both the categorical (black lines) and coordinate instruction (grey lines).
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Fig. 9. Cortical current density maps (LORETA) for A) N2 and B) P300 during the retrieval stage following the second stimulus presentation. Maps are presented for both the
categorical and coordinate task, for all three retention intervals. Scale in μA/mm2.
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increase of left hemisphere activity for the categorical instruction with
longer interval duration, compared to the coordinate instruction.
4.2.2. S1S2 — Memorization stage
During the retention interval between S1 and S2 in the trials

with longer intervals, hardly any differences were found between
categorical and coordinate trials. The categorical instruction showed
only a slight posterior right hemispheric advantage, compared to
the left hemisphere; hence, retention of the spatial properties of
the stimuli appears to be independent of the nature of the required
spatial processing. Furthermore, there was no indication of strategy
differences between the categorical and coordinate instruction. There
was no sign of increased activity in language related areas in either
instruction, which could have indicated a verbal strategy. The self-
Please cite this article as: van der Ham, I.J.M., et al., Temporal character
Psychophysiol. (2010), doi:10.1016/j.ijpsycho.2010.04.008
reports should therefore be considered with some caution, since the
EEG data taken from this memorization stage do not confirm them.

In the retention stage, there was more activity in the right
hemisphere compared to the left, mainly located at the lateral parietal
areas. The right hemispheric advantage emerged later in time in the
longer retention interval, especially in the parietal area. This pattern
points to a relation with spatial working memory activity, as the right
parietal activity appears to be postponed when the retention interval
was longer. A similar effect of right hemispheric parietal activity
during the retention interval was found throughout the interval by
Ruchkin et al. (1997) in a spatial working memory task. The higher
level of activity during the shorter retention interval could indicate
that most of the processing takes place during the beginning of the
shorter interval; the longer interval could entail less activity because
the processing might be spread out over the length of the interval.
istics of working memory for spatial relations: An ERP study, Int. J.
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Because of the blocked presentation of same interval length trials,
subjects might have developed the most efficient approach for each
retention interval.

4.2.3. S2 — Retrieval stage
The effects found for the N2 complex during retrieval mainly concern

the duration of the retention interval. Increased activity was found for
longer intervals in both frontal and parietal regions, the effect was more
linear in the parietal P3/4 electrodes. For P7/8 this increase was also
directly related to the emergence of a right hemisphere advantage. The
LORETA images illustrate the involvement of frontal as well as parietal
regions,with very little difference between the categorical and coordinate
tasks.

For the P300 complex there was more activity for coordinate
processing, which was found for the F7/8 and P3/4 electrodes
specifically. This substantiates the relevance of both parietal and frontal
regions in spatial relation processing. Coordinate processingmost likely
causes this higher level of activity because of its higher difficulty level,
compared to categorical processing. Furthermore, a right hemisphere
advantage was again explicitly found for parietal electrodes P7/8. The
LORETA images confirmed these findings. Interestingly, they showed a
slight left hemisphere advantage in the longest interval for categorical
trials and a right hemisphere advantage for the coordinate task, which
concurs with the hypothesized double dissociation of the left and right
hemisphere, and categorical and coordinate processing, respectively.

5. Conclusion

The expected coordinate right hemisphere advantage and the
categorical left hemisphere advantage were confirmed by the beha-
vioural aswell as the EEGdata. The behavioural effectwas limited to the
intermediate retention interval and the categorical lateralization was
weaker, concurring with previous empirical findings. In the EEG data,
the interaction of instruction and hemisphere was also found with a
strong right hemisphere advantage for coordinate processing that was
absent for categorical processing, regardless of retention interval.
Notably, this effect was already found during the encoding of the first
stimulus, and moreover not found for later stage of the trial. It can be
argued that the interaction of instruction and hemisphere might reflect
a sheer quantitative difference in P300 activity between categorical and
coordinate processing, for instance as a consequence of task difficulty.
However, such factors typically influencemidline P3 activity rather than
increasing left–right asymmetries (e.g. Polich, 2007). Here we suggest
that categorical and coordinate spatial relation processing are likely
processed by at least partially separate mechanisms that show early
differences in stimulus processing. This proposition is supported by the
LORETA images, which reveal small left hemisphere advantages of
categorical processing during P300 of both encoding and retrieval, and
by the double dissociation we have found in our fMRI study (van der
Ham et al., 2009). Our view opposes the suggestion by van der Lubbe
et al. (2006) that there are only quantitative differences between
categorical and coordinate spatial relationprocessing. The improvement
of the stimuli and manipulation of retention intervals in the current
study could have caused this discrepancy.

The current data combined with the outcome of the fMRI study
(Van der Ham et al., 2009) offer new insight in the lateralization of
spatial relation processing as originally formulated by Kosslyn (1987)
within a working memory setting. Lateralization appears to be
strongest with an intermediate retention interval and early in the
workingmemory process. Overall, it should be taken into account that
these lateralization effects are likely to be affected by more general
processes like spatial working memory, spatial attention, and the
temporal dynamics of the task at hand. Therefore, relative (qualita-
tive) differences between categorical and coordinate processing
instead of absolute differences are of interest here.
Please cite this article as: van der Ham, I.J.M., et al., Temporal character
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