Neuroscience 139 (2006) 311-316

WORKING MEMORY FOR ORDER AND THE PARIETAL CORTEX:
AN EVENT-RELATED FUNCTIONAL MAGNETIC RESONANCE

IMAGING STUDY

C. MARSHUETZ,* P. A. REUTER-LORENZ,"'
E. E. SMITH,<' J. JONIDES®' AND D. C. NOLL®"

“Department of Psychology, Yale University, 2 Hillhouse Avenue, New
Haven, CT 06820-8205, USA

PDepartment of Psychology, The University of Michigan, 525 East
University Avenue, Ann Arbor, Ml 48109-1109, USA

°Department of Psychology, Columbia University, 1190 Amsterdam
Avenue, New York, NY 10027, USA

“Department of Biomedical Engineering, Department of Radiology,
The University of Michigan, 2200 Bonisteel Boulevard, Ann Arbor, MI
48109-2099, USA

Abstract—Memory for order information has been tied to the
frontal lobes, however, parietal activation is observed in
many functional neuroimaging studies. Here we report func-
tional magnetic resonance findings from an event-related
experiment involving working memory for order. Five letters
were presented for storage, followed after a delay by two
probe items. Probe items could be separated by zero to three
positions in the memory set and subjects had to indicate
whether the items were in the correct order. Analyses indi-
cate that activation in left parietal cortex shows a systematic
decrease in activation with increasing probe distance. This
finding is consistent with an earlier study in which we sug-
gested that parietal cortical regions mediate the representa-
tion of order information via magnitude codes. © 2005 Pub-
lished by Elsevier Ltd on behalf of IBRO.
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The question of how serial order is remembered is a clas-
sic issue in neuroscience and experimental psychology
(Ebbinghaus, 1913; Lashley, 1951). Early research tied
order memory to the frontal lobes by showing that frontal-
lobe patients have difficulty making recency judgments
(Milner, 1971). More recent work using single-cell record-
ing in monkeys has confirmed prefrontal cortex (PFC)
involvement by revealing cells in PFC that code for se-
quences (Averbeck et al., 2002; Carpenter et al., 1999).
Whereas many functional neuroimaging studies impli-
cate the PFC in order memory (Cabeza et al., 1997; Hen-
son et al., 2000; Konishi et al., 2002; Marshuetz et al.,
2000; Suzuki et al., 2002; Zhang et al., 2002), there is
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increasing evidence that the parietal cortex also plays a
role. For instance, parietal activity has been reported in
most neuroimaging studies of order memory (for a review,
see Marshuetz, 2005). Despite this pervasive finding, re-
ports have emphasized the role of the PFC, and conse-
quently, the role of the parietal cortex in order memory has
been largely unexplored.

What role does the parietal cortex play in coding or
representing order? One way to approach the issue is to
use the behavioral data to determine potential behavioral
mechanisms, and combine that information with what is
already known about other cognitive processes that are
mediated by parietal cortex.

In a previous functional magnetic resonance imaging
(fMRI) study of working memory for order information
(Marshuetz et al., 2000), we observed several foci of ac-
tivity in parietal cortex. In that experiment, each trial em-
ployed a memory set of five consonants. Order memory
was tested with a probe that contained two items from the
memory set, either in the correct order or transposed.
Probe letters could be separated in the memory set by a
distance of zero to three items (Fig. 1). For example, if
participants held “D F G H J” in memory, they might be
tested with a probe that was separated by a distance of a
single item (e.g.,“F H”) or by a distance of two items (e.g.
“F J).

A number of different order-coding mechanisms have
been proposed, and they make differential behavioral pre-
dictions for the task just described. For example, inter-item
association (“chaining”), is a mechanism that forms links
between items in the to-be-remembered series, for exam-
ple, “D precedes F, F precedes G, G precedes H . . .” (e.g.
Ebbinghaus, 1913; Kieras et al., 1999). A simple inter-item
associative mechanism predicts that participants will re-
spond more slowly and less accurately to probe items that
are farther apart (e.g. “F J” in the previous example) than
those closer together (e.g. “F H”) because participants
must traverse each link between the items to arrive at a
decision.

A second potential mechanism is direct coding, in
which each item in the set is tagged or categorized (Orlov
et al,, 2000) by its ordinal position (“D-first, F-second,
G-third ...”). Reaction times and errors will not differ
based on the distance between the two probe items, be-
cause one simply needs to compare the tags or category
labels to make a correct response.

In contrast to inter-item associations, magnitude codes
(sometimes referred to as temporal distinctiveness, Neath
and Crowder, 1990) make the opposite behavioral predic-
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Fig. 1. Example trials with different inter-item probe distances. When
probe items were adjacent in the memory set, they had a distance of
zero. A distance of three items is the case in which there were three
intervening items in the memory set.

tion. According to this type of mechanism, order is coded in
continuous, rather than discrete, form, much like an analog
clock (Brown et al., 2000). ltems that are closer together
have codes that are more similar than those of items that
are farther apart. Similarity should lead to longer reaction

times and more errors when the two items are in nearby
temporal positions, a pattern of behavioral results com-
monly known as the distance effect (Moyer, 1973). This
latter pattern is precisely what we observed in our study
(Marshuetz et al., 2000): when the probe items had been
close together in the memory set, participants responded
more slowly and were more error-prone than when the
items were drawn from more disparate positions.

Our next step was to identify other domains in which
distance effects are observed and in which there is known
parietal cortex involvement. One such domain is that of
numerical representation and calculation (Chochon et al.,
1999; Dehaene et al., 2003; Dehaene and Cohen, 1997;
Pinel et al., 1999, 2001, 2004). Indeed, when we compared
the order-related activations we observed with those in a
study of numerical processing (Chochon et al., 1999), we
found activation in the same parietal locations. Given the
behavioral and neural similarities, we proposed that order
information and numerical magnitudes may both be repre-
sented along a continuum of magnitude codes and that
these codes are represented in parietal cortex (Marshuetz
et al., 2000; Walsh, 2003).

Although we documented considerable parietal activa-
tion, a limitation of our previous study was that our blocked
design prevented us from examining the activation data for
systematic effects of probe distance, as has been done for
numerical and other types of psychological distance (Pinel et
al., 2001, 2004). Here we report data from an event-related
fMRI experiment employing the same task (Fig. 2). Our goal
was to determine whether the activation in parietal regions
during the probe interval is affected by probe distance. A
systematic relationship of activation with probe distance
would lend credence to the idea that order is represented via
magnitude codes or via a magnitude continuum.

EXPERIMENTAL PROCEDURES

Subjects

Twelve right-handed healthy subjects with no history of medical or
psychiatric disease (six male; six female, age range 20-27 years,
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Fig. 2. Schematic representation of trial events. A full-brain volume was collected every two seconds (TR=2), indicated by boxes. Each trial began
with presentation of the memory set for 4 s (2 TRs), after which participants were required to retain the items for 8 s. After the retention interval, a probe
item appeared for four and participants made a yes/no decision via keypress. After the probe items disappeared, there was a resting baseline of 14 s.
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mean age 22.5 years) gave written informed consent to participate
in the study, which was approved by the institutional review board
of the University of Michigan Medical School. Data from one
subject were excluded because of excessive head movement
(>5 mm).

Task

Stimuli were presented using PsyScope software (Cohen et al.,
1993). Subjects saw five simultaneous upper-case consonants
arrayed vertically, for 4 s. They were instructed to remember the
items in order. After an 8-second delay, they responded to a probe
(described below) which appeared for 4 s. The probe interval was
followed by a resting baseline of 14 s (Fig. 2) during which a dot
appeared in the center of the screen. Subjects were not required
to maintain fixation. All consonants (with the exception of y) were
used as stimuli were chosen randomly for each trial.

The probe consisted of two letters from the memory set,
arrayed from left to right, either in the original order or transposed.
Probe letters were presented in lower-case and varied randomly
from a distance of 0—3 as in our previous experiment (Fig. 1).
Responding to the question, “are these items in the correct order?”
subjects depressed a key with the right index finger for positive
responses and a second key with the right middle finger for
negative responses. Subjects were required to respond while the
probe items appeared on the screen; non-responses were
counted as errors. Probe type was determined randomly with
equal probability resulting in a roughly equal distribution of trial
type for each participant.

Data acquisition and processing

Subjects completed nine fMRI runs [1.5 T GE LX scanner, spiral
gradient echo sequence (Noll et al., 1995), TR=2000, TE=35, flip
angle=80, FOV=20 cm]. There were a total of 63 30-second
trials; seven trials per run. Slices were 4 mm thick, with an in-plane
resolution of 3.125X3.125 acquired at 28 locations parallel to the
anterior-posterior commissure line. The first seven volumes in
each run were discarded to allow for T1 equilibration effects. All
preprocessing was performed using Statistical Parametric Map-
ping software (SPM99, Wellcome Department of Cognitive Neu-
rology, London) and consisted of: 1) correction for slice-acquisi-
tion timing to the middle slice, 2) realignment to the first volume in
each run to correct for intra-scan movement, 3) normalization to a
standard EPI template volume, 4) smoothing with a Gaussian
kernel of 6 mm full-width at half maximum to accommodate ana-
tomical variability across subjects.

Statistical analyses

All analyses were conducted on regions of interest (ROI) from our
previous study (Marshuetz et al., 2000), which included three
distinct areas of activity: left and right parietal cortex, and a
superior frontal area (Brodmann'’s area (BA) 6). Since dorsolateral
prefrontal cortex (DLPFC) activity was also of interest, we in-
cluded an additional ROl in right DLPFC, found to be active in our
previous study via ROI analysis. Analyses were conducted to
answer two questions: The first was the question of how well the
neural activity in this experiment replicated that of our earlier
study. The second, more interesting, question was whether any of
those areas showed evidence of distance effects.

A general linear model was applied to individual subject data
to compute parameter estimates and t-statistic contrast maps for
each voxel. Regressors were included for trials containing each
probe type (distances of 0—3) as well as for errors, run, and signal
drift. Trials with errors were eliminated from further analysis. Each
trial was modeled as an epoch because of the event timing (>2 s).
No derivatives were included. After model estimation, two con-
trasts were computed for each subject.

The first contrast compared activity during the Order task
versus the 14-second resting baseline period. Individual subject
images from this contrast were submitted to a random-effects
group analysis in order to test the regions tied to the Order task in
our previous study (Marshuetz et al., 2000) for significant activity.

We were particularly interested in the question of whether
there would be a systematic effect of probe distance, as has been
noted by Pinel and colleagues (1999, 2001) in their studies of
numerical comparison. Therefore, the second analysis was a
linear contrast testing for a negative slope relating activation to
inter-item probe distance (using contrast weights —.75, —.25,
0.25, 0.75 to model distances of 0, 1, 2, and 3 respectively). As in
the Order versus baseline analysis, images from this contrast
were submitted to a random-effects group analysis. Because the
parietal cortex is known to be involved in response preparation
(Andersen and Buneo, 2002), we included an additional covariate
in our t-test for the slope relating reaction time to distance for each
participant in order to parcel out variance in activation due to
reaction time differences across the conditions.

Four 12 mm spherical ROls were defined, the peaks of which
were the stereotaxic coordinates from our previous report. The
first three were based on all significant regions of activation ob-
served in our previous Order-ltem contrast [left parietal cortex,
—34, —46, 46; right parietal cortex, 26, —56, 52, right superior BA
6, 28, 2, 56]. The fourth region was in right DLPFC; 46, 39, 7, and
was based on the only reliable prefrontal site to emerge from a
ROI analysis in our earlier experiment (Marshuetz et al., 2000).
We then examined activation in each ROI for significant main
effects of Order-baseline and the relationship of activation to
inter-item probe distance.

Finally, time-course data were extracted for the activation for
each condition using an ROI toolbox (Russell Poldrack, http:/
spm-toolbox.sourceforge.net). Activation that occurred during the
probe presentation and the four seconds immediately following
probe offset (Fig. 2, scans corresponding to 12—20 s) were aver-
aged for each type of trial and are graphically depicted in Fig. 3.

RESULTS

In the Order versus baseline contrast, significant activity
was detected in both the left, {(10)=4.76, P<0.001, and
right, £(10)=4.39, P=0.001, parietal cortex. Significant ac-
tivity was also detected in the other two ROI, right superior
BA 6, £(10)=2.50, P=0.016 and right DLPFC, #10)=2.53,
P=0.015. Thus, the areas shown to be active in the Order
versus ltem contrast and the prefrontal ROl analysis in our
previous experiment were all active in the present experi-
ment as well.

Activation in the left parietal cortex ROI, in or near the
left intraparietal sulcus, had a significant linear relationship
with probe distance, #9)=2.87, P=0.009; without the re-
action time covariate, #(10)=3.23, P=0.004. When we ex-
amined the activation data in the four time-points corre-
sponding to the 8 s including and just after the probe
presentation (scans corresponding 12—18 s in Fig. 2), it
was the only region that showed strict monotonicity with
probe distance (Fig. 3). Regions in the right parietal and
right superior BA 6 also had significant linear relationships
with distance, and {(9)=3.14, P=0.006, #(9)=3.39, P=
0.004 respectively; without the reaction time covariate,
{(10)=3.62, P=0.002 and {(10)=4.33, P=0.001. However,
both deviated from strict monotonicity. Superior PFC
showed evidence of a step function, with activation being
greatest for probe items distances of 0 or 1 and smallest
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Fig. 3. Location of ROIs (left) and signal change in each (right). ROIs had a 12 mm radius and were centered on Talairach coordinates reported for
Order-ltem contrasts in Marshuetz et al. (2000). Panel (A) Left parietal cortex, coordinates=—34, —46, 46. Panel (B) Right parietal cortex,
coordinates=26, —56, 52. Panel (C) Right superior BA 6, coordinates=28, 2, 56. Panel (D) Right DLPFC (BA 46), coordinates=46, 39, 7. The results
of the distance analysis were not significant for this region. Note that the left parietal cortex shows a monotonic decrease in activation with increasing
probe distance (Panel A), and that Superior 6 also shows hints of the effect (Panel C). Values approximate percent signal change from the first trial

time-point.

for distances of 2 or 3. In right parietal cortex, activation is
suggestive of a curvilinear relationship between activation
and inter-probe distance (Fig. 3). Activation in the right
DLPFC did not show a significant linear relationship with
probe distance, #(9)=1.74, P>0.05; without reaction time

as a covariate, #(10)=1.79, P>0.05. Behaviorally, the
slope relating accuracy to distance was significant (f=2.16,
P=0.026). Mean proportion correct (S.D.) for distances
0-3=.92 (0.04), 0.93 (0.04), 0.99 (0.04), 0.92, (0.09) re-
spectively. There was no significant effect for reaction
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time, because of the variability due to the small number of
trials ({=1.49, P>0.05). Mean reaction times (S.D.) for
distances 0—-3=1798 ms (383), 2058 ms (454), 2099 ms
(559), 2008 ms (589) respectively.

DISCUSSION

The primary question under consideration was whether
any of the regions we observed in an earlier study of order
memory are related to distance representation. What we
have found is that one region—in left parietal cortex—
shows a systematic decrease in activation with increasing
inter-item probe distance. This result is what would be
expected if order is represented via a continuum, much the
way numerical magnitudes appear to be coded and repre-
sented in parietal cortex (Pinel et al., 2001, 2004). There
are also hints of distance effects in superior BA 6, although
the activity does not appear to be as systematic as that
observed in left parietal cortex. BA 6 is in close proximity to
a region that has been shown to respond to distance in
numerical comparison experiments (Pinel et al., 1999) and
in at least one study of numerosity knowledge in monkeys
(Neider et al., 2003). Future studies are needed to deter-
mine whether superior BA 6 responds to inter-item dis-
tance in order memory.

Although studies have suggested that the DLPFC is
involved in memory for order, it does not appear to play a
role in representing magnitude or distance in our task. It
may be that the DLPFC is involved in tagging items with
the appropriate order codes, whereas once items are
coded for order, they are represented by the parietal cortex
as a set of magnitudes. Alternatively, it may be the case
that the DLPFC is involved in a more general supervisory
role (Shallice, 1989), general task preparation (Sakai and
Passingham, 2003), maintaining context information (Co-
hen and Servan-Schreiber, 1992) or a timing operation
(Henson et al., 2000). Furthermore, it may be the case that
there are different ways of coding and representing order
depending on the task demands, and that they rely on
different neural mechanisms.

One interesting question is why parietal activation de-
creases with increasing distance in our experiment and
others (Pinel et al., 1999, 2001). There are at least two
possible explanations. The first is that neurons in parietal
cortex may become more excited as distance discrimina-
tions become more fine-grained. Alternatively, more activ-
ity may simply be the code for “close together” and less
activation a code for “far apart.” Either of these possibilities
is consistent with our findings and those in other domains,
like line orientation and numerical comparisons (Pinel et
al., 1999, 2001; Fias et al., 2003). Further experimentation
with neurophysiological techniques would help determine
the specific underlying neural responses and suggest a
more precise answer to this question.

Taken together with previous reports (Henson et al.,
2000; Marshuetz et al., 2000; Suzuki et al., 2002; Konishi
et al., 2002; Zhang et al., 2002), these results suggest the
parietal cortex participates in a circuit of regions engaged
in working memory for order. It is interesting to note that

the parietal cortex has also been implicated in tasks of
number processing and shows a significant relationship
with numerical distance (Pinel et al., 1999, 2001, 2004).
Such parietal effects also appear during judgments of the
psychophysical distance between different line orienta-
tions (Fias et al., 2003), physical size, and luminosity (Pinel
et al,, 2004). The monotonic relationship we observed
between left parietal cortex activation and inter-item dis-
tance is evidence that the parietal cortex has information
about inter-item distances held in working memory.
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