Evidence for a Two-Stage Model of
Spatial Working Memory Processing
within the Lateral Frontal Cortex: A
Pasitron Emission Tomography Study

Previous work in nonhuman primates and in patients with frontal lobe
damage has suggested that the frontal cortex plays a critical role in
the performance of both spatial and nonspatial working memory tasks.
The present study used positron emission tomography with magnetic
resonance imaging to demonstrate the existence, within the human
brain, of two functionally distinct subdivisions of the lateral frontal
cortex, which may subserve different aspects of spatial working mem-
ory. Five spatial memory tasks were used, which varied in terms of
the extent to which they required different executive processes. When
the task required the organization and execution of a sequence of
spatial moves retained in working memory, significant changes in
blood flow were abserved in ventrolateral frontal cortex (area 47} bi-
laterally. By contrast, when the task required active monitoring and
manipulation of spatial information within working memory, additional
activation foci were observed in mid-dorsolateral frontal cortex (areas
46 and 9). These findings support a two-stage model of spatial working
memory processing within the lateral frontal cortex.

There is considerable evidence that the frontal cortex plays
a critical role in certain aspects of working memory. This ev-
idence comes both from the study of patients with excisions
of frontal cortex (Petrides and Milner, 1982; Owen ¢t al., 1990,
1995) and from lesion and electrophysiological recording
work on nonhuman primates (see Goldman-Rakic, 1987, for
review). In the monkey, it has been shown that lesions con-
fined to one part of the dorsolateral frontal cortex, namely
the cortex lining the sulcus principalis (i.e., area 46) result in
severe impairments on tests of spatial working memory, such
as the spatial delayed alternation and delayed response tasks
(see Goldman-Rakic, 1987; Fuster, 1989).

On the basis of an analysis of the nature of the impairment
on nonspatial self-ordered working memory tasks shown by
monkeys with lesions of the mid-dorsal lateral frontal cortex
(Petrides, 1991a,b, 1995), a general theoretical framework re-
garding the role of the frontal cortex in mnemonic processing
and its relationship to planning and other executive processes
has recently been proposed (Petrides, 1994). According to this
view, there are two executive processing systems within the
lateral frontal cortex. The middle portion of the ventrolateral
frontal cortex (i.e., areas 45 and 47) underlies active compar-
isons made about stimuli held in short-term memory as well
as the active organization of sequences of responses based
on conscious, explicit retrieval of information from posterior
cortical association systems. In this sense, this region serves
as one level of interaction between short-term and long-term
memory systems and executive processing. By contrast, the
mid-dorsolateral frontal cortex (dorsal area 46 and area 9) is
assumed to constitute another level of interaction of execu-
tive processes with memory and is recruited only when ac-
tive manipulation and monitoring of information within work-
ing memory is required. By monitoring, we refer to the active
checking of information as occurs, for example, when a sub-
ject is required to decide which items in a given array of
stimuli have been selected previously, and which ones have
not. This two-stage model of lateral frontal cortical function
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describes how both spatial and nonspatial stimuli are retained
and manipulated within working memory. The model makes
a number of specific predictions, some of which have re-
cently been tested with nonspatial stimuli in functional acti-
vation studies with positron emission tomography (PET).
Thus, Petrides et al. (1993) have reported significant increases
in regional cerebral blood flow (rCBF) within the mid-dor-
solateral frontal cortex (areas 46 and 9) on a visual nonspatial
self-ordered working memory task in which the subjects were
required to monitor which ones of a set of stimuli had been
selected and which ones had not. In a related study, when
subjects were required to make judgements about, but not to
manipulate, similar visual stimuli within working memory, a
significant increase in blood flow was observed only in ven-
trolateral frontal cortex (Petrides et al., unpublished observa-
tions).

The present PET study was designed to investigate wheth-
er this two-stage model of lateral frontal cortical function may
also apply to the contribution of the frontal cortex to spatial
working memory. Normal subjects were scanned while per-
forming five different spatial working memory tasks that dif-
fered in terms of the extent to which they required active
monitoring and manipulation of the stored information. It was
predicted that the tasks requiring active judgements about
the contents of working memory and the organijzation of ap-
propriate responses but that had minimal monitoring requi-
rements would only activate ventrolateral areas within the
frontal lobe. By contrast, performance on tasks that required
monitoring and manipulation of spatial information within
working memory would activate areas within the mid-dorso-
lateral frontal cortex (i.e., areas 46 and 9).

Materials and Methods

Scanning Methods and Data Analysis

PET scans were obtained with the Scanditronix PC-2048 system,
which produces 15 image slices at an intrinsic resolution 5.0 X 5.0
X 6.0 mm (Evans et al., 1991a). In this study, the resultant “field of
view;” within which PET data from all 16 subjects was obtained, ex-
tended from 24 mm below the anterior-posterior commissure line
(AC-PC line) to 61 mm above it. The relative distribution of regional
cerebral blood flow (rCBF) was measured with the bolus H,"*O meth-
odology (Raichle et al., 1983), without arterial sampling (Fox and
Raichle, 1984). For each subject, a high-resolution magnetic reso-
nance imaging (MRI) study (whole brain, 1 mm? voxels, 3-D sagittal
acquisition) was also obtained from a Philips Gyroscan 1.5T and resl-
iced so as to be coregistered with the PET data (Evans et al., 1991b).
An orthogonal coordinate frame was then established based on the
AC-PC line as defined in the MRI volume (Evans et al., 1992). These
coordinates were used to apply a trilinear resampling of each pair of
MRI and PET data sets into a standardized stereotaxic coordinate
system (Talairach and Tournoux, 1988). To overcome residual ana-
tomical variability persisting after stereotaxic standardization, the PET
images were reconstructed with a 20 mm filter and then normalized
for global rCBF and averaged across subjects within each scanning
condition. The mean state-dependent change rCBF image volume was
obtained (Fox et al.,, 1985) and converted to a ¢ statistic volume by
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